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Abstract 

This study investigates the potential for combining carbon dioxide (CO2) sequestration 

with geothermal power production in areas with low geothermal resource temperatures.  

Using sequestered CO2 as the working fluid or heat transfer fluid, power production of a 

Direct Single-Loop System and Binary Organic Rankine Cycle (ORC) System were 

simulated using Engineering Equation Solver (EES) and the ASHRAE reference state for 

thermophysical properties.  The two power plants were simulated under a variety of 

operating conditions, with the main variables being the reservoir temperature (100ºC-

150ºC), the mass flow rate of the CO2 (70kg/s, 90kg/s, 120kg/s, 140kg/s), the reservoir 

depth (2.5km, 3.1km, 3.6km), and the condensing temperature.  The condensing 

temperature was taken as the monthly average ambient wet-bulb temperature for the 

summer months of April through September and dry-bulb temperature for the remaining 

months of the year at Minneapolis, Minnesota.  Results showed that using CO2 for 

geothermal power production is a viable possibility.  Power production from the 

simulations matched or surpassed the power production of currently installed low-

temperature water-based geothermal plants.  A second-law analysis showed that for the 

Direct Single-Loop System the largest considerations needed to be put into turbine 

design, while for the Binary ORC System the CO2 heat exchanger should receive the 

most attention.  In addition to this, replacing the expansion valve in the Binary ORC 

System with a supplemental power-generating device, such as a screw or scroll expander, 

has the potential for additional power production. 
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1. Introduction 

1.1. Motivation for Research 

The development of alternative and renewable energy production in the United States 

continues to advance for a variety of reasons.  Some push for advancements due to 

concerns about global climate change while others simply desire energy production that 

is independent of foreign influence and control.  Regardless of the reasons, the continued 

growth of alternative energy production is a global trend that shows no signs of stopping.  

If the United States wishes to hold a stake in this developing market, it must continue to 

promote research that will improve the efficiency of older systems as well as increase the 

scope of developing new technologies.  The combination of carbon sequestration and 

geothermal energy production has the potential to accomplish both of these objectives.   

 

The United States has one of the largest surpluses of coal in the world, [1] accounting for 

a little over a quarter of the world’s available coal.  This fact, coupled with concerns 

about the impact of carbon emissions on the global climate, have increased demand for 

the development of clean coal technologies.  This involves the separation of carbon 

dioxide from the exhaust gases of coal power plants to be injected and stored in large 

underground reservoirs and is also known as carbon capture and sequestration (CCS).  

What this research proposes is that the geologically sequestered and geothermally heated 

CO2 can then be used for electricity generation.  Depending on the size and location of 

the reservoir and subsurface temperatures, the use of CO2 for power production can be 

used to improve coal power plant efficiency by reducing the amount of coal necessary to 
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meet power production demands, to increase the scope of current geothermal power by 

allowing power production in regions where current geothermal power plants would be 

unable to perform, or to provide power for CO2 injection.  Though these developments 

may seem ambitious, extensive research on the thermophysical properties and fluid-

dynamical behavior of CO2 has been conducted prior to this study, including work on the 

feasibility of CO2-based geothermal power plant implementations, as discussed in the 

next section. 

 

1.2. Previous Research (Benefits of using CO2) 

The Los Alamos National Laboratory performed an initial study in 2000 [2] to 

specifically investigate and compare the thermophysical properties of both supercritical 

CO2 and water under ideal reservoir conditions for geothermal power production.  What 

the study found was that certain physical characteristics of CO2 would not only allow for 

its use in geothermal power production, but would also allow for potential improvements 

over a traditional system.  The larger density differential between the cold, injected CO2 

and the geothermally heated CO2 produced, in comparison to water, results in a more 

pronounced thermosyphon that could greatly reduce the pumping power requirements 

necessary to circulate the heat transfer fluid through the reservoir [2].  In addition to this, 

the significantly lower viscosity of CO2, compared to water, allows for greater fluid 

mobility (!/µ) in a system that uses CO2 as the subsurface heat transfer or working fluid.  

This increased mobility of CO2 allows for greater mass flow rates through a reservoir of 

given permeability, potentially increasing the heat extraction rate.  A study done at 

Lawrence Berkeley National Laboratory [3] confirmed these results and expanded upon 
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them by investigating the mobility of CO2 and water under a wide range of temperatures 

and pressures.  The trends that arose from these investigations had large implications for 

the effects of reservoir conditions on the rate of heat extraction by CO2 and water.  It was 

found that the mobility of CO2 was largely dependent on both temperature and pressure, 

whereas the mobility of water was primarily dependent on temperature and largely 

independent of pressure [3].  The trends can be seen in Figures 1-1 and 1-2 below. 

 

Figure 1-1: Lines of constant mobility (!/µ) for CO2 in units of 106 s/m2 [3] 
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Figure 1-2: Lines of constant mobility (!/µ) for water in units of 106 s/m2 [3] 

 

A subsequent study [4] then investigated the actual heat extraction rates of CO2 and 

water under a variety of reservoir conditions.  Given the independence of the mobility of 

water with respect to pressure, a reservoir temperature (Tres) was set and the pressure 

varied to find the conditions necessary for a CO2 system to surpass water in heat 

extraction.  The results are shown in the figure below. 
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Figure 1-3: Heat extraction rate of CO2 and water (blue) in MW vs. time for Tres=200ºC at various 

pressures. [4] 

The implications of the above studies on the potential for expanding the scope of 

geothermal power production are strong.  The flexibility of CO2 with respect to reservoir 

parameters, and their effects on mobility and heat extraction rate, is enough to indicate 

that it could be used under conditions where water would be unsuitable for heat 

extraction.   

 

Even in areas where geothermal power production is currently being implemented, water 

use is coming under increased scrutiny.  Current geothermal systems require large 

quantities of water for both operation and installation.  During installation, water is 

injected into deep-ground reservoirs where it is flashed from a liquid to a gas.  This phase 

change causes rapid expansion of the fluid, which fractures the reservoir rock, increasing 

reservoir volume.  This process is known as hydrofracturing and the resultant geothermal 

system is commonly referred to as an enhanced geothermal system (EGS).  In addition to 

the water needed for this process, large quantities of water are pumped through the 
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system for heat extraction and partially lost to the subsurface formations.  Considering 

that most geothermal power systems in the United States are installed in dry arid regions 

where water resources are already strained and water conservation is becoming an 

increasingly high priority, the amount of water consumed by these systems is a very large 

drawback.  In addition, numerous studies [5-9] have been completed investigating the 

tendency of injected fluids involved in deep-ground drilling and hydrofracturing to 

induce seismicity.  For example, an incident involving an EGS project in Basel, 

Switzerland, caused an earthquake of magnitude 3.4 during drilling operations.  

However, using CO2 as the geothermal fluid in naturally permeable and porous 

formations that do not require hydrofracturing has the potential to mitigate all of these 

drawbacks.  The dependence of CO2 on both temperature and pressure would allow for 

its use in much shallower depths, where larger naturally occurring reservoirs are 

available; reducing the necessity for hydrofracturing and greatly reducing induced 

seismicity.  Water consumption could also be drastically reduced simply by replacing 

water with CO2 as the geothermal fluid and any CO2 “lost” to subsurface formations 

would constitute a form of geologic CO2 sequestration – a process that is desired, in 

contrast to subsurface loss of water.  Taking these considerations into account, not only 

could CO2 potentially expand the areas available for geothermal power production, but it 

could also prove to be the ideal geothermal working fluid for use in current geothermal 

systems. 
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1.3. Research Goals 

While considerable research has been performed to investigate the potential of CO2 as a 

subsurface working fluid for geothermal applications, very little has been done to expand 

this work to investigate the mechanical power plant system at the surface and its potential 

for commercial implementation.  This is the focus of the present study.  Currently, the 

vast majority of geothermal electricity production within the United States is found in the 

tectonically and/or volcanically active western states.   

 

Figure 1-4: Geothermal heat flow map of the United States in mW/m2 from 25 (blue) to 150 (red) [10] 

Figure 1-4 illustrates why the majority of geothermal activities are being conducted in the 

western regions, as this is where relatively high subsurface temperatures and heat flow 

rates are reached at relatively shallow depths.  Based on the conclusions reached by the 

above studies and current geothermal applications, this research investigates the potential 

to expand the scope of geothermal power production to include areas under operating 

conditions and reservoir parameters more typical of the Midwest (the green to yellow 
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regions in Figure 1-4).  To fully investigate the potential for geothermal power 

production in these regions, a variety of operating conditions and design constraints were 

taken into account.  This led to the design and simulation of two different geothermal 

systems; a Direct Single-Loop (DSL) system, where CO2 is used as both the subsurface 

and the surface (i.e., power plant) working fluid, and a Binary Organic Rankine Cycle 

(ORC) system, where CO2 is used as a heat transfer fluid to transfer the mined heat from 

the geothermal reservoir to a secondary working fluid through a heat exchanger.  Both 

systems have their advantages and disadvantages, and both could be viewed as the 

superior system depending largely on the necessity of each for custom components, the 

costs associated with such components, and the potential power production.  In the 

following chapter, the advantages and disadvantages of these two systems are 

investigated in further detail, taking into consideration design constraints and potential 

problems that could arise depending on operating conditions. 

 

2. Power Plant System Design Considerations 

2.1. Operating Conditions and the Base Case 

As stated in the introduction, this research aims to investigate the potential for geothermal 

power production with CO2 as the subsurface working fluid.  An integral part of this 

analysis is the design of the power plant system and optimization of operating 

considerations.  The two system layouts considered were a Direct Single-Loop (DSL) 

system and a Binary ORC system.  The layouts for the geothermal portion of these two 

systems are largely identical, with the Binary ORC system using a heat exchanger and 
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expansion valve instead of a turbine in the geothermal loop.  This means that the ideal 

operating conditions for the geothermal loops of both systems can be treated as identical.  

In the case of the Binary ORC, additional considerations surrounding the heat exchanger 

and the secondary working fluid must be taken into account in order to maximize heat 

extraction from the reservoir and will be discussed later in this chapter. 

 

A base case scenario for the system operating conditions was established with the goal of 

investigating power production under non-ideal (i.e., low temperature) conditions for a 

traditional geothermal system in order to investigate the potential for using CO2 as the 

geothermal working fluid to expand the scope of geothermal energy production to regions 

with relatively low subsurface temperatures and heat flow rates (green and yellow regions 

in Figure 4-1). The reservoir conditions for the base case scenario were taken from 

nationally averaged values from geologic CO2 sequestration sites [11].  The reservoir 

depth was taken to be 2.5km, roughly half the depth of a typical EGS.  The reservoir 

temperature and pressure were, respectively, 100ºC and 25MPa and the mass flow rate of 

the CO2 through the geothermal loop was taken to be 70kg/s.  Under these reservoir 

conditions the CO2 exits the production well and travels along the supply line as a 

supercritical gas before running through the turbine, in the case of the Direct Single-Loop 

system, or heat exchanger, in the case of the Binary ORC system.  In order to maximize 

the density differential between the production and injection wells (to maximize the 

thermosyphon effect), it was assumed that the CO2 was condensed to a saturated liquid 

state near ambient temperature before traveling along the return line and being injected 

into the reservoir.  The ambient temperatures used were taken from the monthly averaged 
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temperatures for Minneapolis, MN [12].  Dry bulb (DB) temperatures were used for the 

months of October through March to simulate use of a dry cooling tower for winter 

operation and wet bulb (WB) temperatures were used for the months of April through 

September to simulate the use of a wet cooling tower for summer operation.  The heat 

transfer fluid used for the cooling tower loops was a 40% water-ethylene glycol mixture.  

This mixture was chosen in order to ensure that no freezing would occur under the 

extreme cold temperatures experienced by the regions for which the power simulations 

were conducted (particularly in the upper Midwest). 

 

2.2. Direct Single-Loop System Layout 

The surface layout of the system assumes dimensions typical of a 5-spot arrangement 

used in many geothermal fields.  This consists of four exterior production wells at the 

corners of a square area and one central injection well.  In the case of this system, a 

subsurface system footprint area of 4km2 is assumed. This study investigates one segment 

of this arrangement, simulating the performance of a single production well, where the 

distance between the production and injection wells is approximately 710m.  The system 

was modeled using schedule 40 steel piping, with an injection pipe diameter of 0.254m 

and a production well diameter of 0.20m.  This surface layout is used for both the Direct 

Single-Loop System and Binary ORC System. 

 

The design and layout of the Direct Single-Loop system is fairly simple and is a design 

currently used by many traditional geothermal power plants.  As stated above, CO2 is 

injected as a saturated liquid at ambient temperature.  The CO2 is then heated to a 
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supercritical state inside of the reservoir before entering the production well.  Upon 

exiting the production well, the supercritical CO2 is run through a turbine.  Depending on 

the temperature and pressure of the CO2 exiting the production well, in addition to the 

turbine performance, the CO2 exits the turbine as a mixture of saturated liquid and vapor.  

It is then run through a condenser where it is condensed to a saturated liquid before being 

re-injected into the reservoir.  A layout of the system can be seen in Figure 2-1. 

 

Figure 2-1: Direct Single-Loop Power Plant Layout 

The main difference between this system layout and those of a traditional geothermal 

system is the lack of necessity for an injection pump, except for possibly having to 

initiate the thermosyphon circulation.  Also note that if the system is coupled to a CO2 

sequestration site, much larger amounts of CO2 are being injected into the subsurface 

formation than those that circulate through the power-generation cycle. In such cases, all 

of the injected CO2 is geologically sequestered once the power production cycle has been 

initially filled with CO2. The thermosyphon effect would not then be expected to be able 
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to draw down all the extra CO2 but only the portion used in the pump-free circulation of 

the subsurface power cycle itself, so that pumps may be needed to inject the CO2 for 

permanent geologic sequestration. However, the geothermal electricity produced could 

help provide the power necessary for continuous CO2 sequestration, thereby facilitating 

economic implementation of CCS.  

 

The above assumed design considerations, which maximize the change in density 

between the two wells, account for the variation in system design.  This design reduces 

the parasitic power losses considerably and its functionality is verified in the results 

section.  The simplicity of the Direct Single-Loop system design provides a large portion 

of its benefits.  With fewer components, there are fewer places for the system to lose 

potential energy production.  By running the supercritical CO2 directly through the 

turbine, prior to any additional heat transfer processes, this system design allows for 

maximum energy production.    

 

The Direct Single-Loop system is not without its drawbacks however.  As stated above, 

the supercritical CO2 entering the turbine changes to a mixture of saturated liquid and 

vapor inside of the turbine.  The effect that this phase change has on the turbine 

performance is not inconsequential.  Thorough investigation of the effects of this phase 

change on turbine performance has been done for many years.  Several of these studies 

[13-15] have conducted extensive research on the negative impacts on turbine efficiency 

and turbine blade erosion-corrosion effects due to two-phase flow.  The efficiency of the 

turbine can drop considerably depending on how much of the CO2 in the turbine is in this 
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mixture region and how long it is in the turbine.  Two-phase flow through a turbine can 

increase the deterioration rate of turbine blades in the transition zone, due to high-speed 

droplet deposition, and put a considerable strain on the life cycle of the system, 

increasing maintenance costs over the duration of power plant operation.  It is also 

uncertain what the composition of the fluid exiting the reservoir could be, and depending 

on the water present in the CO2, carbonic acid formation could occur further increasing 

corrosiveness.  A study in 2002 [16] was conducted to investigate potential water-CO2 

mixtures in reservoirs under certain conditions.  Based on the results, the issue associated 

with carbonic acid formation would be more likely at higher reservoir temperatures.  

 

The complications surrounding the use of CO2 as a working fluid in the Direct Single-

Loop system can be seen.  Custom components capable of handling CO2 under the 

expected temperatures and pressures need to be designed with these considerations in 

mind.  A custom-built turbine capable of handling the high absolute pressure of the CO2 

and the large pressure drops while operating under two-phase flow could have significant 

impacts on the efficiency of the turbine and could greatly reduce the potential power 

production.  Such considerations need to be taken into account when choosing the 

operating conditions of the simulations in order to determine an appropriate range of 

potential power production. 

 

2.3. Binary Organic Rankine Cycle System Layout 

The geothermal portion of the design and layout of the Binary ORC system is similar to 

the Direct Single-Loop system.  The main difference is that the turbine is replaced by a 
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heat exchanger and a throttling valve, where the heat exchanger is used to transfer heat to 

the power cycle of the Binary ORC system and the throttling valve is used to drop the 

pressure of the CO2 exiting the heat exchanger back down to the saturation pressure near 

ambient temperature.  As stated in the previous chapter, the ability of CO2 to obtain 

higher density differentials between the injection and production wells has the potential 

to reduce, or even eliminate, pumping power requirements for the geothermal loop 

(excluding pumping power requirements for permanent CO2 sequestration).  A throttling 

process is used in order to maximize the density differential between the injection and 

production wells, thus ensuring that the change in density is large enough to drive the 

flow of the CO2 through the geothermal loop regardless of the time of year, thus 

eliminating pumping power requirements all together.  Other than these changes, the 

geothermal loop of the Binary ORC system operates in exactly the same way as the 

Direct Single-Loop system.  The layout of the Binary ORC system can be seen in Figure 

2-2. 
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Figure 2-2: Binary Organic Rankine Cycle Power Plant Layout 

The design considerations for this system are numerous in comparison to those of the 

direct system.  This is largely due to the optimization of the power cycle, which revolves 

heavily around design considerations for the heat exchanger as well as choosing an 

appropriate secondary working fluid.  Several studies [17-22] have been conducted 

investigating design optimization and system performance of geothermal ORC power 

plants and other binary geothermal systems.  Several of these studies investigated the 

performance of different secondary working fluids in extensive detail.  The working 

fluids were investigated not only based on their potential for heat extraction and power 

production, but also on the heat exchanger surface area necessary to attain these heat 

extraction and power production rates.  While these studies give valuable insight into 

both economic and functional design considerations for the heat exchanger, they were 

done under reservoir and operating conditions typical of standard, water-based subsurface 
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geothermal systems.  For this reason, some of the secondary working fluids may not be 

ideal for use in the CO2-based geothermal system envisioned here.  A critical part of the 

motivation to use a Binary ORC system is to avoid the complications involving the 

custom turbine design necessary in a Direct Single-Loop system.  However, one of the 

better performing fluids found in the previous research, in terms of the ratio of power 

production to heat exchanger area, was isobutane.  Due to the irregular thermophysical 

behavior of isobutane, it is capable of operating under lower temperatures without 

undergoing a phase transition inside the turbine, and for this reason appears to be an ideal 

fluid to consider in this research.  This is one of the largest benefits to using a Binary 

ORC system because it greatly reduces the complications involved in designing custom 

components.  The complications of designing a custom turbine capable of handling large 

pressure drops and operating under two-phase flow are far larger than the complications 

of designing a custom heat exchanger operating with high pressure CO2 on one side and 

a lower pressure refrigerant on the other.  The use of simpler custom components coupled 

with traditional ORC power plant design also gives the Binary ORC system the 

advantage of being capable of rapid commercialization, as it only requires a slight 

modification of off-the-shelf ORC power plant components.   

 

The Binary ORC system does, however, have significant drawbacks in terms of its 

potential power production.  The Binary ORC system has a considerably larger number 

of components than the Direct Single-Loop system, thereby greatly increasing the losses 

within the system.  Parasitic power losses are also greater within the Binary ORC system.  

While the geothermal loop may not require a circulation pump if a thermosyphon is 
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established, the power cycle loop does require a pump in order to keep the isobutane 

moving through the system.  In addition to this, there are two condensing phases; one for 

the CO2 after it exits the throttling valve and one for isobutane after it exits the turbine in 

the power cycle.  For these reasons, the benefits for using a Binary ORC system can be 

seen as largely economical.  However, depending on the results of the simulations, using 

a Binary ORC system could still prove to be the superior choice. 

 

2.4. Compression Process Considerations for Sequestration 

Because the combination of geothermal energy production and carbon sequestration is 

largely theoretical at this point, there are no current policies in place to assign 

responsibility for the actual sequestration of CO2.  Depending on the potential for 

geothermal power production using CO2, the demand for CO2 as a geothermal fluid 

could increase.  If the demand for CO2 as a geothermal fluid is high enough, it could 

reduce the incentive of coal power plants to sequester the CO2 themselves when they 

could sell it as a commodity to geothermal power companies.  This would place the 

responsibility of sequestering CO2 on the geothermal power companies.  Since 

sequestration requires energy to compress the CO2 for injection, optimization of the 

compression process, in order to minimize the energy consumption, needs to be taken 

into account.  Because an ideal isothermal compression cycle would require the least 

amount of energy to prepare the CO2 for injection, three different compression processes 

were considered and compared to an ideal isothermal compression process. 
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The first compression process considered was an isentropic cycle.  This was considered 

first as it is one of the most basic and most commonly used compression processes.  The 

layout and design of the system is identical to the ideal isothermal compression process, 

however the operating conditions are different.  It is assumed that the CO2 is supplied at 

ambient temperature and pressure.  The CO2 is then run through a compressor, or series 

of compressors if the pressure differential is too high, until it reaches the saturation 

pressure at ambient temperature.  It is then run through a condenser until it reaches a 

saturated liquid state and is then injected into a reservoir for sequestration. 

 

Figure 2-3: Isentropic Compression Process for Pre-treating CO2 prior to injection 

In Figure 2-3, the compression process of the isothermal and isentropic compression 

cycles are represented by state-points a, b, and c, where state point a represents the state 

of the CO2 entering the system, state point b represents the state of the CO2 exiting the 

compressor under isothermal conditions, and state point c represents the state of the CO2 

exiting the compressor under isentropic conditions.  The main difference between state 
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points b and c is that state point c is at an elevated temperature while state point b is 

assumed to be at the same temperature as state point a.  State point 1 represents the CO2 

as a saturated liquid at ambient temperature, ready for injection into the thermal reservoir. 

 

The second compression process considered was a series of isentropic compressions with 

intercooling.  This compression process was taken into consideration in order to reduce 

the amount of work required in a single isentropic compression without intercooling and 

is often used when large pressure changes are experienced through a compression 

process.  Like the first process, the CO2 is first run through an isentropic compressor.  It 

is compressed to some intermediate pressure in between the ambient and saturation 

pressures.  It is then cooled in a heat exchanger back down to the ambient temperature.  

The CO2, now at the intermediate pressure and ambient temperature, is then run through 

a second isentropic compressor to the saturation pressure at ambient temperature.  It is 

then cooled and condensed to a saturated liquid state for injection into the reservoir.   

 

Figure 2-4: Isentropic Compression Cycle with Intercooling for Pre-treating CO2 prior to injection 
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In Figure 2-4, state point a represents the CO2 entering the compression cycle.  State 

point d represents the state of the CO2 exiting the first compressor after undergoing 

isentropic compression.  State point e represents the CO2 at the intermediate pressure and 

ambient temperature.  State point f represents the CO2 exiting the second compressor at 

an elevated temperature and the saturation pressure of the ambient conditions.  Again, 

state point 1 represents the CO2 as a saturated liquid at ambient temperature. 

 

The third compression process taken into consideration was isentropic compression with 

precooling.  This process had the largest potential to approach the ideal isothermal case.  

The layout of this option largely resembles the first process considered and would at first 

operate identically.  CO2 would be compressed isentropically to the saturation pressure at 

ambient temperature and would then be cooled and condensed to a saturated liquid.  

However, before injecting the saturated liquid into the reservoir, a portion of it would be 

redirected back to the beginning of the compression.  This CO2 would be used to pre-

cool the CO2 entering the compressor.  The redirected CO2 would be run through a 

throttling valve to flash-cool it even further.  The flash-cooled CO2 would then be 

sprayed into the supply stream of CO2 just before entering the compressor to increase its 

density.  In this way, the temperature would be dropped drastically and could greatly 

reduce the compression power requirement. 
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Figure 2-5: Isentropic Compression Cycle with Precooling for Pre-treating CO2 prior to injection 

The isentropic compression cycle with precooling is represented by state points a, g, h, 

and i in Figure 2-5. The same as the two previous compression processes, state point a 

represents the CO2 entering the compression cycle and state point 1 represents the CO2 

exiting the cycle to be injected into the thermal reservoir.  State point g represents the 

precooled CO2 entering the compressor.  State point h represents the CO2 exiting the 

compressor at the saturation pressure of the ambient conditions.  State point i represents 

the redirected CO2 that has been throttled back to a much lower temperature in order to 

precool the CO2 entering the compression cycle. 

 

In order to present the operation of the different compression cycles, a temperature-

entropy (T-s) diagram was constructed under the operating assumptions made in order for 

the CO2 to be injected as a saturated liquid at ambient temperature.  Figure 2-6 shows an 
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overlay plot of the four different compression cycles.  The expected operation of the 

compressors for each of the individual compression cycles under the assumed conditions 

are identified by the state points shown on the diagrams in the figures above.  The red 

line (a-b-1) represents the ideal isothermal compression cycle and the green line (a-c-1) 

represents the basic isentropic compression cycle.  The isentropic compression cycle with 

intercooling is identified by the purple line (a-d-e-f-1) and the isentropic compression 

cycle with precooling is identified by the teal line (a-1-i-g-h-1).  

 

Figure 2-6:  T-s diagram of the four different compression cycles under winter operating conditions. 

 

While these compression processes are important to consider, until policies are in place to 

assign ownership of CO2 and responsibility for its sequestration, their impact on the 
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power production of a geothermal plant and payback period of its installation are 

uncertain.  For this reason, further analysis will be left to future research. 

 

3. Simulation Considerations and Results 

3.1. Simulation Considerations and Assumptions 

The system performance modeling was done using Engineering Equation Solver (EES); a 

simultaneous equation solver developed at The University of Wisconsin designed with 

the intent to simplify modeling of engineering systems for the advancement of research.  

EES has built in property tables, reference standards, and thermodynamic functions that 

greatly accelerate the simulation process for determining the outcome of mechanical 

systems.  The reference standard used for this study was the ASHRAE standard for 

thermodynamic properties.  Values were verified using those [24] provided in the 

ASHRAE Fundamentals Handbook tables for CO2 and isobutane. While EES has many 

built in functions, it is also a simultaneous equation solver.  If the necessary equations for 

simulating a specific process are known, or a different set of assumptions are being made, 

then a model can be built from the ground up without using all of the available built in 

functions.  The flexibility and large number of available features of EES are what made it 

an ideal program for use in simulating the performance of the geothermal systems 

discussed in the previous chapter. 

 

The assumptions made for the operation of the Direct Single-Loop system and the Binary 

ORC system were the same for the geothermal portion of the two systems.  The reservoir 

parameters and the injection conditions were considered the same for both systems.  
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Pressure gains and losses through the injection and production wells, and the changes in 

thermodynamic properties associated with them, were calculated through hydrostatic 

head loss considerations and frictional losses based on the choice of piping discussed in 

the previous chapter.  Flow through the system was assumed to have reached steady state, 

so no change in mass flow rate was considered.  In addition to this, it was assumed that 

the processes through the injection and production wells were adiabatic, so no heat 

transfer was considered between the pipe walls and the rock.  Very little change in 

entropy was observed due to the magnitude of the mass flow rates, resulting in near 

isentropic performance.  To further simplify the momentum equation, flow was 

considered to be one-dimensional.  Based on these assumptions, the change in pressure, 

temperature, and enthalpy were calculated using an iterative process in 10m intervals 

from the point of injection through the full length of pipe necessary to meet the specified 

depth of the reservoir.  The equations used for flow through these pipes were taken from 

[25,26] and were simplified by the assumptions above.  The reduced equations are 

 ,   (3-1-1) 

 ,    (3-1-2) 

  ,    (3-1-3) 

   ,     (3-1-4) 

and 

  ,     (3-1-5) 
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where, for a given pipe segment,  " is the mean velocity, p is the pressure, ! is the 

density, g is the gravitational constant, Z is the elevation, f is the friction factor, D is the 

diameter, L is the segment length, and µ is the dynamic viscosity. Equation (3-1-1) is the 

simple form of the Bernoulli Equation.  This equation combined with Equation (3-1-2), 

which accounts for the frictional headloss of the flow through the pipes, gives an 

equation for the pressure change of the flow through the injection and production pipes 

(Equation 3-1-3).  Equation (3-1-4) is a reduced form of the steady-state energy equation 

according to the assumptions made above and Equation (3-1-5) represents the general 

Reynolds Number, ReD, used to distinguishing between laminar (ReD < 2000) and 

turbulent (ReD>2000) flow through a pipe. 

 

Based on the choice of base case operating conditions and piping size, the Reynolds 

number was calculated at the inlet and outlet of both the production and injection wells in 

order to determine the flow through the system.  The flow was found to have been far 

into the turbulent region, which greatly simplified frictional loss considerations, as the 

friction factor, f, could be held constant throughout the injection and production wells.  

The friction factor used in the calculations was taken from a Moody diagram [27] based 

on the calculated Reynolds number and piping design considerations.  The Moody 

diagram used can be found in the appendices. 

 

Thermal losses to the ambient through the supply line and return line were also 

calculated, where the supply line is the segment of the pipe providing superheated CO2 to 

the power plant and the return line is the segment of the pipe returning the condensed 
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CO2 to the injection well.  The lengths of these segments were chosen as 690m for the 

supply line and 20m for the return line coinciding with the total length assumed in the 

previous chapter.  Once again, one-dimensional steady state assumptions were used for 

flow through the pipe and an iterative process was used with 10m segments to calculate 

the thermal and head losses.  Due to the one-dimensional assumptions, internal 

contributions to the head losses were limited to frictional effects and were again 

calculated using Equation (3-1-2).  The method used to calculate the external heat losses 

follows that used by [26], and accounts for the convection and radiation heat transfer 

from the surface of the piping. To reduce the impact of the external heat losses in the 

supply line, an insulation layer of 0.05m was used with an assumed thermal conductivity, 

k, of 0.042 W/m/ºC.  The conductive heat transfer through the insulation was calculated 

using Equation (3-1-6) using the thermal conductivity, the temperature differential 

between the CO2 in the pipe, T4, and the surface of the insulation, Ts, and the ratio of the 

radius of the pipe and insulation, r2 ,to that of the pipe by itself, r1.  The external 

convective heat transfer coefficient, h, was calculated using the Nusselt number, Nu, 

Rayleigh number ,Ra, Grashof number, Gr, and the Prandtl number, Pr.  This, combined 

with the temperature differential between the surface of the insulation, Ts, and the 

ambient air, T!, as well as the surface area of the insulation, accounted for the convective 

heat losses and is expressed in Equation (3-1-11).  The heat losses due to radiation were 

calculated with an assumed emissivity, e, of 0.90, again using the temperature differential 

and the surface area of the insulation, as well as the Stefan-Boltzmann constant, #, and is 

expressed in Equation (3-1-12).  The equations used to calculate the thermal losses are 
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! 

˙ Q ins =
2"kL(T4 #Ts)

ln r2 /r1( ) ,    (3-1-6) 

,
    (3-1-7) 

,     (3-1-8) 

, (3-1-9) 

 

,     (3-1-10) 

! 

˙ Q conv = h(2"r2L)(Ts #T$) ,   (3-1-11) 

! 

˙ Q rad = e2"r2L# Ts
4 $T%

4( ) ,   (3-1-12) 

and 

! 

"H =
"p
#
$

˙ Q ins

˙ m CO2 .
    (3-1-13) 

The thermophysical properties used in the above equations were taken from the EES 

built-in property functions for air at ambient conditions, including the volumetric thermal 

expansion coefficient, $, and the kinematic viscosity, %.  In order to solve this series of 

equations, the temperature of the surface of the insulation was solved for using an 

iterative process until the conductive heat loss was equal to the combined value of the 

convective and radiation heat losses.  With these values known, the change in pressure 

and enthalpy could be found using Equation (3-1-3), considering only the frictional 

losses, and Equation (3-1-13).  With the pressure and enthalpy known, the temperature 
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and entropy were calculated as well, and the thermal losses to the ambient and the head 

losses were accounted for.  To make the contribution of the thermal losses through the 

piping more apparent, Figure 3-1 shows a representative diagram of a segment of the 

pipe.   

 

 

Figure 3-1: Diagram of a segment of the return line piping system showing thermal loss considerations. 

 

Turbine operation between the two systems was also considered largely to be the same.  

The only difference between the simulation considerations was the efficiency of the 

turbines in the two systems and the working fluids used.  Both systems used an initial 

turbine efficiency assumption of 85%.  However, for the Direct Single-Loop the turbine 
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operates with a two-phase mixture of liquid CO2 and CO2 vapor.  Because this can have 

a significant impact on custom turbine design considerations, which ultimately affect the 

efficiency of the turbine, a second simulation was done for the Direct Single-Loop system 

with a very low turbine efficiency of 50%.  In the system models, the turbine 

performance was first calculated under ideal isentropic considerations to get theoretical 

values of the thermodynamic properties of the flow exiting the turbine.  The assumed 

turbine efficiency was then used to find the actual thermodynamic properties of the flow 

exiting the turbine based on the theoretical values.  The potential turbine power 

production for the two models was then calculated based on the resulting thermodynamic 

properties. 

 

For both system models, the assumptions around both the heat exchanger and the 

condensers were considered the same.  These components were assumed to operate under 

constant pressure, with a significantly higher pressure on the geothermal loop side of the 

heat exchanger and condensers.  While this is a very ideal consideration, its effects on 

power production of the Direct Single-Loop are not of great concern, as the turbine 

power production occurs before the condensing process.  This implies that while this 

assumption will have some impact on the parasitic power losses involved in the cooling 

tower operation, the simulations will still give a fairly good first estimate of the potential 

power production of these systems.  Additional considerations for the heat exchanger in 

the Binary ORC System need to be made based on which month of the year the power 

production is to be optimized for.  Further analysis of the heat exchanger will be 

discussed in the Binary ORC System Results section of this chapter. 
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3.2. Direct Single-Loop System Power Production under Various Operating Conditions 

The Direct Single-Loop System is investigated first because it has a much simpler design 

layout.  For this reason the simulation optimization for performance has far less variation 

in comparison to the Binary ORC System.  The initial simulation of the system was done 

under the base case operating conditions with a CO2 mass flow rate of 70kg/s and a 

reservoir temperature of 100ºC.  These values were used in conjunction with the monthly 

average ambient temperatures for Minneapolis, MN, in order to calculate the monthly 

average power production for the base case scenario.  These ambient temperatures and 

reservoir conditions were chosen in order to simulate conditions typical of sites in the 

Upper Midwest United States.  This was done in order to investigate the potential for 

geothermal power production in a region not suitable for power production with current 

geothermal systems.   

 

To better understand the calculations of the system, a more in-depth analysis can be done 

by looking at the thermodynamic property values of the individual state points.  Figure 3-

2 shows the Direct Single-Loop System layout with the state points labeled. 
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Figure 3-2: Direct Single-Loop System Layout w/ State Points 

To simplify the analysis of the state points, a minimum and maximum system 

performance using a direct system turbine efficiency (DTE) of 85% is investigated by 

looking at the months of July (minimum) and January (maximum), with wet cooling 

tower operation for July and dry cooling tower operation for January.  Tables containing 

the thermodynamic properties for all months can be found in the appendices.  First the 

month of July is used to find the minimum performance of the system.  The 

thermodynamic properties of the state points for July can be seen in Table 3-1. 
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Table 3-1: State Point Properties for the Month of July 

 

To compare the minimum and maximum performance of the system, the thermodynamic 

properties for January are listed in Table 3-2. 

Table 3-2: State Point Properties for the Month of January 

 

The thermodynamic properties listed in Tables 3-1 and 3-2, used in conjunction with the 

equations listed at the beginning of the chapter, allow for a comparison of the system’s 

minimum and maximum power production.  By using Equations (3-1-3) and (3-1-4) with 

the thermodynamic values of State Point 1, the values of State Point 2 can be verified.  In 

the same way, the values of State Point 3 can be used to verify the values of State Point 4.  

This coupled with the assumption of constant pressure through the condenser allows 

determination of the pressure drop across the turbine, which in turn can be used to 

calculate the entropy and enthalpy changes across the turbine based on the turbine 

efficiency.  The isentropic turbine power production can then be calculated by.   

! 

˙ W t = ˙ m CO2
(H4' "H5)   .     (3-2-1) 

The heat transfer rate into the system can be calculated in the same manner using   
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! 

˙ Q res = ˙ m CO2
(H3 "H2)  .      (3-2-2) 

Under these assumptions, the values for January and July in Table 3-5 can be confirmed.  

Taking the state point values for the temperature and entropy from both Table 3-1 and 3-

2, a T-s diagram was created to provide a graphical comparison of the summer and winter 

performance of the system.  The T-s diagram can be seen in the Figure 3-3. 

 

Figure 3-3: T-s Diagram for Base Case Simulation of the Direct Single-Loop System 

Given the turbine performance is represented by the difference between state points four 

and five, where the summer and winter values are denoted by an s or w respectively, the 

magnitude of the difference between the minimum and maximum performance of the 

system can easily be seen on the T-s diagram. 

 



 34 

In order to show the advantage of using a wet tower over a dry tower during summer 

operation, two simulations were done for the base case scenario; one using dry bulb (DB) 

temperatures year-round and one using dry bulb temperatures only for the winter months 

while using wet bulb (WB) temperatures for the summer months (April through 

September).  The tables that follow show the monthly average ambient temperatures and 

monthly average power production, respectively, again noting that the power production 

is for a single production well. 

Table3-3: Monthly Average Ambient Temperatures (Winter DB, Summer WB) 

 

Table3-4: Monthly Average Ambient Temperatures (Dry Bulb Year-round) 

 

Table3-5: Direct Single-Loop System Monthly Average Power Production (Winter DB, Summer WB) 

 

Table3-6: Direct Single-Loop System Monthly Average Power Production (Dry Bulb Year-round) 

 

A graphical representation of the base case power production of the Direct Single-Loop 

System is also presented in Figure 3-4.  Figure 3-5 shows the system efficiency of the 

two simulations run for the base case with direct system turbine efficiencies (DTE) of 

85% and 50%. 
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Figure 3-4: Direct Single-Loop System Monthly Average Power Production for a Single Well 

 

Figure 3-5: Direct Single-Loop Monthly Average System Efficiency 
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The improvement in summer power production using wet towers for summer operation is 

clear from the Figures 3-4 and 3-5, with the wet tower simulations approximately 

providing an additional 100-200kW of power over the dry tower simulations.  With this 

in mind, the remaining simulations performed in this research used wet cooling tower 

operation for the summer months and dry cooling tower operation for the winter months.  

The significant difference in power production and system efficiency between the two 

simulations with turbine efficiencies of 85% and 50% is also apparent in Figure 3-4 and 

Figure 3-5.  In the analysis that follows, the 50% turbine efficiency simulations are 

omitted to make the trends under investigation more apparent.  Figures containing both 

the 85% and 50% turbine efficiency simulations are included in the appendix to allow 

further investigation of which systems are most suitable under variable conditions.   

 

The above tables and figures outline in clear detail the analysis of the base case scenario 

and verify how the monthly average power production was calculated.  These processes 

were repeated under various operating conditions to test the system performance with 

varying geologic locations in mind.  The parameters whose values were changed to 

investigate their effect on the power production of the system were the mass flow rate of 

the system, the reservoir temperature, and the depth of the reservoir.   

 

First the reservoir temperature was held constant at the base case value of 100ºC while 

the mass flow rate was varied to values of 90kg/s, 120kg/s, and 140kg/s.  In order to 

maintain the thermosyphon effect assumed under steady state conditions, for the higher 

mass flow rates of 120kg/s and 140kg/s, the injection pipe diameter was changed from 
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0.254m to 0.308m and the production pipe diameter was changed from 0.20m to 0.254m.  

This ensures that the headloss through the injection well allowed for a sufficiently high 

enough pressure to overcome the pressure inside the reservoir.  The monthly average 

power production for a single well under these varying mass flow rates was calculated 

and can be seen in Figure 3-6.  

 

Figure 3-6: Direct Single-Loop System Power Production for a Single Well with Varying Mass Flow Rate 

Figure 3-6 shows the expected trend of increased power production with increased mass 

flow rate, based on Equation (3-2-1). 

 

Next the mass flow rate was held constant at the base case value of 70kg/s while the 

reservoir temperature was changed to values of 100ºC, 125ºC, and 150ºC.  The monthly 
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average power production for a single well under these varying temperatures can be seen 

in Figure 3-7. 

 

Figure 3-7: Direct Single-Loop System Power Production for a Single Well with Varying Reservoir 

Temperature 

Figure 3-7 shows the general trend that should be expected with an increased reservoir 

temperature, in that the heat transfer into the system is also increased based on Equation 

(3-2-2).   

 

Finally, the base case scenario was expanded to investigate its expected monthly average 

power production with varying reservoir depth.  The various reservoir depths considered 

were 2.5km, 3.1km and 3.6km.  In order to accommodate for appropriate headloss 

through the injection pipe to ensure a sustained thermosyphon effect without significantly 

altering the pressure differential through the reservoir, the injection pipe diameter for the 

simulations at a depth of 3.6km was set to 0.308m for mass flow rates of 70kg/s and 
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90kg/s, and 0.356m for mass flow rates of 120kg/s and 140kg/s, respectively.  The results 

of the simulations with varying reservoir depth for the base case operating conditions can 

be seen in Figure 3-8. 

 

Figure3-8: Direct System Monthly Average Power Production for a Single Well Under Base Case 

Operating Conditions at Various Reservoir Depths. 

Given the trends observed in the Figure 8, it can be determined that the losses through the 

injection and production pipes with the increased depth are considerable.  This implies 

that drilling to the shallowest depths possible while still maintaining significant power 

production is ideal.  However, for a given location, it can be assumed that the reservoir 

temperature would generally increase with reservoir depth.  Therefore the expected 

change in power production with increased depth for a single geographic location would 

more likely resemble the trends seen in Figure 3-9. 
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Figure 3-9: Direct Single-Loop System Monthly Average Power Production for a Single Well with Mass 

Flow Rate 70kg/s with Varying Reservoir Temperatures and Depths. 

Comparing Figure 3-9 to Figure 3-7 shows the expected decrease in power production 

with increased reservoir depth that is made evident in Figure 3-8.  However, the increase 

in reservoir temperature relative to increased reservoir depth in Figure 3-9 is likely more 

accurate for locations with high subsurface temperatures.  Therefore the increase in 

power production with increased reservoir depth for the regions that this study is 

particularly interested in would be lower than those shown in Figure 3-9.  Various 

additional figures can be found in the appendix investigating varying reservoir 

temperatures and mass flow rates at the selected depths.  These figures give more insight 

into whether drilling to deeper depths at a given location would be worth it for the 

potential increase in power production. 
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From the above figures the general performance of the Direct Single-Loop System for 

various parameters can be seen.  Simulations were done for all varying mass flow rates 

under each of the varied reservoir temperatures and figures for each can be found in the 

appendix.  From this data, the expected system performance of the Direct Single-Loop 

System for numerous geographic locations can be extrapolated in order to determine 

whether a site is suitable for geothermal electricity production using CO2 as a working 

fluid. 

 

3.3. Binary Organic Rankine Cycle System Power Production under Various Operating 

Conditions 

The Binary ORC System was significantly more complex to model in comparison to the 

Direct Single-Loop System.  This was due to various changes in the system setup, 

including the use of two different fluids and the insertion of a heat exchanger and 

expansion valve in place of the turbine.  In this system the CO2 was used as a heat 

transfer fluid and operated under the same base case conditions as the CO2 in the Direct 

Single-Loop System.  Isobutane was used as the working fluid inside of the power cycle, 

operating under different conditions dependent on the operating conditions of the CO2 

loop as well as whether the heat transfer process was being optimized for power 

production during the winter or summer months.  The same monthly average ambient air 

temperatures were used for the condensing process in the CO2 and isobutane loops as 

were used in the Direct Single-Loop System.   
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As stated previously, optimization and simulation of the CO2 to isobutane heat exchanger 

required far more complex considerations than any other component within the system.  

For the simulations, the heat exchanger was broken down into two components, a pre-

heater and a boiler.  This was done in order to deal with a phase change occurring on the 

isobutane side of the heat exchanger.  By splitting the heat exchanger into two 

components, two different sets of operating assumptions were necessary to complete the 

simulation, including the type of heat exchange process and the effectiveness of that heat 

exchange process.  Analysis of the boiler and pre-heater followed the Effectiveness-NTU 

method provided by [26]. 

 

The boiler was simulated as a simple counter-flow heat exchanger with an assumed 

effectiveness, &, of 0.80 with both sides operating under constant pressure.  The pressure 

on the CO2 side of the heat exchanger was calculated after accounting for thermal losses 

to the ambient air after exiting the production well.  This value was found to be relatively 

constant year round.  The isobutane was assumed to enter the boiler as a saturated liquid 

and exit the boiler as a saturated vapor.  Under these conditions the temperature, pressure, 

enthalpy, and entropy of the isobutane entering and exiting the boiler could be found.  

The boiling temperature of the isobutane was chosen in order to maximize the power 

production for a given month.  This boiling temperature was found using an iterative 

process based on the condensing conditions for the month in question, as well as the 

properties of the CO2 entering the boiler, in order to find the ideal pressure differential 

across the turbine and mass flow rate necessary to achieve it.  In order to find the 

temperature, enthalpy and entropy of the CO2 leaving the boiler, a relationship involving 



 43 

the effectiveness of the boiler and the specific heat rates of the CO2 and isobutane was 

determined using 

 ,     (3-3-1) 

 ,      (3-3-2) 

and 

 .      (3-3-3) 

The specific heat, cp, values of the CO2 and isobutane through the boiler and preheater 

were calculated by taking the change in enthalpy and dividing it by the change in 

temperature using  

 ,     (3-3-4) 

and 

 ,      (3-3-5) 

where Equation (3-3-4) is used to calculate the specific heat on the CO2 side of the 

boiler, and Equation (3-3-5) is used to calculate the specific heat on the isobutane side of 

the preheater.  Since the isobutane in the boiler is always in a saturated state, the specific 

heat rate is infinitely large.  This means that the specific heat rate of the CO2, , is 

equal to .  Applying this to Equation (3-3-1) and rearranging it can be used to find 

the temperature of the CO2 leaving the boiler using 

.      (3-3-6) 

With the temperature and the pressure of the CO2 exiting the boiler found, the enthalpy 

and entropy at this location can also be found using the EES property functions.  With the 
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changes in the thermodynamic properties surrounding the boiler portion of the heat 

exchanger now known, the heat transfer rate through the boiler can be calculated using  

.      (3-3-7) 

The mass flow rate of the isobutane can then be calculated using the heat transfer through 

the boiler as well as the enthalpy values of the isobutane entering and exiting the boiler 

and rearranging Equation (3-2-2).  Once the mass flow rate is known, the power 

production of the turbine, the power consumption of the pump, and the heat transfer rate 

through the pre-heater can be determined. 

 

Looking next at the pre-heater portion of the heat exchanger, the same considerations 

above can be used to find the heat transfer rate though the pre-heater.  The pre-heater was 

simulated as a shell and tube heat exchanger with two passes.  The pressure on both the 

CO2 and isobutane sides of the heat exchanger were again assumed to be constant.  For a 

given month, the isobutane was condensed to a saturated liquid at the temperatures listed 

in Table 3-1.  This allows for the pressure, enthalpy, and entropy of the isobutane exiting 

the condenser to be found.  Assuming a pump efficiency of 0.90 and assuming the 

pressure exiting the pump is the same as the pressure entering the pre-heater, the 

temperature, enthalpy, and entropy of the isobutane entering the pre-heater can be 

calculated as well.  Given the change in the enthalpy of the isobutane entering and exiting 

the pre-heater, as well as the mass flow rate of the isobutane, Equation (3-2-2) can again 

be used to find the heat transfer rate through the pre-heater.  This can then in turn be used 

to find the enthalpy of the CO2 exiting the pre-heater.   The enthalpy and pressure of the 

CO2 can then be used to find the remaining thermodynamic properties of the CO2 exiting 
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the pre-heater.  Using Equations (3-3-4) and (3-3-5) the specific heat rates can again be 

calculated for the flows through the pre-heater and used to verify the heat transfer rate 

using Equation (3-3-7).  The thermodynamic properties of the CO2 leaving the pre-heater 

can then be used to find those of the CO2 exiting the expansion valve and entering the 

condenser.  The CO2 is then condensed back to a saturated liquid at ambient temperature 

before being re-injected into the reservoir and the heat transfer process is complete. 

 

To better understand the calculations surrounding the simulation of the Binary ORC 

System, the thermodynamic properties of the individual state points are again presented.  

Figure 3-10 shows the Binary ORC System layout with the state points labeled. 

 

Figure 3-10: Binary ORC System Layout w/ State Points 
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The thermodynamic properties of the state points were calculated for all months using the 

above equations for the Binary ORC simulation and are presented in the appendices.  To 

give a range of the thermodynamic properties encountered throughout the year, tables 

with the thermodynamic properties from the months of July and January are presented in 

Table 3-7 and Table 3-8 for the CO2 loop, and Table 3-9 and Table 3-10 for the 

isobutane loop.  Tables and figures containing data for all months can be found in the 

appendices. 

 

Table 3-7: Binary ORC System State Point Properties for the CO2 Loop (July) 

 
 

Table 3-8: Binary ORC System State Point Properties for the CO2 Loop (January) 

 
 

Table 3-9: Binary ORC System State Point Properties for the isobutane Loop (July) 
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Table 3-10: Binary ORC System State Point Properties for the isobutane Loop (January) 

 

Taking the temperatures and entropies from Tables 3-7 through 3-10, a T-s diagram for 

the Binary ORC System was constructed.  Figure 3-11 shows this diagram. 

 

Figure 3-11: T-s Diagram for the Binary ORC System operating under Base Case conditions for the month 

of January. *State Points 1/1’s/6s/9s.  **State Points 1/1’w/6w/9w. 

The CO2 loop for the summer and winter operation of the Binary ORC system are 

represented by the teal and purple lines, respectively.  The CO2 is injected as a saturated 

liquid (1) into the thermal reservoir (2).  After being heated to the reservoir temperature 

(3), the CO2 rises through the production well (4) and then travels through the supply line 

before entering the heat exchanger (4’).  The CO2 then exits the heat exchanger (5) and is 
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throttled back down to the saturation pressure (5’) before being condensed back to the 

injection conditions (1’).  The isobutane loop for the summer and winter operation of the 

Binary ORC system are represented by the green and red lines, respectively.  The 

isobutane is pumped from a saturated liquid state (9) into the heat exchanger (6).  It is 

then heated to a saturated vapor state (7) before entering the turbine for power 

production.  After exiting the turbine (8), the isobutane is once against condensed to a 

saturated liquid state.  In this diagram, the turbine performance is represented by the 

change between State Points 7 and 8, where summer and winter performance are 

represented by s and w respectively.  The difference in summer and winter turbine 

performance can clearly be seen in Figure 3-11 and the trend is similar to that seen in 

Figure 3-3. 

 

To calculate the power production of the Binary ORC system, the heat exchange process 

needed to be simulated so that the mass flow rate of the isobutane could be found and so 

that the pressure drop across the turbine could be known.  This pressure drop is found by 

again assuming a constant pressure through the condenser inside of the isobutane loop.  

The pressure drop, coupled with a turbine efficiency of 85% and the calculated mass flow 

rate, could then be used to calculate the monthly average power production for a single 

well.  The monthly average power production and monthly average isobutane boiling 

temperatures for the Binary ORC System operating under the base case conditions used 

in the Direct Single-Loop System can be found below in Table 3-11 and Table 3-12. 

Table 3-11: Binary ORC System Monthly Average isobutane Boiling Temperatures 
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Table 3-12: Binary ORC System Monthly Average Power Production 

 

A graphical representation of the Binary ORC System monthly average power production 

of a single well for the base case scenario can also be seen in Figure 3-12.  Figure 3-13 

shows the results of the monthly average system efficiency calculated for the Binary 

ORC System under base case operating conditions. 

 

Figure 3-12: Base Case Binary ORC System Monthly Average Power Production for a Single Well.  
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Figure 3-13: Base Case Binary ORC System Monthly Average System Efficiency. 

Comparing the range of the values in Figures 3-12 and 3-13 to those of Figures 3-4 and 

3-5, the discrepancy in system performance is apparent.  In order to fully understand the 

magnitude of this discrepancy, however, simulations outside of the base case scenario 

need to be investigated.   

 

The above in depth analysis clearly outlines the simulation of the base case scenario for 

the Binary ORC System.  In the same way as the Direct Single-Loop System, the Binary 

ORC System was simulated to investigate power production under various sets of 

operating conditions.  In order to be able to compare the performance of the two systems, 

the Binary ORC System was simulated with the same varying parameters as the Direct 

Single-Loop System.  First, the reservoir temperature was fixed at 100ºC with the mass 

flow rate being set to 70kg/s, 90kg/s, 120kg/s, and 140kg/s.  Again for the higher mass 

flow rate simulations the injection pipe diameter was changed from 0.254m to 0.308m 

and the production pipe diameter was increased from 0.20m to 0.254m in order to 
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maintain the thermosyphon effect.  The monthly average power production for a single 

well of the Binary ORC System under these varying mass flow rates can be seen in 

Figure 3-14.  

 

Figure 3-14: Binary ORC System Power Production for a Single Well with Varying Mass Flow Rate 

The same general trends can be seen in Figure 3-14 for the Binary ORC System as were 

seen for the Direct Single-Loop System in Figure 3-6.  An overlaying comparison of the 

two systems can be seen in Figure 3-15.  
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Figure 3-15: Overlay Plot of Direct and Binary System Power Production for a Single Well with Varying 

Mass Flow Rates 

Figure 3-15 shows that in order for the Binary ORC System to approach the same level of 

power production as the Direct Single-Loop System, additional Binary ORC units would 

need to be installed in the same location.  This provides insight into whether a Direct 

Single-Loop System or Binary ORC System is more suitable to a given site based on 

reservoir size and available geothermal heat capacity. 

 

Simulations were also run fixing the mass flow rate at 70kg/s while changing the 

reservoir temperature to values of 100ºC, 125ºC, and 150ºC.  The monthly average power 

production for a single well under these simulations is presented in Figure 3-16. 
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Figure 3-16: Binary ORC System Power Production for a Single Well with Varying Reservoir Temperature 

Again similar trends can be seen in Figure 3-16 as are seen in Figure 3-7.  An overlaying 

plot of the monthly average power production for the two systems is seen in Figure 3-17. 

 

Figure 3-17: Overlay Plot of the Direct and Binary System Power Production for a Single Well with 

Varying Reservoir Temperature. 
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Similar conclusions can be drawn from Figure 3-17 as in Figure 3-15 and helps to 

identify site-specific qualifications of the two systems. 

 

3.4. Accounting for System Losses through Exergy Analysis 

A second law analysis was conducted in order to investigate and locate inefficiencies 

within the design of the two geothermal systems.  This was done through an exergy 

analysis to identify the loss of potential energy due to irreversibilities in the individual 

components of both the Direct Single-Loop System and the Binary ORC System.  The 

method used to conduct the second law analysis in this study follows the method 

provided by [28].  The exergetic losses were calculated by finding the specific flow 

exergy of each of the individual state points identified in the previous sections of this 

chapter.  Equation (3-4-1) shows the formula used for calculating the specific flow 

exergy as 

 

.
   (3-4-1) 

 

In Equation (3-4-1), reference values are denoted with the subscript o.  The specific 

exergy flow values for the specific state points were calculated using the enthalpy and 

entropy values and using the ambient temperature as the reference temperature.  To 

further simplify the calculations involved, the kinetic and potential energy portions of 

Equation (3-4-1) are assumed to be negligible, resulting in  
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,   (3-4-2) 

the only exceptions being the injection and production wells, where it is necessary to 

incorporate the potential energy effects due to the large vertical pipe lengths involved. 

Given that the simulations for the two systems were done under steady-state conditions, a 

steady-state form of the exergy rate balance equation results in 

 

.
  (3-4-3) 

 

Furthermore, many components of the two systems were assumed to operate under 

adiabatic conditions with no work being done to or by the control volume.  With these 

assumptions, Equation (3-4-3) can be rearranged to find the rate of exergy destruction, or 

the losses due to irreversibilities, and is represented by 

 

.    (3-4-4) 

 

This equation was largely used to find the losses in the individual components of the two 

systems, with the exception of the turbine, pump, and reservoir, which incorporated the 

work and heat transfer terms from Equation (3-4-3).  In this equation, the subscripts 1 and 

2 denote the inlet and outlet of the flow through a given component.  The total exergy 

destruction through the heat exchanger and condensers was calculated by taking the 

difference in exergy destruction of the flow through either side of the heat exchanger or 

condenser.   
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Due to the fact that the brine properties of the functions in EES could not be set to the 

same reference standards as the rest of the functions, the change in properties for the 

condensers had to be calculated separately.  First, a temperature differential of 5ºC 

between the ethylene-glycol and the condensed CO2 or isobutane was assumed.  This 

temperature was then used to find the specific heat capacity of the ethylene-glycol [29] 

calculated by M. Conde Engineering.  These values were verified with the ASHRAE 

Fundamentals Handbook [24] to ensure they used the same ASHRAE reference standard 

as the other fluids.  Assuming an effectiveness of 0.80 for the condenser, the exiting 

temperature of the ethylene-glycol was calculated in the same manner as for the heat 

exchanger.  With the specific heat capacity and temperature differential known, the 

change in enthalpy for the ethylene-glycol was calculated.  The mass flow rate of the 

ethylene-glycol could then be calculated using the heat transfer through the condenser.  

Given that the condensing pressure was assumed to be constant and the change in 

temperature for the ethylene-glycol was found, the change in entropy was next calculated 

using 

.
    (3-4-5) 

With the mass flow rate, change in enthalpy, and change in entropy of the ethylene-glycol 

found, the exergy destruction through the tower side of the condensers could be 

calculated and the total exergy destruction through the condensers could be found. 

 

The efficiency of the systems could be improved by focusing on optimizing the design 

constraints around the individual components with the largest exergy losses.  By 
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identifying these components, it can be seen which components would require the most 

intensive design considerations, what impacts those considerations would have on the 

power production of the systems, and whether or not the additional power production 

would be worth the expenses involved in achieving those design considerations. 

 

The above set of equations was used to perform a second law analysis for both the Direct 

Single-Loop System and the Binary ORC System.  Analysis was first conducted for the 

Direct Single-Loop System.  Similarly to the analysis of the power production, in order to 

get a range of the potential losses throughout the year, the exergy analysis was done for 

the months of July and January.  Tables 3-13 and 3-14 below show the losses of the 

individual components for the Direct Single-Loop System. 

Table 3-13: Exergy Destruction of the Direct Single-Loop System Components in July 

 

Table 3-14: Exergy Destruction of the Direct Single-Loop System Components in January 

 

From the above tables, it can be seen that heating the CO2 in the thermal reservoir 

provides the largest losses due to irreversibilities.  The exergy destruction in the reservoir 

represents the extra power that could be provided were the heat transfer process 

reversible.  Since all available energy for use by the system is provided by the reservoir, 

it makes sense that the largest exergy destruction occurs in the reservoir as well.  Outside 

of this, the largest exergy destruction is present in the turbine.  This shows the potential 

additional energy production that would be available were it possible to obtain a perfectly 
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isentropic turbine.  It also shows the importance of turbine design in terms of maximizing 

the isentropic turbine efficiency. 

 

Next, the second law losses were found for the Binary ORC system.  Again, an exergy 

analysis was conducted for the months of July and January to get a range of the potential 

losses throughout the year for comparison with the Direct Single-Loop System.  Tables 3-

15 and 3-16 show the exergetic losses of the Binary ORC System for the months of July 

and January, respectively.   

Table 3-15: Exergy Destruction of the Binary ORC System Components in July 

 

Table 3-16: Exergy Destruction of the Binary ORC System Components in January 

 

The exergy destruction in the return line, supply line, injection well, production well, and 

the reservoir of the Binary ORC System were found to be identical to those of the Direct 

Single-Loop System, as should be expected since these components deal with the process 

of extracting heat from the geologic formation and not its incorporation into actual power 

production.  Comparing the total exergy destruction of the two condensers in the Binary 

ORC System to the exergy destruction of the condenser in the Direct Single-Loop System 

shows similar values.  This indicates that there are not considerable changes to the 

exergetic losses in the condensing processes of the Binary ORC System, but rather that 

the exergy destruction is shifted between the two condensers based on time of year.  

Comparing the exergy destruction between the turbines of the two systems shows 
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considerably larger losses in the Direct Single-Loop System.  This should be expected, as 

the Direct Single-Loop System produces considerably more power and deals with larger 

thermodynamic property changes across its turbine.  The exergy destruction in the pump 

in the Binary ORC system is largely negligible and relatively constant year round with 

fluctuations due to changes in the isobutane mass flow rate and pressure drop through the 

system.   

 

The largest additional exergetic losses between the two systems are present in the CO2 to 

isobutane heat exchanger and the expansion valve.  The losses through the heat 

exchanger in the Binary ORC System exceed those of the turbine in the Direct Single-

Loop System.  This alone shows how the incorporation of a heat exchanger can decrease 

the efficiency of the system.  The expansion valve accounts for the largest exergy 

destruction of the additional components in the Binary ORC System.  This is due to the 

fact that the expansion valve acts as a pressure release for the pressure drop that would 

otherwise be experienced across the turbine in the Direct Single-Loop System.  

Comparing the exergy destruction of the heat exchanger and expansion valve in the 

Binary ORC System to the turbine in the Direct Single-Loop System shows just how 

much of the potential usable energy is lost by changing from the Direct Single-Loop 

System to the Binary ORC System.  This helps explain why there is such a large energy 

production gap between the two systems.  It also shows why optimization of heat 

exchanger performance is paramount to the effectiveness of the Binary ORC System.   
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Previous studies [17,30,31] analyzing the second law performance of like cycles show 

similar trends in terms of component contribution to the overall exergy destruction.  The 

main differences arise from the fact that [30] analyzes a compression cycle as opposed to 

a power cycle, while [31] shows the analysis of a Binary ORC System with an air-cooled 

condenser instead of a cooling tower.  The second law analysis conducted by [17] largely 

agrees with the trends of the results obtained in this study.  In terms of improving the 

Binary ORC System’s performance, the clear area to focus on would be the expansion 

valve.  If some additional design considerations were able to utilize even a portion of the 

losses through the expansion valve for additional energy production, they could 

significantly improve the Binary ORC System’s overall efficiency, though these solutions 

would likely encounter the same problems surrounding the turbine in the Direct Single-

Loop system. 

4. Discussion and Conclusion 

4.1. Comparison of Conventional Systems to CO2 Systems 

The research conducted in this study was done with the intention to investigate the 

potential for using CO2 as either a working fluid or heat transfer fluid for geothermal 

power production, where it is used as a working fluid in the Direct Single-Loop System 

to perform actual turbine work and as a heat transfer fluid in the Binary ORC System to 

transfer the thermal energy to a secondary power cycle.  In order to validate the use of 

CO2 in geothermal systems, the potential power production of the two systems 

investigated in this study needs to be compared to the power production of current 

conventional geothermal systems.  The potential for small-scale geothermal power plants 
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has been under investigation for a long time.  A study conducted by NREL in 2000 [32] 

investigated the potential for geothermal power production of numerous locations in the 

Western United States using small-scale binary plants.  All of the sites under 

investigation had resource temperatures below 150ºC with some temperatures as low as 

85ºC.  The study found the potential for geothermal power plants ranging in size from 

249kW to 1MW, with a per well power production ranging from approximately 100kW 

to 900kW depending on reservoir temperature and mass flow rate.  The mass flow rates 

of these plants ranged from 10kg/s to 90kg/s, depending on the pipe diameter.  The power 

plant performance was generally investigated for locations with reservoir depths of less 

than 1km, though a few sites looked at reservoirs as deep as 3.5km.  In Turkey, a study 

was done to investigate the potential power production of binary systems in the Simav 

region [33].  The results showed that the Turkey plant had the potential to generate 

approximately 1.1MW from a single well.  While this is slightly more than the potential 

power production of the Binary ORC System in this study, this is largely due to the fact 

that the resource temperature is 162ºC with a very shallow reservoir depth of 457m.  

Conventional geothermal systems installed worldwide [34-37] have been found to have a 

wide range of potential power production.  Small-scale single-well binary power plants 

for use in areas with low geothermal resource temperatures were found to range in size 

from 180kW to 3.8MW.  This includes an installation in Chena Hot Springs, Alaska, 

where two 200kW single-well binary units were installed.  The design chosen for the 

Chena Hot Springs plant was taken from a study done in 2005 [38].  The site intends to 

install a total of 4 units for a total of 800kW of power production.  These studies give a 

good approximation for the range of power production of currently installed single-well 
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binary power plants. The installations at the lower end of the power production range 

were generally at much shallower depths with lower reservoir temperatures, while the 

installations at the upper end were generally at much deeper depths with reservoir 

temperatures near 150ºC.  Larger plants constructed using multiple binary units were 

found to generate as much as 25MW, as in the case of the Richard Burdette Geothermal 

Plant in Nevada, where a per well production rate of 5MW was obtained [39], though this 

is in a region with slightly higher reservoir temperatures.  Still larger direct plants, using 

flash technologies where high pressure steam is separated from brine, were found in areas 

with much larger geothermal resource temperatures generating as much as 110MW of 

electricity.  Two such units installed in Indonesia at the Wayang Windu geothermal 

fields, where reservoir temperatures exceed 250ºC, were found to have a gross power 

production of 227MW [40] with an average per well production rate of approximately 

13MW.  While these two geothermal plants operate under conditions far exceeding those 

simulated in this research, they are still worth noting as they represent two of the largest 

geothermal installations in the world. 

 

To compare the potential power production of the Direct Single-Loop and Binary ORC 

Systems to that of conventional systems under comparable operating conditions, a range 

of power production for the two systems was determined from the results of the 

simulations run for all variations of the parameters discussed in the previous chapters.  

This accounts for all combinations of the varying reservoir temperatures and CO2 mass 

flow rates.  Three different ranges of power production were found for the simulations of 

the two systems, one for the Binary ORC System and one for each of the turbine 
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efficiency simulations of the Direct Single-Loop System.  For the Binary ORC System, 

this resulted in a range of 205kW to 3.0MW of potential power production from a single 

well.  For the Direct Single-Loop System, the simulation with turbine efficiency of 0.85 

resulted in potential per well power production ranging from 788kW to 7.0MW while the 

simulation with turbine efficiency of 0.50 resulted in potential per well power production 

ranging from 464kW to 4.1MW.   

 

While these simulations were run under ideal assumptions, the range of potential power 

production for the various potential site conditions still provides a good first estimate of 

what sort of power production could be expected when coupling geothermal energy 

production with CO2 sequestration.  Comparing the simulation results to the range of 

plant sizes already installed worldwide, the potential for geothermal energy production 

using CO2 is apparent.  Based on the site in question, an appropriate decision could be 

made on whether the Direct Single-Loop System or Binary ORC System would be more 

suitable for installation and could easily match the power production of currently 

installed systems.  In many cases, an installation of either of the simulated systems could 

surpass the expected power production of a conventional system, since either the resource 

temperatures are lower or the reservoir depths are greater for the simulations than for the 

installed systems.  While the maximum power production of the simulations would not 

likely be attainable due to seasonal variability of the pressure drop across the turbine, 

with appropriate design considerations a large enough portion of the power production 

could still be met.  Such considerations could include the use of a multi-stage turbine or 

installation of multiple turbines in series.  With all of this taken into account, using CO2 
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for geothermal power production is clearly competitive with conventional systems, and 

given that the simulations were run with lower resource temperatures, the implications of 

using CO2 to expand the scope of geothermal power production are strong. 

 

4.2. Choosing an Ideal System for CO2 Geothermal Power Production 

Choosing an ideal system for geothermal power production using CO2 is largely 

dependent on the site in question.  Depending on the size, temperature, and pressure of 

the geothermal reservoir, as well as the mass flow rate of the CO2 and the power demand 

of the region, both the Direct Single-Loop System and the Binary ORC System could be 

suitable choices.  Under base case operating conditions, it is likely that the Direct Single-

Loop System would be a better choice for installation.  The reason for this is because the 

Binary ORC System under these operating conditions does not have significant power 

production year round.  Thus, unless the system was only to be used in the winter months 

for supplemental power for heating, or unless the required power production was 

sufficiently low, the Direct Single-Loop System is the superior choice.  Installing a 

system under these conditions could turn out to be an expensive endeavor, however, 

depending on the costs associated with designing a custom turbine capable of handling 

the pressure drop and phase change that it would encounter.  This could mean that 

installing a system under these operating conditions would not be feasible without some 

kind of government incentive program similar to those associated with installation of 

wind turbines or solar panels.  However, this issue diminishes as the reservoir 

temperature and CO2 mass flow rate increase.  Choosing a system then becomes far more 

dependent on the power demand of the region and the size of the reservoir, as well as 
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whether it is more expensive to install a larger number Binary ORC units to meet the 

same power production provided by fewer Direct Single-Loop units.  In either case, both 

systems are capable of providing the necessary power to meet the demands of a given 

region under the operating conditions discussed in this paper and an intelligent decision 

can be made about which system is the ideal choice based on the results available in the 

appendices. 

 

4.3. Next Steps and Additional Considerations for Expanding Research 

The ideal assumptions made in this analysis restrict the results and a more refined model 

would likely yield more accurate projections of the potential power production of the 

systems.  There are many considerations that could be taken into account that could help 

improve the model and provide more accurate results.  The analysis conducted in this 

research used assumptions such as constant pressure through the heat exchangers and 

condensers, as well as ideal condensing temperatures and pressures, which would not 

likely be reached without using unnecessarily large condensers.  The system was also 

assumed to operate at steady state, without accounting for the amount of time it would 

take for the system to reach steady state.  Prior to this, there would be heat losses through 

both the injection and production well walls, which were not accounted for.  A pump 

would be required to circulate the CO2 until the heat losses through these walls became 

negligible, at which point a thermosyphon could be established.  Another consideration 

that could be used to expand this research would be to investigate how continuous 

sequestration of CO2 during system operation would affect the performance of the 

system, and what additional condensing and pumping considerations would need to be 
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met in order to match the injection pressures and mass flow rates of typical sequestered 

CO2, which could have adverse effects on the thermosyphon. 

 

In regards to the thermosyphon, there are many aspects of the systems that are either 

affected by it or could potentially have effects on it.  The degree to which the 

thermosyphon is established and the changes it might go through throughout the year 

need to be investigated.  Installation of a pilot plant could be used to measure the effect of 

the thermosyphon.  If the ambient air temperature is found to have a significant impact on 

the thermosyphon, the mass flow rate through the CO2 loop could vary throughout the 

year.  This could have a significant impact on the yearly power production, indicating 

that the use of a pump may be necessary during summer operation.  In addition to this, 

the effects of the lifespan of the geothermal reservoir need to be investigated.  Over time 

the geothermal resource available to the plant diminishes and the reservoir temperature 

drops.  This would also affect the thermosyphon and reduce the power generated by the 

plant unless a pump was used to increase the heat extraction rate from the reservoir, 

which would accelerate the reservoir depletion. 

 

As stated in the second law analysis, the Binary ORC system contains large losses over 

the Direct Single-Loop system due to the incorporation of a heat exchanger and 

expansion valve.  The expansion valve losses clearly show a missed opportunity for 

additional energy production.  However, installation of a turbine in this location would 

suffer from the same difficulties encountered in the Direct Single-Loop system.  

Installation of other alternative power producing devices, such as scroll or rotary screw 
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expanders, could be considered though.  Previous studies [41-44] have shown these 

devices to be suitable for use with ORC systems.  The isentropic efficiencies have been 

found to vary from 0.20-0.60, with pressure ratios of around 2:1.  These pressure ratios 

are similar to those found across the expansion valve for summer operation, but only 

about half of what is experienced during winter operation.  The mass flow rate of the 

CO2 in the Binary ORC system, however, is significantly greater than the mass flow rate 

of these previous studies, and its effect on the forces experienced by the expander would 

need to be taken into account when designing or sizing the expander.  With appropriate 

design considerations, an expander or series of expanders could be used in place of the 

expansion valve to generate additional power. 

 

All of these considerations could be used to improve the simulations.  Reducing the 

number of ideal assumptions in the system would provide a more accurate level of power 

production.  Investigation of the ramp up time necessary to reach steady state would 

show how long the system would need to run before it reaches the necessary operating 

conditions to maximize power production.  An investigation of the behavior of the 

thermosyphon would help to show more realistic pumping requirements and under what 

conditions they would be necessary for additional energy production.  An investigation of 

the lifespan of the geothermal reservoir and its effect on the thermosyphon would help 

identify an appropriate time to change to an alternate source to meet the power generation 

provided by the geothermal system.  Incorporating alternative components, such as 

expanders, could also be used to increase power production.  In these ways, this research 

can be expanded upon to discover the full potential of combining CO2 sequestration with 



 68 

geothermal energy production and potentially bring it closer to commercial 

implementation. 
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Appendix A: Direct Single-Loop System Simulation Results 

A.1: Direct Single-Loop System Monthly Average Power Production Tables 

TableA-1: Direct Single-Loop System Monthly Average Power Production (DTE=0.85) at 2.5km Depth 
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Table A-2: Direct Single-Loop System Monthly Average Power Production (DTE=0.85) at 3.1km Depth 
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Table A-3: Direct Single-Loop System Monthly Average Power Production (DTE=0.85) at 3.6km Depth 
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TableA-4: Direct Single-Loop System Monthly Average Power Production (DTE=0.50) at 2.5km Depth 
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Table A-5: Direct Single-Loop System Monthly Average Power Production (DTE=0.50) at 3.1km Depth 

 

 



 79 

Table A-6: Direct Single-Loop System Monthly Average Power Production (DTE=0.50) at 3.6km Depth 
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A.2 Direct Single-Loop System Monthly Average System Efficiency 

Table A-7: Direct Single-Loop System Monthly Average System Efficiency (DTE=0.85) at 2.5km Depth 
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TableA-8: Direct Single-Loop System Monthly Average System Efficiency (DTE=0.85) at 3.1km Depth 
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Table A-9: Direct Single-Loop System Monthly Average System Efficiency (DTE=0.85) at 3.6km Depth 
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Table A-10: Direct Single-Loop System Monthly Average System Efficiency (DTE=0.50) at 2.5km Depth 
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TableA-11: Direct Single-Loop System Monthly Average System Efficiency (DTE=0.50) at 3.1km Depth 
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Table A-12: Direct Single-Loop System Monthly Average System Efficiency (DTE=0.50) at 3.6km Depth 
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A.3 Direct Single-Loop System Monthly Average Power Production Plots (DTE=0.85) 

 

Figure A-1: Direct Single-Loop System monthly average power production simulation results at 2.5km 

depth with CO2 mass flow rate of 70kg/s and DTE=0.85 for various reservoir temperatures. 

 

Figure A-2: Direct Single-Loop System monthly average power production simulation results at 2.5km 

depth with CO2 mass flow rate of 90kg/s and DTE=0.85 for various reservoir temperatures. 
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Figure A-3: Direct Single-Loop System monthly average power production simulation results at 2.5km 

depth with CO2 mass flow rate of 120kg/s and DTE=0.85 for various reservoir temperatures. 

 

Figure A-4: Direct Single-Loop System monthly average power production simulation results at 2.5km 

depth with CO2 mass flow rate of 140kg/s and DTE=0.85 for various reservoir temperatures. 
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Figure A-5: Direct Single-Loop System monthly average power production simulation results at 3.1km 

depth with CO2 mass flow rate of 70kg/s and DTE=0.85 for various reservoir temperatures. 

 

Figure A-6: Direct Single-Loop System monthly average power production simulation results at 3.1km 

depth with CO2 mass flow rate of 90kg/s and DTE=0.85 for various reservoir temperatures. 
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Figure A-7: Direct Single-Loop System monthly average power production simulation results at 3.1km 

depth with CO2 mass flow rate of 120kg/s and DTE=0.85 for various reservoir temperatures. 

 

Figure A-8: Direct Single-Loop System monthly average power production simulation results at 3.1km 

depth with CO2 mass flow rate of 140kg/s and DTE=0.85 for various reservoir temperatures. 
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Figure A-9: Direct Single-Loop System monthly average power production simulation results at 3.6km 

depth with CO2 mass flow rate of 70kg/s and DTE=0.85 for various reservoir temperatures. 

 

Figure A-10: Direct Single-Loop System monthly average power production simulation results at 3.6km 

depth with CO2 mass flow rate of 90kg/s and DTE=0.85 for various reservoir temperatures. 
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Figure A-11: Direct Single-Loop System monthly average power production simulation results at 3.6km 

depth with CO2 mass flow rate of 120kg/s and DTE=0.85 for various reservoir temperatures. 

 

Figure A-12: Direct Single-Loop System monthly average power production simulation results at 3.6km 

depth with CO2 mass flow rate of 140kg/s and DTE=0.85 for various reservoir temperatures. 
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A.4 Direct Single-Loop System Monthly Average Power Production Plots (DTE=0.50) 

 

Figure A-13: Direct Single-Loop System monthly average power production simulation results at 2.5km 

depth with CO2 mass flow rate of 70kg/s and DTE=0.50 for various reservoir temperatures. 

 

Figure A-14: Direct Single-Loop System monthly average power production simulation results at 2.5km 

depth with CO2 mass flow rate of 90kg/s and DTE=0.50 for various reservoir temperatures. 
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Figure A-15: Direct Single-Loop System monthly average power production simulation results at 2.5km 

depth with CO2 mass flow rate of 120kg/s and DTE=0.50 for various reservoir temperatures. 

 

Figure A-16: Direct Single-Loop System monthly average power production simulation results at 2.5km 

depth with CO2 mass flow rate of 140kg/s and DTE=0.50 for various reservoir temperatures. 
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Figure A-17: Direct Single-Loop System monthly average power production simulation results at 3.1km 

depth with CO2 mass flow rate of 70kg/s and DTE=0.50 for various reservoir temperatures. 

 

Figure A-18: Direct Single-Loop System monthly average power production simulation results at 3.1km 

depth with CO2 mass flow rate of 90kg/s and DTE=0.50 for various reservoir temperatures. 
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Figure A-19: Direct Single-Loop System monthly average power production simulation results at 3.1km 

depth with CO2 mass flow rate of 120kg/s and DTE=0.50 for various reservoir temperatures. 

 

Figure A-20: Direct Single-Loop System monthly average power production simulation results at 3.1km 

depth with CO2 mass flow rate of 140kg/s and DTE=0.50 for various reservoir temperatures. 
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Figure A-21: Direct Single-Loop System monthly average power production simulation results at 3.6km 

depth with CO2 mass flow rate of 70kg/s and DTE=0.50 for various reservoir temperatures. 

 

Figure A-22: Direct Single-Loop System monthly average power production simulation results at 3.6km 

depth with CO2 mass flow rate of 90kg/s and DTE=0.50 for various reservoir temperatures. 
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Figure A-23: Direct Single-Loop System monthly average power production simulation results at 3.6km 

depth with CO2 mass flow rate of 120kg/s and DTE=0.50 for various reservoir temperatures. 

 

Figure A-24: Direct Single-Loop System monthly average power production simulation results at 3.6km 

depth with CO2 mass flow rate of 140kg/s and DTE=0.50 for various reservoir temperatures. 
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Appendix B: Direct Single-Loop System Thermodynamic Property Tables 

State points listed in the tables refer to those labeled in Figure 3-2. 

Table B-1: Thermodynamic Properties for Direct Single-Loop System Simulations at 2.5km Depth, CO2 

Mass Flow Rate of 70kg/s, and Reservoir Temperature of 100ºC (DTE=0.85). 
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Table B-2: Thermodynamic Properties for Direct Single-Loop System Simulations at 2.5km Depth, CO2 

Mass Flow Rate of 90kg/s, and Reservoir Temperature of 100ºC (DTE=0.85). 
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Table B-3: Thermodynamic Properties for Direct Single-Loop System Simulations at 2.5km Depth, CO2 

Mass Flow Rate of 120kg/s, and Reservoir Temperature of 100ºC (DTE=0.85). 
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Table B-4: Thermodynamic Properties for Direct Single-Loop System Simulations at 2.5km Depth, CO2 

Mass Flow Rate of 140kg/s, and Reservoir Temperature of 100ºC (DTE=0.85). 
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Table B-5: Thermodynamic Properties for Direct Single-Loop System Simulations at 2.5km Depth, CO2 

Mass Flow Rate of 70kg/s, and Reservoir Temperature of 125ºC (DTE=0.85). 
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Table B-6: Thermodynamic Properties for Direct Single-Loop System Simulations at 2.5km Depth, CO2 

Mass Flow Rate of 90kg/s, and Reservoir Temperature of 125ºC (DTE=0.85). 
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Table B-7: Thermodynamic Properties for Direct Single-Loop System Simulations at 2.5km Depth, CO2 

Mass Flow Rate of 120kg/s, and Reservoir Temperature of 125ºC (DTE=0.85). 
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Table B-8: Thermodynamic Properties for Direct Single-Loop System Simulations at 2.5km Depth, CO2 

Mass Flow Rate of 140kg/s, and Reservoir Temperature of 125ºC (DTE=0.85). 
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Table B-9: Thermodynamic Properties for Direct Single-Loop System Simulations at 2.5km Depth, CO2 

Mass Flow Rate of 70kg/s, and Reservoir Temperature of 150ºC (DTE=0.85). 
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Table B-10: Thermodynamic Properties for Direct Single-Loop System Simulations at 2.5km Depth, CO2 

Mass Flow Rate of 90kg/s, and Reservoir Temperature of 150ºC (DTE=0.85). 
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Table B-11: Thermodynamic Properties for Direct Single-Loop System Simulations at 2.5km Depth, CO2 

Mass Flow Rate of 120kg/s, and Reservoir Temperature of 150ºC (DTE=0.85). 
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Table B-12: Thermodynamic Properties for Direct Single-Loop System Simulations at 2.5km Depth, CO2 

Mass Flow Rate of 140kg/s, and Reservoir Temperature of 150ºC (DTE=0.85). 
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Table B-13: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.1km Depth, CO2 

Mass Flow Rate of 70kg/s, and Reservoir Temperature of 100ºC (DTE=0.85). 
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Table B-14: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.1km Depth, CO2 

Mass Flow Rate of 90kg/s, and Reservoir Temperature of 100ºC (DTE=0.85). 
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Table B-15: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.1km Depth, CO2 

Mass Flow Rate of 120kg/s, and Reservoir Temperature of 100ºC (DTE=0.85). 
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Table B-16: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.1km Depth, CO2 

Mass Flow Rate of 140kg/s, and Reservoir Temperature of 100ºC (DTE=0.85). 
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Table B-17: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.1km Depth, CO2 

Mass Flow Rate of 70kg/s, and Reservoir Temperature of 125ºC (DTE=0.85). 
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Table B-18: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.1km Depth, CO2 

Mass Flow Rate of 90kg/s, and Reservoir Temperature of 125ºC (DTE=0.85). 
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Table B-19: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.1km Depth, CO2 

Mass Flow Rate of 120kg/s, and Reservoir Temperature of 125ºC (DTE=0.85). 
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Table B-20: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.1km Depth, CO2 

Mass Flow Rate of 140kg/s, and Reservoir Temperature of 125ºC (DTE=0.85). 
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Table B-21: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.1km Depth, CO2 

Mass Flow Rate of 70kg/s, and Reservoir Temperature of 150ºC (DTE=0.85). 

 

 

 



 119 

Table B-22: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.1km Depth, CO2 

Mass Flow Rate of 90kg/s, and Reservoir Temperature of 150ºC (DTE=0.85). 
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Table B-23: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.1km Depth, CO2 

Mass Flow Rate of 120kg/s, and Reservoir Temperature of 150ºC (DTE=0.85). 
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Table B-24: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.1km Depth, CO2 

Mass Flow Rate of 140kg/s, and Reservoir Temperature of 150ºC (DTE=0.85). 
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Table B-25: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.6km Depth, CO2 

Mass Flow Rate of 70kg/s, and Reservoir Temperature of 100ºC (DTE=0.85). 
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Table B-26: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.6km Depth, CO2 

Mass Flow Rate of 90kg/s, and Reservoir Temperature of 100ºC (DTE=0.85). 
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Table B-27: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.6km Depth, CO2 

Mass Flow Rate of 120kg/s, and Reservoir Temperature of 100ºC (DTE=0.85). 
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Table B-28: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.6km Depth, CO2 

Mass Flow Rate of 140kg/s, and Reservoir Temperature of 100ºC (DTE=0.85). 
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Table B-29: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.6km Depth, CO2 

Mass Flow Rate of 70kg/s, and Reservoir Temperature of 125ºC (DTE=0.85). 
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Table B-30: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.6km Depth, CO2 

Mass Flow Rate of 90kg/s, and Reservoir Temperature of 125ºC (DTE=0.85). 
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Table B-31: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.6km Depth, CO2 

Mass Flow Rate of 120kg/s, and Reservoir Temperature of 125ºC (DTE=0.85). 
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Table B-32: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.6km Depth, CO2 

Mass Flow Rate of 140kg/s, and Reservoir Temperature of 125ºC (DTE=0.85). 
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Table B-33: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.6km Depth, CO2 

Mass Flow Rate of 70kg/s, and Reservoir Temperature of 150ºC (DTE=0.85). 
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Table B-34: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.6km Depth, CO2 

Mass Flow Rate of 90kg/s, and Reservoir Temperature of 150ºC (DTE=0.85). 
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Table B-35: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.6km Depth, CO2 

Mass Flow Rate of 120kg/s, and Reservoir Temperature of 150ºC (DTE=0.85). 
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Table B-36: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.6km Depth, CO2 

Mass Flow Rate of 140kg/s, and Reservoir Temperature of 150ºC (DTE=0.85). 
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Table B-37: Thermodynamic Properties for Direct Single-Loop System Simulations at 2.5km Depth, CO2 

Mass Flow Rate of 70kg/s, and Reservoir Temperature of 100ºC (DTE=0.50). 
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Table B-38: Thermodynamic Properties for Direct Single-Loop System Simulations at 2.5km Depth, CO2 

Mass Flow Rate of 90kg/s, and Reservoir Temperature of 100ºC (DTE=0.50). 
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Table B-39: Thermodynamic Properties for Direct Single-Loop System Simulations at 2.5km Depth, CO2 

Mass Flow Rate of 120kg/s, and Reservoir Temperature of 100ºC (DTE=0.50). 
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Table B-40: Thermodynamic Properties for Direct Single-Loop System Simulations at 2.5km Depth, CO2 

Mass Flow Rate of 140kg/s, and Reservoir Temperature of 100ºC (DTE=0.50). 
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Table B-41: Thermodynamic Properties for Direct Single-Loop System Simulations at 2.5km Depth, CO2 

Mass Flow Rate of 70kg/s, and Reservoir Temperature of 125ºC (DTE=0.50). 
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Table B-42: Thermodynamic Properties for Direct Single-Loop System Simulations at 2.5km Depth, CO2 

Mass Flow Rate of 90kg/s, and Reservoir Temperature of 125ºC (DTE=0.50). 
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Table B-43: Thermodynamic Properties for Direct Single-Loop System Simulations at 2.5km Depth, CO2 

Mass Flow Rate of 120kg/s, and Reservoir Temperature of 125ºC (DTE=0.50). 
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Table B-44: Thermodynamic Properties for Direct Single-Loop System Simulations at 2.5km Depth, CO2 

Mass Flow Rate of 140kg/s, and Reservoir Temperature of 125ºC (DTE=0.50). 
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Table B-45: Thermodynamic Properties for Direct Single-Loop System Simulations at 2.5km Depth, CO2 

Mass Flow Rate of 70kg/s, and Reservoir Temperature of 150ºC (DTE=0.50). 
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Table B-46: Thermodynamic Properties for Direct Single-Loop System Simulations at 2.5km Depth, CO2 

Mass Flow Rate of 90kg/s, and Reservoir Temperature of 150ºC (DTE=0.50). 
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Table B-47: Thermodynamic Properties for Direct Single-Loop System Simulations at 2.5km Depth, CO2 

Mass Flow Rate of 120kg/s, and Reservoir Temperature of 150ºC (DTE=0.50). 
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Table B-48: Thermodynamic Properties for Direct Single-Loop System Simulations at 2.5km Depth, CO2 

Mass Flow Rate of 140kg/s, and Reservoir Temperature of 150ºC (DTE=0.50). 
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Table B-49: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.1km Depth, CO2 

Mass Flow Rate of 70kg/s, and Reservoir Temperature of 100ºC (DTE=0.50). 

 

 

 



 147 

Table B-50: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.1km Depth, CO2 

Mass Flow Rate of 90kg/s, and Reservoir Temperature of 100ºC (DTE=0.50). 
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Table B-51: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.1km Depth, CO2 

Mass Flow Rate of 120kg/s, and Reservoir Temperature of 100ºC (DTE=0.50). 
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Table B-52: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.1km Depth, CO2 

Mass Flow Rate of 140kg/s, and Reservoir Temperature of 100ºC (DTE=0.50). 
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Table B-53: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.1km Depth, CO2 

Mass Flow Rate of 70kg/s, and Reservoir Temperature of 125ºC (DTE=0.50). 
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Table B-54: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.1km Depth, CO2 

Mass Flow Rate of 90kg/s, and Reservoir Temperature of 125ºC (DTE=0.50). 
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Table B-55: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.1km Depth, CO2 

Mass Flow Rate of 120kg/s, and Reservoir Temperature of 125ºC (DTE=0.50). 
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Table B-56: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.1km Depth, CO2 

Mass Flow Rate of 140kg/s, and Reservoir Temperature of 125ºC (DTE=0.50). 
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Table B-57: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.1km Depth, CO2 

Mass Flow Rate of 70kg/s, and Reservoir Temperature of 150ºC (DTE=0.50). 
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Table B-58: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.1km Depth, CO2 

Mass Flow Rate of 90kg/s, and Reservoir Temperature of 150ºC (DTE=0.50). 
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Table B-59: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.1km Depth, CO2 

Mass Flow Rate of 120kg/s, and Reservoir Temperature of 150ºC (DTE=0.50). 
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Table B-60: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.1km Depth, CO2 

Mass Flow Rate of 140kg/s, and Reservoir Temperature of 150ºC (DTE=0.50). 
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Table B-61: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.6km Depth, CO2 

Mass Flow Rate of 70kg/s, and Reservoir Temperature of 100ºC (DTE=0.50). 
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Table B-62: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.6km Depth, CO2 

Mass Flow Rate of 90kg/s, and Reservoir Temperature of 100ºC (DTE=0.50). 
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Table B-63: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.6km Depth, CO2 

Mass Flow Rate of 120kg/s, and Reservoir Temperature of 100ºC (DTE=0.50). 
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Table B-64: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.6km Depth, CO2 

Mass Flow Rate of 140kg/s, and Reservoir Temperature of 100ºC (DTE=0.50). 
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Table B-65: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.6km Depth, CO2 

Mass Flow Rate of 70kg/s, and Reservoir Temperature of 125ºC (DTE=0.50). 
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Table B-66: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.6km Depth, CO2 

Mass Flow Rate of 90kg/s, and Reservoir Temperature of 125ºC (DTE=0.50). 

 

 

 



 164 

Table B-67: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.6km Depth, CO2 

Mass Flow Rate of 120kg/s, and Reservoir Temperature of 125ºC (DTE=0.50). 
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Table B-68: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.6km Depth, CO2 

Mass Flow Rate of 140kg/s, and Reservoir Temperature of 125ºC (DTE=0.50). 
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Table B-69: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.6km Depth, CO2 

Mass Flow Rate of 70kg/s, and Reservoir Temperature of 150ºC (DTE=0.50). 
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Table B-70: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.6km Depth, CO2 

Mass Flow Rate of 90kg/s, and Reservoir Temperature of 150ºC (DTE=0.50). 
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Table B-71: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.6km Depth, CO2 

Mass Flow Rate of 120kg/s, and Reservoir Temperature of 150ºC (DTE=0.50). 
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Table B-72: Thermodynamic Properties for Direct Single-Loop System Simulations at 3.6km Depth, CO2 

Mass Flow Rate of 140kg/s, and Reservoir Temperature of 150ºC (DTE=0.50). 
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Appendix C: Binary ORC System Simulation Results 

C.1: Binary ORC System Monthly Average Power Production Tables 

Table C-1: Binary ORC System Monthly Average Power Production at 2.5km Depth 
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Table C-2: Binary ORC System Monthly Average Power Production at 3.1km Depth 
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Table C-3: Binary ORC System Monthly Average Power Production at 3.6km Depth 
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C.2 Binary ORC System Monthly Average System Efficiency 

Table C-4: Binary ORC System Monthly Average System Efficiency at 2.5km Depth 
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Table C-5: Binary ORC System Monthly Average System Efficiency at 3.1km Depth 
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Table C-6: Binary ORC System Monthly Average System Efficiency at 3.6km Depth 
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C.3 Binary ORC System Monthly Average Power Production Plots 

 

Figure C-1: Binary ORC System monthly average power production simulation results at 2.5km depth with 

a CO2 mass flow rate of 70kg/s for various reservoir temperatures. 

 

Figure C-2: Binary ORC System monthly average power production simulation results at 2.5km depth with 

a CO2 mass flow rate of 90kg/s for various reservoir temperatures. 
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Figure C-3: Binary ORC System monthly average power production simulation results at 2.5km depth with 

a CO2 mass flow rate of 120kg/s for various reservoir temperatures. 

 

Figure C-4: Binary ORC System monthly average power production simulation results at 2.5km depth with 

a CO2 mass flow rate of 140kg/s for various reservoir temperatures. 
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Figure C-5: Binary ORC System monthly average power production simulation results at 3.1km depth with 

a CO2 mass flow rate of 70kg/s for various reservoir temperatures. 

 

Figure C-6: Binary ORC System monthly average power production simulation results at 3.1km depth with 

a CO2 mass flow rate of 90kg/s for various reservoir temperatures. 
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Figure C-7: Binary ORC System monthly average power production simulation results at 3.1km depth with 

a CO2 mass flow rate of 120kg/s for various reservoir temperatures. 

 

Figure C-8: Binary ORC System monthly average power production simulation results at 3.1km depth with 

a CO2 mass flow rate of 140kg/s for various reservoir temperatures. 
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Figure C-9: Binary ORC System monthly average power production simulation results at 3.6km depth with 

a CO2 mass flow rate of 70kg/s for various reservoir temperatures. 

 

Figure C-10: Binary ORC System monthly average power production simulation results at 3.6km depth 

with a CO2 mass flow rate of 90kg/s for various reservoir temperatures. 
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Figure C-11: Binary ORC System monthly average power production simulation results at 3.6km depth 

with a CO2 mass flow rate of 120kg/s for various reservoir temperatures. 

 

Figure C-12: Binary ORC System monthly average power production simulation results at 3.6km depth 

with a CO2 mass flow rate of 140kg/s for various reservoir temperatures. 
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Appendix D: Binary ORC System Thermodynamic Property Tables 

The state points listed in the tables refer to those labeled in figure 3-10. 

Table D-1: Thermodynamic properties for Binary ORC System simulations at 2.5km depth with a CO2 

mass flow rate of 70kg/s and a reservoir temperature of 100ºC. 

 



 183 

Table D-2: Thermodynamic properties for Binary ORC System simulations at 2.5km depth with a CO2 

mass flow rate of 90kg/s and a reservoir temperature of 100ºC. 
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Table D-3: Thermodynamic properties for Binary ORC System simulations at 2.5km depth with a CO2 

mass flow rate of 120kg/s and a reservoir temperature of 100ºC. 
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Table D-4: Thermodynamic properties for Binary ORC System simulations at 2.5km depth with a CO2 

mass flow rate of 140kg/s and a reservoir temperature of 100ºC. 
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Table D-5: Thermodynamic properties for Binary ORC System simulations at 2.5km depth with a CO2 

mass flow rate of 70kg/s and a reservoir temperature of 125ºC. 
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Table D-6: Thermodynamic properties for Binary ORC System simulations at 2.5km depth with a CO2 

mass flow rate of 90kg/s and a reservoir temperature of 125ºC. 
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Table D-7: Thermodynamic properties for Binary ORC System simulations at 2.5km depth with a CO2 

mass flow rate of 120kg/s and a reservoir temperature of 125ºC. 
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Table D-8: Thermodynamic properties for Binary ORC System simulations at 2.5km depth with a CO2 

mass flow rate of 140kg/s and a reservoir temperature of 125ºC. 
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Table D-9: Thermodynamic properties for Binary ORC System simulations at 2.5km depth with a CO2 

mass flow rate of 70kg/s and a reservoir temperature of 150ºC. 
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Table D-10: Thermodynamic properties for Binary ORC System simulations at 2.5km depth with a CO2 

mass flow rate of 90kg/s and a reservoir temperature of 150ºC. 
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Table D-11: Thermodynamic properties for Binary ORC System simulations at 2.5km depth with a CO2 

mass flow rate of 120kg/s and a reservoir temperature of 150ºC. 
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Table D-12: Thermodynamic properties for Binary ORC System simulations at 2.5km depth with a CO2 

mass flow rate of 140kg/s and a reservoir temperature of 150ºC. 
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Table D-13: Thermodynamic properties for Binary ORC System simulations at 3.1km depth with a CO2 

mass flow rate of 70kg/s and a reservoir temperature of 100ºC. 
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Table D-14: Thermodynamic properties for Binary ORC System simulations at 3.1km depth with a CO2 

mass flow rate of 90kg/s and a reservoir temperature of 100ºC. 
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Table D-15: Thermodynamic properties for Binary ORC System simulations at 3.1km depth with a CO2 

mass flow rate of 120kg/s and a reservoir temperature of 100ºC. 
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Table D-16: Thermodynamic properties for Binary ORC System simulations at 3.1km depth with a CO2 

mass flow rate of 140kg/s and a reservoir temperature of 100ºC. 
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Table D-17: Thermodynamic properties for Binary ORC System simulations at 3.1km depth with a CO2 

mass flow rate of 70kg/s and a reservoir temperature of 125ºC. 
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Table D-18: Thermodynamic properties for Binary ORC System simulations at 3.1km depth with a CO2 

mass flow rate of 90kg/s and a reservoir temperature of 125ºC. 
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Table D-19: Thermodynamic properties for Binary ORC System simulations at 3.1km depth with a CO2 

mass flow rate of 120kg/s and a reservoir temperature of 125ºC. 
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Table D-20: Thermodynamic properties for Binary ORC System simulations at 3.1km depth with a CO2 

mass flow rate of 140kg/s and a reservoir temperature of 125ºC. 
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Table D-21: Thermodynamic properties for Binary ORC System simulations at 3.1km depth with a CO2 

mass flow rate of 70kg/s and a reservoir temperature of 150ºC. 
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Table D-22: Thermodynamic properties for Binary ORC System simulations at 3.1km depth with a CO2 

mass flow rate of 90kg/s and a reservoir temperature of 150ºC. 
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Table D-23: Thermodynamic properties for Binary ORC System simulations at 3.1km depth with a CO2 

mass flow rate of 120kg/s and a reservoir temperature of 150ºC. 

 

 



 205 

Table D-24: Thermodynamic properties for Binary ORC System simulations at 3.1km depth with a CO2 

mass flow rate of 140kg/s and a reservoir temperature of 150ºC. 

 

 



 206 

Table D-25: Thermodynamic properties for Binary ORC System simulations at 3.6km depth with a CO2 

mass flow rate of 70kg/s and a reservoir temperature of 100ºC. 
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Table D-26: Thermodynamic properties for Binary ORC System simulations at 3.6km depth with a CO2 

mass flow rate of 90kg/s and a reservoir temperature of 100ºC. 
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Table D-27: Thermodynamic properties for Binary ORC System simulations at 3.6km depth with a CO2 

mass flow rate of 120kg/s and a reservoir temperature of 100ºC. 
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Table D-28: Thermodynamic properties for Binary ORC System simulations at 3.6km depth with a CO2 

mass flow rate of 140kg/s and a reservoir temperature of 100ºC. 
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Table D-29: Thermodynamic properties for Binary ORC System simulations at 3.6km depth with a CO2 

mass flow rate of 70kg/s and a reservoir temperature of 125ºC. 
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Table D-30: Thermodynamic properties for Binary ORC System simulations at 3.6km depth with a CO2 

mass flow rate of 90kg/s and a reservoir temperature of 125ºC. 
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Table D-31: Thermodynamic properties for Binary ORC System simulations at 3.6km depth with a CO2 

mass flow rate of 120kg/s and a reservoir temperature of 125ºC. 
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Table D-32: Thermodynamic properties for Binary ORC System simulations at 3.6km depth with a CO2 

mass flow rate of 140kg/s and a reservoir temperature of 125ºC. 
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Table D-33: Thermodynamic properties for Binary ORC System simulations at 3.6km depth with a CO2 

mass flow rate of 70kg/s and a reservoir temperature of 150ºC. 

 

 



 215 

Table D-34: Thermodynamic properties for Binary ORC System simulations at 3.6km depth with a CO2 

mass flow rate of 90kg/s and a reservoir temperature of 150ºC. 
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Table D-35: Thermodynamic properties for Binary ORC System simulations at 3.6km depth with a CO2 

mass flow rate of 120kg/s and a reservoir temperature of 150ºC. 
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Table D-36: Thermodynamic properties for Binary ORC System simulations at 3.6km depth with a CO2 

mass flow rate of 140kg/s and a reservoir temperature of 150ºC. 

 

 



 218 

Appendix E: Supplemental Diagrams 

 

Figure E-1:  Moody Diagram [27] relating friction factor to Reynolds number for various ratios of pipe 

roughness coefficient to pipe diameter. 
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Appendix F: EES Codes for System Simulations 

Direct Single-Loop System Code 

{CO2 Direct Single-Loop Geothermal Power Cycle} 

{headloss in the injection pipe, Depth in meters equal to 10 times number of intervals } 

PROCEDURE  

Injectionpipe(L,ffact,D,g,massflow,P11,Den11,H11,T11,S11,V11:P[1..250],rho[1..250],H[1..250],T[1..250
],S[1..250],V[1..250]) 

$COMMON L,ffact,D,g,massflow,P11,Den11,H11,T11,S11,V11 

$REFERENCE R744 ASH 

 i:=0 

 P[i]:=P11 

 rho[i]:=Den11 

 H[i]:=H11 

 T[i]:=T11 

 S[i]:=S11 

 V[i]:=V11 

 REPEAT 

       i:=i+1 

      {headloss through the pipe due to frictional effects} 

       headloss:=(8*L*ffact*massflow^2)/(g*rho[i-1]^2*Pi^2*D^5)  

      {Pressure change through a segment of pipe due to hydrostatic and frictional headloss} 

       P[i]:=P[i-1]+rho[i-1]*g*L/1000-rho[i-1]*g*headloss/1000  

      {Change in Enthalpy through a segment of pipe relative to change in pressure} 

       H[i]:=((P[i]-P[i-1])/rho[i-1])+H[i-1]   

       T[i]:=Temperature(R744,H=H[i],P=P[i]) 

       rho[i]:=Density(R744,H=H[i],P=P[i]) 

       S[i]:=Entropy(R744,H=H[i],P=P[i]) 
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       V[i]:=massflow/(rho[i]*Pi*(D/2)^2) 

 UNTIL(i=250) 

END 

 

{headloss in the riser pipe, Depth in meters equal to 10 times number of intervals} 

PROCEDURE  

Riserpipe(L,ffact,Driser,g,massflow,P3,Den3,H3,T3,S3,V3:P4[1..250],rho4[1..250],H4[1..250],T4[1..250],
S4[1..250],V4[1..250]) 

$COMMON L,ffact,Driser,g,massflow,P3,Den3,H3,T3,S3,V3 

$REFERENCE R744 ASH 

 i:=0 

 P4[i]:=P3 

 rho4[i]:=Den3 

 H4[i]:=H3 

 T4[i]:=T3 

 S4[i]:=S3 

 V4[i]:=V3 

 REPEAT 

       i:=i+1 

      {headloss through the pipe due to frictional effects} 

       headloss:=(8*L*ffact*massflow^2)/(g*rho4[i-1]^2*Pi^2*Driser^5)  

      {Pressure change through a segment of pipe due to hydrostatic and frictional headloss} 

       P4[i]:=P4[i-1]-rho4[i-1]*g*L/1000-rho4[i-1]*g*headloss/1000 

      {Change in Enthalpy through a segment of pipe relative to change in pressure}  

       H4[i]:=((P4[i]-P4[i-1])/rho4[i-1])+H4[i-1]   

       T4[i]:=Temperature(R744,H=H4[i],P=P4[i]) 

       rho4[i]:=Density(R744,H=H4[i],P=P4[i]) 

       S4[i]:=Entropy(R744,H=H4[i],P=P4[i]) 
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       V4[i]:=massflow/(rho4[i]*Pi*(Driser/2)^2)  

 UNTIL(i=250) 

END 

 

{headloss in the supply line, length of pipe equal to 10 times number of intervals} 

PROCEDURE  

supplyline(L,ffact,Driser,delt_ins,g,massflow,Pa,To,P4,Den4,H4,T4,S4,V4,Ts4:P4a[1..69],rho4a[1..69],H4
a[1..69],T4a[1..69],S4a[1..69],V4a[1..69],qamb4a[1..69],qins4a[1..69],Ts4_insa[1..69]) 

$COMMON L,ffact,Driser,delt_ins,g,massflow,Pa,To,P4,Den4,H4,T4,S4,V4,Ts4 

$REFERENCE R744 ASH 

 i:=0 

 P4a[i]:=P4 

 rho4a[i]:=Den4 

 H4a[i]:=H4 

 T4a[i]:=T4 

 S4a[i]:=S4 

 V4a[i]:=V4 

 Ts4_insa[i]:=Ts4 

 qamb4a[i]:=0 

 qins4a[i]:=0 

 REPEAT 

       i:=i+1 

       Ts=Ts4+i*delt_ins {Change in surface temperature of the supply line} 

       Tavg=(Ts+To)/2 {Averaging ambient and surface temperatures} 

       Pr=Prandtl(Air_ha,T=Tavg,P=Pa) 

       Beta=VolExpCoef(Air_ha,T=Tavg,P=Pa) 

       mu=Viscosity(Air_ha,T=Tavg,P=Pa) 

       k=Conductivity(Air_ha,T=Tavg,P=Pa) 
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       Gr=(g*Beta*(Ts-To)*Driser^3)/((mu/rho4a[i-1])^2) 

       Ra=Gr*Pr 

       Nu=(0.60+(.387*Ra^(1/6))/(1+(.559/Pr)^(9/16))^(8/27))^2 

       hcoef=k*Nu/Driser 

      {convective and radiation heat losses to the ambient} 

       qamb:=hcoef*2*Pi*(Driser/2+0.05)*(Ts-To)+0.9*2*Pi*(Driser/2+0.05)*(5.67*10^(-
8))*((Ts+273)^4-(To+273)^4)  

      {conductive heat losses through insulation} 

       qins:=2*Pi*0.42*(T4a[i-1]-Ts)/ln((Driser/2+0.05)/(Driser/2))  

      {headloss through the pipe due to frictional effects} 

       headloss:=(8*L*ffact*massflow^2)/(g*rho4a[i-1]^2*Pi^2*Driser^5) 

      {Pressure change through a segment of pipe due to frictional headloss}  

       P4a[i]:=P4a[i-1]-rho4a[i-1]*g*headloss/1000   

      {Change in Enthalpy through relative to change in pressure and thermal losses} 

       H4a[i]:=((P4a[i]-P4a[i-1])/rho4a[i-1])+H4a[i-1]-qins*L/(massflow*1000)  

       T4a[i]:=Temperature(R744,H=H4a[i],P=P4a[i]) 

       rho4a[i]:=Density(R744,H=H4a[i],P=P4a[i]) 

       S4a[i]:=Entropy(R744,H=H4a[i],P=P4a[i]) 

       V4a[i]:=massflow/(rho4a[i]*Pi*(Driser/2)^2) 

       qamb4a[i]:=qamb 

       qins4a[i]:=qins 

       Ts4_insa[i]:=Ts 

 UNTIL(i=69) 

END 

 

{headloss in the return line, length of pipe equal to 10 times number of intervals} 

PROCEDURE  

returnline(L,ffact,D,g,massflow,Pa,P1,Den1,H1,To,T1,S1,V1:P1a[1..2],rho1a[1..2],H1a[1..2],T1a[1..2],S1a
[1..2],V1a[1..2]) 
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$COMMON L,ffact,D,g,massflow,Pa,P1,Den1,H1,To,T1,S1,V1 

$REFERENCE R744 ASH 

 i:=0 

 P1a[i]:=P1 

 rho1a[i]:=Den1 

 H1a[i]:=H1 

 T1a[i]:=T1 

 S1a[i]:=S1 

 V1a[i]:=V1 

 REPEAT 

       i:=i+1 

       Ts=T1a[i-1] 

       Tavg=(T1a[i-1]+To)/2 {Averaging ambient and surface temperatures} 

       Pr=Prandtl(Air_ha,T=Tavg,P=Pa) 

       Beta=VolExpCoef(Air_ha,T=Tavg,P=Pa) 

       mu=Viscosity(Air_ha,T=Tavg,P=Pa) 

       k=Conductivity(Air_ha,T=Tavg,P=Pa) 

       Gr=(g*Beta*(T1a[i-1]-To)*D^3)/((mu/rho1a[i-1])^2) 

       Ra=Gr*Pr 

       Nu=(0.60+(.387*Ra^(1/6))/(1+(.559/Pr)^(9/16))^(8/27))^2 

       hcoef=k*Nu/D 

      {convective and radiation heat losses to the ambient} 

       qamb=hcoef*Pi*D*(Ts-To)+0.9*Pi*D*(5.67*10^(-8))*((Ts+273)^4-(To+273)^4)  

      {headloss through the pipe due to frictional effects} 

       headloss:=(8*L*ffact*massflow^2)/(g*rho1a[i-1]^2*Pi^2*D^5)  

      {Pressure change through a segment of pipe due to frictional headloss} 

       P1a[i]:=P1a[i-1]+(rho1a[i-1]*g*headloss/1000)  
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      {Change in Enthalpy relative to change in pressure and thermal losses} 

       H1a[i]:=H1a[i-1]-((P1a[i-1]-P1a[i])/rho1a[i-1])+L*qamb/(massflow*1000)  

       T1a[i]:=Temperature(R744,H=H1a[i],P=P1a[i]) 

       rho1a[i]:=Density(R744,H=H1a[i],P=P1a[i]) 

       S1a[i]:=Entropy(R744,H=H1a[i],P=P1a[i]) 

       V1a[i]:=massflow/(rho1a[i]*Pi*(D/2)^2) 

 UNTIL(i=2) 

END 

 

{L = length of pipe segment} 

L=10.0 

{ffact = friction factor in pipe} 

ffact=0.014 

{D = diameter of pipe} 

D=0.254 

{Driser = diameter of production pipe {m}} 

Driser=0.20 

{g = gravitational constant} 

g=9.8 

{T1 sets condensing temperature (C)} 

T1=Tamb+5 

{P3  sets the reservoir pressure (kPa)} 

P3=25000 

{T3 sets the reservoir temperature (C)} 

T3=100 

{Turbeff sets turbine isentropic efficiency} 

Turbeff=0.85 

{Pumpeff sets pump isentropic efficiency} 
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Pumpeff=0.90 

{P11 sets the pressure leaving the pump (kPa)} 

P11=P1+Ppump {Ppump is the pressure change across the pump} 

{mass flow rates for the  CO2 through the power system (massflow) and for the CO2 through the 
compression cycle (M) (kg/s)} 

massflow=70 

M=10.0 

{Mass sets amount of CO2 to be sequestered (kg)} 

Mass=1000000000.0 

{State a, CO2 supplied at sea level pressure and ambient temperature=T1} 

Pa=101.3 

{Intermediate pressure for two phase compression} 

Pint=(Pa*P1)^(1/2) 

{P-v diagram intermediate pressures} 

Pad=(Pint+Pa)/2 

Pcd=(P1+Pint)/2 

$REFERENCE R744 ASH 

{work per unit mass to isentropically compress CO2 gas to saturated vapor at T1} 

{wcomp=Hc-Ha} {single isentropic compression process} 

wcomp=(Hd-Ha)+(Hf-He) {isentropic compression with intercooling} 

 

{Reference state values} 

To=Tamb 

Ho=Enthalpy(R744,T=To,P=Pa) 

So=Entropy(R744,T=To,P=Pa) 
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{State a: CO2 at ambient conditions entering compressor} 

Sa=Entropy(R744,T=T1,P=Pa) 

Ha=Enthalpy(R744,T=T1,P=Pa) 

va=Volume(R744,T=T1,P=Pa) 

Ta=Tamb 

 

{State b: saturated CO2 vapor entering condenser} {a-b is an isothermal process} 

Tb=Tamb 

Pb=P1 

Hb=Enthalpy(R744,T=Tb,x=1.0) 

Sb=Entropy(R744,T=Tb,x=1.0) 

 

{state c: compressed CO2 gas entering condenser} {a-c is a single stage isentropic compression process} 

Hc=Enthalpy(R744,S=Sa,P=P1) 

vc=Volume(R744,S=Sa,P=P1) 

Pc=P1 

Sc=Sa 

Tc=Temperature(R744,S=sa,P=P1) 

 

{state d: compressed CO2 entering inter-cooler} {a-d is the first stage isentropic compression of a 
compression cycle with intercooling} 

Hd=Enthalpy(R744,S=Sa,P=Pint) 

vd=Volume(R744,P=Pint,S=Sa) 

Sd=Sa 

Pd=Pint 

Td=Temperature(R744,P=Pint,S=Sd) 

 

{d-e is intercooling condensing process} 
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{state e: CO2 gas entering secondary compression cycle} {e-f is the second stage isentropic compression of 
a compression cycle with intercooling} 

He=Enthalpy(R744,T=T1,P=Pint) 

ve=Volume(R744,P=Pint,T=T1) 

Te=Tamb 

Pe=Pint 

Se=Entropy(R744,T=T1,P=Pint) 

 

{state f: CO2 gas entering final condenser} {f-b is the final condensing process of the intercooling 
compression cycle} 

Hf=Enthalpy(R744,S=Se,P=P1) 

vf=Volume(R744,P=P1,S=Se) 

Pf=P1 

Sf=Se 

Tf=Temperature(R744,P=Pf,S=Sf) 

 

{Intermediate Specific Volumes for p-v diagram} 

vad=Volume(R744,P=Pad,S=Sa) 

vcd=Volume(R744,S=Sa,P=Pcd) 

vef=Volume(R744,P=Pcd,S=Se) 

 

{Compressor power requirement (kW)} 

CompPower=wcomp*M 

{Time required  for Mass Injection(days)} 

InjectionTime=(Mass/M)/3600/24 

Time=Month {nunber of days in a given month} 

 

{Energy required to compress injected mass (kJ)} 

E=CompPower*Time*3600*24 
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{state1a:saturated liquid CO2 leaving condenser} 

CALL  

returnline(L,ffact,D,g,massflow,Pa,P1,Den1,H1,To,T1,S1,V1:P1a[1..2],rho1a[1..2],H1a[1..2],T1a[1..2],S1a
[1..2],V1a[1..2]) 

S1a=S1a[2] 

P1a=P1a[2] 

T1a=T1a[2] 

H1a=H1a[2] 

Den1a=rho1a[2] 

V1a=V1a[2] 

ef1a=H1a-Ho-(To+273)*(S1a-So) {flow exergy of CO2 leaving the condenser} 

 

{state 1: saturated liquid  CO2 entering injection pipe} 

Tts[1]=T1 

Sts[1]=S1 

P1=Pressure(R744,x=0,T=T1) 

S1=Entropy(R744,x=0,T=T1) 

H1=Enthalpy(R744,x=0,T=T1) 

Den1=Density(R744,x=0,T=T1) 

V1=massflow/(Den1*Pi*(D/2)^2) 

mu1=Viscosity(R744,x=0.0,T=T1) 

Re1=(4*massflow)/(Pi*D*mu1) 

ef1=H1-Ho-(To+273)*(S1-So) {flow exergy of CO2 entering the injection pipe} 

 

{state 11: liquid CO2 leaving the pump} 

S11=S1 

H11=H1+((P11-P1)/Den1) 

T11=Temperature(R744,H=H11,P=P11) 
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Den11=Density(R744,H=H11,P=P11) 

V11=massflow/(Den11*Pi*(D/2)^2) 

 

{state 2: CO2 at bottom of injection pipe} 

CALL  

Injectionpipe(L,ffact,D,g,massflow,P11,Den11,H11,T11,S11,V11:P[1..250],rho[1..250],H[1..250],T[1..250
],S[1..250],V[1..250]) 

S2=S[250] 

P2=P[250] 

T2=T[250] 

H2=H[250] 

Den2=rho[250] 

mu2=Viscosity(R744,T=T2,P=P2) 

Re2=(4*massflow)/(Pi*D*mu2) 

Tts[2]=T2 

Sts[2]=S2 

ef2=H2-Ho-(To+273)*(S2-So) {flow exergy of CO2 exiting the injection pipe} 

 

{state 3: superheated CO2 entering bottom of riser pipe} 

S3=Entropy(R744,P=P3,T=T3) 

H3=Enthalpy(R744,P=P3,T=T3) 

Den3=Density(R744,P=P3,T=T3) 

V3=massflow/(Den3*Pi*(D/2)^2) 

mu3=Viscosity(R744,T=T3,P=P3) 

Re3=(4*massflow)/(Pi*Driser*mu3) 

Tts[3]=T3 

Sts[3]=S3 

ef3=H3-Ho-(To+273)*(S3-So) {flow exergy of CO2 entering the production pipe} 
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{state 4: superheated CO2 exiting riser pipe} 

CALL  

Riserpipe(L,ffact,Driser,g,massflow,P3,Den3,H3,T3,S3,V3:P4[1..250],rho4[1..250],H4[1..250],T4[1..250],
S4[1..250],V4[1..250]) 

S4=S4[250] 

P4=P4[250] 

T4=T4[250] 

H4=H4[250] 

Den4=rho4[250] 

V4=V4[250] 

Ts4=Tsurf  {initial surface temperature of supply line} 

delt_ins=deltins {change in surface temperature along a segment of piping} 

mu4=Viscosity(R744,T=T4,P=P4) 

Re4=(4*massflow)/(Pi*Driser*mu4) 

ef4=H4-Ho-(To+273)*(S4-So) {flow exergy exiting the production pipe} 

 

{state 4a: superheated CO2 entering turbine} 

CALL  

supplyline(L,ffact,Driser,delt_ins,g,massflow,Pa,To,P4,Den4,H4,T4,S4,V4,Ts4:P4a[1..69],rho4a[1..69],H4
a[1..69],T4a[1..69],S4a[1..69],V4a[1..69],qamb4a[1..69],qins4a[1..69],Ts4_insa[1..69]) 

S4a=S4a[69] 

P4a=P4a[69] 

T4a=T4a[69] 

H4a=H4a[69] 

Den4a=rho4a[69] 

V4a=V4a[69] 

mu4a=Viscosity(R744,T=T4a,P=P4a) 

Re4a=(4*massflow)/(Pi*Driser*mu4a) 

Ts4_insa=Ts4_insa[69] 
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qamb4a=qamb4a[69] 

qins4a=qins4a[69] 

Tts[4]=T4a 

Sts[4]=S4a 

ef4a=H4a-Ho-(To+273)*(S4a-So) {flow exergy entering the turbine} 

 

{state 5s: CO2 leaving isentropic turbine} 

P5=P1a 

S5s=S4a 

H5s=Enthalpy(R744,S=S5s,P=P5) 

{state 5: CO2 leaving real turbine} 

H5=H4a-(H4a-H5s)*Turbeff 

T5=Temperature(R744,H=H5,P=P5) 

Den5=Density(R744,P=P5,H=H5) 

S5=Entropy(R744,P=P5,H=H5) 

Tts[5]=T5 

Sts[5]=S5 

ef5=H5-Ho-(To+273)*(S5-So) {flow exergy exiting the turbine} 

 

{T-s diagram state points} 

{Tts[6]=T1 

Sts[6]=Entropy(R744,P=P5,x=1.0) 

Tts[7]=T1 

Sts[7]=S1} 

 

{Efficiency = cycle thermal efficiency} 

Efficiency=((H4a-H5)-(H11-H1))/(H3-H2) 
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{Wturb = Work done by the Turbine} 

Wturb=massflow*(H4a-H5) 

{WNet = Net Energy Production} 

Wnet=Wturb-Wpump 

{Wpump = Work required to run pump} 

Wpump=massflow*(H11-H1) 

{Time for turbine energy output to equal compressor energy requirement (days)} 

Days=E/Wturb/3600/24 

{Vol4 = volumetric flow rate out of turbine(cubic m/s)} 

Vol5=massflow/Den5 

{Vol1 = volumetric flow rate into pump(cubic m/s)} 

Vol1=massflow/Den1 

{Vol3a = volumetric flow rate into vapor column(cubic m/s)} 

Vol3=massflow/Den3 

{Qin = the input heat rate (kW)} 

Qin=massflow*(H3-H2) 

{Qout = Heat out of the condenser {kW}} 

Qout=massflow*(H5-H1) 
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Binary ORC System Code 

{CO2 Binary ORC Geothermal Power Cycle} 

{headloss in the injection pipe, Depth in meters equal to 10 times number of intervals } 

PROCEDURE  

Injectionpipe(L,ffact,D,g,mdot1,P1,Den1,H1,T1,S1,V1:P[1..250],rho[1..250],H[1..250],T[1..250],S[1..250]
,V[1..250]) 

$COMMON L,ffact,D,g,mdot1,P1,Den1,H1,T1,S1,V1 

$REFERENCE R744 ASH 

 i:=0 

 P[i]:=P1 

 rho[i]:=Den1 

 H[i]:=H1 

 T[i]:=T1 

 S[i]:=S1 

 V[i]:=V1 

 REPEAT 

       i:=i+1 

      {headloss through the pipe due to frictional effects} 

       headloss:=(8*L*ffact*mdot1^2)/(g*rho[i-1]^2*Pi^2*D^5)  

      {Pressure change through a segment of pipe due to hydrostatic and frictional headloss} 

       P[i]:=P[i-1]+rho[i-1]*g*L/1000-rho[i-1]*g*headloss/1000  

      {Change in Enthalpy through a segment of pipe relative to change in pressure} 

       H[i]:=((P[i]-P[i-1])/rho[i-1])+H[i-1]   

       T[i]:=Temperature(R744,H=H[i],P=P[i]) 

       rho[i]:=Density(R744,H=H[i],P=P[i]) 

       S[i]:=Entropy(R744,H=H[i],P=P[i]) 

       V[i]:=mdot1/(rho[i]*Pi*(D/2)^2) 

 UNTIL(i=250) 
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END 

 

{headloss in the riser pipe, Depth in meters equal to 10 times number of intervals} 

PROCEDURE  

Riserpipe(L,ffact,Driser,g,mdot1,P3,Den3,H3,T3,S3,V3:P4[1..250],rho4[1..250],H4[1..250],T4[1..250],S4[
1..250],V4[1..250]) 

$COMMON L,ffact,Driser,g,mdot1,P3,Den3,H3,T3,S3,V3 

$REFERENCE R744 ASH 

 i:=0 

 P4[i]:=P3 

 rho4[i]:=Den3 

 H4[i]:=H3 

 T4[i]:=T3 

 S4[i]:=S3 

 V4[i]:=V3 

 REPEAT 

       i:=i+1 

      {headloss through the pipe due to frictional effects} 

       headloss:=(8*L*ffact*mdot1^2)/(g*rho4[i-1]^2*Pi^2*Driser^5)  

      {Pressure change through a segment of pipe due to hydrostatic and frictional headloss} 

       P4[i]:=P4[i-1]-rho4[i-1]*g*L/1000-rho4[i-1]*g*headloss/1000  

      {Change in Enthalpy through a segment of pipe relative to change in pressure} 

       H4[i]:=((P4[i]-P4[i-1])/rho4[i-1])+H4[i-1]   

       T4[i]:=Temperature(R744,H=H4[i],P=P4[i]) 

       rho4[i]:=Density(R744,H=H4[i],P=P4[i]) 

       S4[i]:=Entropy(R744,H=H4[i],P=P4[i]) 

       V4[i]:=mdot1/(rho4[i]*Pi*(Driser/2)^2)  

 UNTIL(i=250) 
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END 

 

{headloss in the supply line, length of pipe equal to 10 times number of intervals} 

PROCEDURE  

supplyline(L,ffact,Driser,delt_ins,g,mdot1,Pa,To,P4,Den4,H4,T4,S4,V4,Ts4:P4a[1..69],rho4a[1..69],H4a[1
..69],T4a[1..69],S4a[1..69],V4a[1..69],qamb4a[1..69],qins4a[1..69],Ts4_insa[1..69]) 

$COMMON L,ffact,Driser,delt_ins,g,mdot1,Pa,To,P4,Den4,H4,T4,S4,V4,Ts4 

$REFERENCE R744 ASH 

 i:=0 

 P4a[i]:=P4 

 rho4a[i]:=Den4 

 H4a[i]:=H4 

 T4a[i]:=T4 

 S4a[i]:=S4 

 V4a[i]:=V4 

 Ts4_insa[i]:=Ts4 

 qamb4a[i]:=0 

 qins4a[i]:=0 

 REPEAT 

       i:=i+1 

       Ts=Ts4+i*delt_ins {Change in surface temperature of the supply line} 

       Tavg=(Ts+To)/2 {Averaging ambient and surface temperatures} 

       Pr=Prandtl(Air_ha,T=Tavg,P=Pa) 

       Beta=VolExpCoef(Air_ha,T=Tavg,P=Pa) 

       mu=Viscosity(Air_ha,T=Tavg,P=Pa) 

       k=Conductivity(Air_ha,T=Tavg,P=Pa) 

       Gr=(g*Beta*(Ts-To)*Driser^3)/((mu/rho4a[i-1])^2) 

       Ra=Gr*Pr 
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       Nu=(0.60+(.387*Ra^(1/6))/(1+(.559/Pr)^(9/16))^(8/27))^2 

       hcoef=k*Nu/Driser 

      {convective and radiation heat losses to the ambient} 

       qamb:=hcoef*2*Pi*(Driser/2+0.05)*(Ts-To)+0.9*2*Pi*(Driser/2+0.05)*(5.67*10^(-
8))*((Ts+273)^4-(To+273)^4)  

      {conductive heat losses through insulation} 

       qins:=2*Pi*0.42*(T4a[i-1]-Ts)/ln((Driser/2+0.05)/(Driser/2))  

      {headloss through the pipe due to frictional effects} 

       headloss:=(8*L*ffact*mdot1^2)/(g*rho4a[i-1]^2*Pi^2*Driser^5)  

      {Pressure change through a segment of pipe due to frictional headloss} 

       P4a[i]:=P4a[i-1]-rho4a[i-1]*g*headloss/1000  

      {Change in Enthalpy relative to change in pressure and thermal losses}  

       H4a[i]:=((P4a[i]-P4a[i-1])/rho4a[i-1])+H4a[i-1]-qins*L/(mdot1*1000)  

       T4a[i]:=Temperature(R744,H=H4a[i],P=P4a[i]) 

       rho4a[i]:=Density(R744,H=H4a[i],P=P4a[i]) 

       S4a[i]:=Entropy(R744,H=H4a[i],P=P4a[i]) 

       V4a[i]:=mdot1/(rho4a[i]*Pi*(Driser/2)^2) 

       qamb4a[i]:=qamb 

       qins4a[i]:=qins 

       Ts4_insa[i]:=Ts 

 UNTIL(i=69) 

END 

 

{headloss in the return line, length of pipe equal to 10 times number of intervals} 

PROCEDURE  

returnline(L,ffact,D,g,mdot1,Pa,P1,Den1,H1,To,T1,S1,V1:P1a[1..2],rho1a[1..2],H1a[1..2],T1a[1..2],S1a[1..
2],V1a[1..2]) 

$COMMON L,ffact,D,g,mdot1,Pa,P1,Den1,H1,To,T1,S1,V1 

$REFERENCE R744 ASH 
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 i:=0 

 P1a[i]:=P1 

 rho1a[i]:=Den1 

 H1a[i]:=H1 

 T1a[i]:=T1 

 S1a[i]:=S1 

 V1a[i]:=V1 

 REPEAT 

       i:=i+1 

       Ts=T1a[i-1] 

       Tavg=(T1a[i-1]+To)/2 {Averaging ambient and surface temperatures} 

       Pr=Prandtl(Air_ha,T=Tavg,P=Pa) 

       Beta=VolExpCoef(Air_ha,T=Tavg,P=Pa) 

       mu=Viscosity(Air_ha,T=Tavg,P=Pa) 

       k=Conductivity(Air_ha,T=Tavg,P=Pa) 

       Gr=(g*Beta*(T1a[i-1]-To)*D^3)/((mu/rho1a[i-1])^2) 

       Ra=Gr*Pr 

       Nu=(0.60+(.387*Ra^(1/6))/(1+(.559/Pr)^(9/16))^(8/27))^2 

       hcoef=k*Nu/D 

      {convective and radiation heat losses to the ambient} 

       qamb=hcoef*Pi*D*(Ts-To)+0.9*Pi*D*(5.67*10^(-8))*((Ts+273)^4-(To+273)^4)  

      {headloss through the pipe due to frictional effects} 

       headloss:=(8*L*ffact*mdot1^2)/(g*rho1a[i-1]^2*Pi^2*D^5)  

      {Pressure change through a segment of pipe due to frictional headloss} 

       P1a[i]:=P1a[i-1]+(rho1a[i-1]*g*headloss/1000)   

      {Change in Enthalpy relative to change in pressure and thermal losses} 

       H1a[i]:=H1a[i-1]-((P1a[i-1]-P1a[i])/rho1a[i-1])+L*qamb/(mdot1*1000)  

       T1a[i]:=Temperature(R744,H=H1a[i],P=P1a[i]) 
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       rho1a[i]:=Density(R744,H=H1a[i],P=P1a[i]) 

       S1a[i]:=Entropy(R744,H=H1a[i],P=P1a[i]) 

       V1a[i]:=mdot1/(rho1a[i]*Pi*(D/2)^2) 

 UNTIL(i=2) 

END 

 

{L = length of pipe segment{m}} 

L=10.0 

{ffact = friction factor in pipe} 

ffact=0.014 

{D = diameter of injection pipe {m}} 

D=0.254 

{Driser = diameter of production pipe {m}} 

Driser=0.20 

{g = gravitational constant{kg/s^2}} 

g=9.8 

 

{T9 sets condensing temperature (C) of the condenser in the ORC loop} 

T9=T1 

{P3  sets the reservoir pressure (kPa)} 

P3=25000 

{T3 sets the reservoir temperature (C)} 

T3=100 

{Turbeff sets turbine isentropic efficiency} 

Turbeff=0.85 

{expeff sets the expansion turbine efficiency} 

expeff=0.85 
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{Pumpeff sets the pump efficiency} 

Pumpeff=0.90 

{mass flowrates for the CO2 loop and the ORC loop, mdot1 is the mass flowrate in the CO2 loop, mdot2 is 
the mass flowrate in the ORC loop} 

mdot2=Qboiler/(H7-H6b) 

mdot1=70 

{Heat Exchanger Effectiveness} 

e=0.8 

{Boiler NTU} 

NTU=-ln(1-e) 

 

$REFERENCE R744 ASH 

$REFERENCE ISOBUTANE ASH 

{state 9: saturated liquid isobutane leaving condenser} 

P9=Pressure(ISOBUTANE,x=0,T=T9) 

S9=Entropy(ISOBUTANE,x=0,T=T9) 

H9=Enthalpy(ISOBUTANE,x=0,T=T9) 

Den9=Density(ISOBUTANE,x=0,T=T9) 

ef9=H9-Ho_rfg-(To+273)*(S9-So_rfg) {flow exergy value of the Isobutane exiting the condenser} 

 

{state 6s: isobutane leaving ideal pump} 

S6s=S9 

H6s=Enthalpy(ISOBUTANE,P=P6,S=S6s) 

 

{state 6: isobutane entering preheater} 

P6=P6b 

H6=H9-(H9-H6s)*Pumpeff 

T6=Temperature(ISOBUTANE,H=H6,P=P6) 
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Den6=Density(ISOBUTANE,H=H6,P=P6) 

S6=Entropy(ISOBUTANE,P=P6,H=H6) 

Cp6=(H6b-H6)/(T6b-T6) 

ef6=H6-Ho_rfg-(To+273)*(S6-So_rfg) {flow exergy value of the Isobutane entering the heat exchanger} 

 

{state 6b: saturated isobutane entering boiler} 

T6b=Tsixb {Boiling temperature of isobutane} 

P6b=Pressure(ISOBUTANE,T=T6b,x=0.0) 

H6b=Enthalpy(ISOBUTANE,P=P6b,x=0.0) 

S6b=Entropy(ISOBUTANE,P=P6b,x=0.0) 

 

{state 7: saturated isobutane exiting heat exchanger} 

H7=Enthalpy(ISOBUTANE,T=T7,x=1.0) 

P7=P6b 

T7=T6b 

S7=Entropy(ISOBUTANE,T=T7,x=1.0) 

ef7=H7-Ho_rfg-(To+273)*(S7-So_rfg) {flow exergy value of the Isobutane exiting the heat 
exchanger/entering the turbine} 

 

{state 8s: isobutane leaving isentropic turbine} 

P8=P9 

S8s=S7 

H8s=Enthalpy(ISOBUTANE,S=S8s,P=P8) 

 

{state 8: isobutane leaving real turbine/entering the condenser} 

H8=H7-(H7-H8s)*Turbeff 

T8=Temperature(ISOBUTANE,H=H8,P=P8) 

Den8=Density(ISOBUTANE,P=P8,H=H8) 
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S8=Entropy(ISOBUTANE,P=P8,H=H8) 

Cp8=Cp(ISOBUTANE,P=P8,x=0.0) 

ef8=H8-Ho_rfg-(To+273)*(S8-So_rfg) {flow exergy value of the Isobutane leaving the turbine/entering the 
condenser} 

 

{state 3: superheated CO2 entering bottom of riser pipe} 

S3=Entropy(R744,P=P3,T=T3) 

H3=Enthalpy(R744,P=P3,T=T3) 

Den3=Density(R744,P=P3,T=T3) 

V3=mdot1/(Den3*Pi*(D/2)^2) 

ef3=H3-Ho-(To+273)*(S3-So) {flow exergy value of the CO2 entering the riserpipe} 

 

{state 4: superheated CO2 exiting riser pipe} 

CALL  

Riserpipe(L,ffact,Driser,g,mdot1,P3,Den3,H3,T3,S3,V3:P4[1..250],rho4[1..250],H4[1..250],T4[1..250],S4[
1..250],V4[1..250]) 

S4=S4[250] 

P4=P4[250] 

T4=T4[250] 

H4=H4[250] 

Den4=rho4[250] 

V4=V4[250] 

Ts4=Tsurf  {initial surface temperature of supply line} 

delt_ins=deltins {change in surface temperature along a segment of piping} 

ef4=H4-Ho-(To+273)*(S4-So) {flow exergy value of the CO2 exiting the riserpipe} 
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{state 4a: superheated CO2 entering boiler} 

CALL  

supplyline(L,ffact,Driser,delt_ins,g,mdot1,Pa,To,P4,Den4,H4,T4,S4,V4,Ts4:P4a[1..69],rho4a[1..69],H4a[1
..69],T4a[1..69],S4a[1..69],V4a[1..69],qamb4a[1..69],qins4a[1..69],Ts4_insa[1..69]) 

S4a=S4a[69] 

P4a=P4a[69] 

T4a=T4a[69] 

H4a=H4a[69] 

Den4a=rho4a[69] 

V4a=V4a[69] 

Ts4_insa=Ts4_insa[69] 

qamb4a=qamb4a[69] 

qins4a=qins4a[69] 

Tts[4]=T4a 

Sts[4]=S4a 

ef4a=H4a-Ho-(To+273)*(S4a-So) {flow exergy value of the CO2 entering the heat exchanger} 

 

{state 4b: superheated CO2 entering preheater} 

T4b=T4a-e*(T4a-T6b) 

P4b=P4a 

H4b=Enthalpy(R744,T=T4b,P=P4b) 

S4b=Entropy(R744,T=T4b,P=P4b) 

Cp4b=(H4b-H5)/(T4b-T5) 

 

{state 5: CO2 leaving the HX} 

H5=H4b-Qprehtr/mdot1 

P5=P4b 

T5=Temperature(R744,P=P5,H=H5) 
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S5=Entropy(R744,P=P5,H=H5) 

Den5=Density(R744,P=P5,H=H5) 

ef5=H5-Ho-(To+273)*(S5-So) {flow exergy value of the CO2 exiting the heat exchanger} 

 

{state 5p: CO2 leaving the expansion turbine} {For use in place of an expansion valve if additional energy 
production is desired} 

{S5exp=S5 

T5exp=T1 

H5exp=Enthalpy(R744,T=T5exp,S=S5exp) 

P5exp=Pressure(R744,T=T5exp,H=H5exp) 

Den5exp=Density(R744,H=H5exp,P=P5exp) 

Tts[6]=T5exp 

Sts[6]=S5exp 

ef5exp=H5exp-Ho-(To+273)*(S5exp-So)} {flow exergy value of the CO2 exiting the expansion turbine} 

 

{State5p: CO2 leaving expansion valve} 

H5exp=H5 

P5exp=P1a 

T5exp=Temperature(R744,P=P5exp,H=H5exp) 

S5exp=Entropy(R744,T=T5exp,H=H5exp) 

Den5exp=Density(R744,T=T5exp,H=H5exp) 

ef5exp=H5exp-Ho-(To+273)*(S5exp-So) {flow exergy value of the CO2 exiting the expansion 
valve/entering the condenser} 

 

{state1a: saturated liquid CO2 leaving condenser} 

CALL  

returnline(L,ffact,D,g,mdot1,Pa,P1,Den1,H1,To,T1,S1,V1:P1a[1..2],rho1a[1..2],H1a[1..2],T1a[1..2],S1a[1..
2],V1a[1..2]) 

S1a=S1a[2] 
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P1a=P1a[2] 

T1a=T1a[2] 

H1a=H1a[2] 

Den1a=rho1a[2] 

V1a=V1a[2] 

ef1a=H1a-Ho-(To+273)*(S1a-So) {flow exergy value of the CO2 exiting the condenser} 

 

{state 1: saturated liquid CO2 entering injection pipe} 

T1=To+DelT  {DelT is the change in temperature between the CO2 and the ambient} 

P1=Pressure(R744,T=T1,x=0) 

H1=Enthalpy(R744,T=T1,x=0) 

S1=Entropy(R744,T=T1,x=0) 

Den1=Density(R744,T=T1,x=0) 

V1=mdot1/(Den1*Pi*(D/2)^2) 

ef1=H1-Ho-(To+273)*(S1-So) {flow exergy value of the CO2 entering the injection pipe} 

 

{state 2: CO2 at bottom of injection pipe} 

CALL  

Injectionpipe(L,ffact,D,g,mdot1,P1,Den1,H1,T1,S1,V1:P[1..250],rho[1..250],H[1..250],T[1..250],S[1..250]
,V[1..250]) 

S2=S[250] 

P2=P[250] 

T2=T[250] 

H2=H[250] 

Den2=rho[250] 

ef2=H2-Ho-(To+273)*(S2-So) {flow exergy value of the CO2 exiting the injection pipe/entering the 
reservoir} 

 

 



 245 

{T-s Diagram closing points} 

{Tts[7]=T1 

Sts[7]=S1 

Tts2[5]=T9 

Sts2[5]=S9} 

 

{Boiler Calculations} 

Qboiler=e*mdot1*Cp_co2*(T4a-T6b) 

Qbcheck=mdot1*(H4a-H4b) 

Qbcheck2=mdot2*(H7-H6b) 

Cp_co2=(H4a-H4b)/(T4a-T4b) 

UA_boiler=mdot1*Cp_co2*NTU 

LMTD_boiler=((T4a-T7)-(T4b-T6b))/LN((T4a-T7)/(T4b-T6b)) 

 

{Preheater Calculations} 

e_prehtr=0.8 

Qprehtr=mdot2*(H6b-H6) 

F=((e_prehtr*Cr-1)/(e_prehtr-1)){^(1/2)} 

el=(F-1)/(F-Cr) 

E_cap=(2/el-(1+Cr))/(1+Cr^2)^(1/2) 

NTU_prehtr=-((1+Cr^2)^(-1/2))*LN((E_cap-1)/(E_cap+1)) {for a shell and tube heat exchanger} 

{NTU_prehtr=(1/(Cr-1))*LN((e_prehtr-1)/(e_prehtr*Cr-1))} {for a counterflow heat exchanger} 

UA_prehtr=Cc*NTU_prehtr 

 

{heat capacity rates} 

Ch=mdot1*Cp4b 

Cc=mdot2*Cp6 

Cr=Cc/Ch 
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{exergy reference states at ambient conditions} 

Pa=101.3 

To=Tamb {monthly average ambient temperature} 

Ho=Enthalpy(R744,T=To,P=Pa) 

So=Entropy(R744,T=To,P=Pa) 

Ho_rfg=Enthalpy(ISOBUTANE,T=To,P=Pa) 

So_rfg=Entropy(ISOBUTANE,T=To,P=Pa) 

 

{exergy destruction of some key components of the Binary ORC System} 

Ed_turb=mdot2*(ef7-ef8)-Wturb 

Id_co2=mdot1*(ef4a-ef5) 

Id_refhx=mdot2*(ef7-ef6) 

Ed_hx=Id_co2-Id_refhx 

Ed_exp=mdot1*(ef5-ef5exp) 

Ed_pump=mdot2*(ef6-ef9)-Wpump 

Ed_supply=mdot1*(ef4-ef4a) 

Ed_return=mdot1*(ef1a-ef1) 

Ed_total=Ed_turb+Ed_hx+Ed_exp+Ed_pump+Ed_supply+Ed_return 

 

{Qin = Heat into the system through reservoir (kW)} 

Qin=mdot1*(H3-H2) 

{Wexp = power required to run the expander} 

Wexp=expeff*mdot1*(H5-H5exp) 

{Wpump = power required to run the pump} 

Wpump=mdot2*(H6-H9) 

{Wturb = power output from Turbine} 

Wturb=mdot2*(H7-H8) 

{Wnet = Net Work} 
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Wnet=Wturb-Wpump 

{Efficiency = Total system efficiency} 

Efficiency=(Wturb-Wpump+Wexp)/Qin 

{Qout = Heat out of the ORC} 

Qout=mdot2*(H8-H9) 
 


