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ABSTRACT
There is a need to generate clean, sustainable power to meet the current demand in
Indonesia. The current capacity only meets 86.4% of population demand even though Indonesia is
ranked 10th in global coal reserves and 4th in geothermal potential. According to Indonesia’s 35,000
MW power plan, the government is making an effort to increase energy consumption from coal
and renewable energy by 2025. Coal and biomass power plants play an important role in the
generation of electricity in Indonesia. Approximately 25% of Indonesia’s energy consumption is
from coal, and power generation is continually moving towards cleaner methods, such as
gasification and utilization of renewable energy. Due to high volcanic and tectonic activities, it is
predicted that more than 27,000 MW of potential untapped geothermal energy is available in
Indonesia. Combining several of the most advanced clean technologies could change the
foreseeable focus of power generation methods. Coal-based, gasification combined cycle power
plants integrated with supercritical carbon dioxide (CO2)-based geothermal systems could
potentially generate electricity with high efficiency and low carbon emissions, without the
intermittency associated with solar and wind power.
There is an increased need for carbon dioxide sequestration from fossil fuel plants, due to
rapid increase in atmospheric CO2 levels. Ready-to-sequester carbon dioxide is available from a
coal based, Integrated Gasification Combined Cycle (IGCC) power plant with high efficiency. This
CO2, while being sequestered, can also be used as a heat transfer medium in a geothermal power
generation system in Indonesia. This thesis examines the novel concept of utilizing CO2 from a
coal-based IGCC power plant as a heat transfer medium to extract renewable geothermal energy in
order to offset the energy required for compression in the CO2 sequestration process. The Darajat
geothermal field in Indonesia has a high reservoir temperature that is available at relatively shallow
depths. Based on earlier work, it is assumed that 10% of the carbon dioxide is sequestered within
the reservoir while drawing thermal energy from a 2.6 km depth, to generate power using a direct
CO2 turbine and a binary power plant. All 680 kg/s of supercritical CO2 are distributed evenly
among 10 injection wells in the reservoir to be used as a heat transfer medium, and for partial
sequestration. The carbon dioxide stream from the 10 production wells and the compressed
supercritical CO2 from the IGCC plant are recirculated back to the injection wells. Heat rejection
from the CO2 produced is accepted by the Organic Rankine Cycle to generate power. The IGCC
plant CO2 output from the pre-combustion and post-combustion processes is matched with the
amount of CO2 sequestered to maintain constant circulation for the geothermal plant. ASPEN Plus®

iv
software was used to simulate the geothermal power plant, circulation system, carbon dioxide heat
extraction from the reservoir, and each fluid necessary to drive a closed loop Organic Rankine
Cycle.
Among the working fluids examined, isobutane, n-butane, R134a, and R245fa, the most
suitable for the Darajat system, which has a 200°C reservoir temperature, was isobutane. This study
also discusses the energy generated from a carbon dioxide turbine and a recuperated Organic
Rankine Cycle by varying the temperatures and pressures of carbon dioxide injection based on an
existing Darajat geothermal reservoir located in Indonesia. Power generated by a direct CO2 turbine
and a binary power plant is compared with the 17.4 MW of power required to compress the CO2
for sequestration. CO2 utilization in the supercritical phase is found to be more advantageous than
subcritical CO2 for power generation when using a direct CO2 turbine. A deeper, 3.6 km injection
point for the Darajat-Enhanced Geothermal System yields 18.3 MW with approximately 15 years
of lifetime, while a natural Darajat geothermal system with the existing wells can potentially
improve the technical feasibility with a larger CO2 flow rate for additional power generation.
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Introduction
Fossil fuel is continuing to supply world energy consumption for the next several decades.
There is also an increased need for carbon dioxide (CO2) sequestration due to rapid increase in
atmospheric CO2 level. To meet the increasing electricity demand, clean, reliable and sustainable
energy is now more desirable. Fossil fuel power plant is often coupled with clean and sustainable
energy such as wind, solar, and geothermal. Carbon dioxide captured from fossil fuel plant can
serve as an alternative to steam or water for heat extraction in geothermal power generation system.
Increasing electricity demand causes the need to increase power generation throughout the world.
This increasing demand is especially important in developing countries as a means to progress
towards energy security and energy autonomy as a nation.
1.1 Background
In Indonesia, current electricity generation is inadequate to light up the entire residency of
Indonesia’s population of approximately 260 million people. By 2016, the installed capacity is
fulfills 86.4% of Indonesia’s electricity demand, which is lower than Singapore (100%), Thailand
(99.3%), or Malaysia (99.0%) [1]. This lack of power generation is unfortunate given that Indonesia
possesses rich energy resources, such as: oil, biomass, natural gas, coal, hydropower, and
geothermal, in decreasing order of supply share [2]. Indonesia’s energy resources are scattered
throughout the nation. However due to urbanization, the highly concentrated and high demand of
energy is in the country’s most populated island, Java. Figure 1-1 shows the percentage of energy
consumption sources in Indonesia. Coal represents 25% of Indonesia’s source of primary energy
consumption while geothermal and other renewables combined represents only approximately 1%.
Overall, more than three-quarters or 78% of the Indonesia’s energy consumption originates from
fossil fuel. Petroleum, which is the current largest percentage of energy consumption in Indonesia,
is predicted to decrease its portion in Indonesia energy consumption [3]. As Indonesia’s oil
production drops, Indonesia aims to decrease petroleum consumption and substitute with
alternative energy resource.
Indonesia depend on its continuous use of fossil fuel in not only maintaining power supply
but also increasing power generation capacity. Currently, power supply for Java-Madura-Bali
transmission is not adequate to meet high peak demand, which forces the National Power Company
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(Perusahaan Listrik Negara) to apply short shifts of power outage to zoned areas in alternating order
whenever demand is larger than supply capacity.

Figure 1-1 Sources of Indonesia total primary energy consumption, [3,4]
Indonesia is the fifth largest coal producer and exporter, having produced 241.1 Mt (million
tons) of coal in 2015, and ranks 10th in global coal reserves [5]. Approximately 60% of Indonesian
coal produced is of low quality and scattered across the vast archipelago in small pockets. The
primary coal production regions are South Sumatra, South Kalimantan, and East Kalimantan,
shown in Figure 1-2. Other than for export, Indonesia mainly use coal for power generation and
industrial sectors such as cement production, iron and steel plants [4]. The most commonly found
type of power generation method in Indonesia is conventional coal power plant, attributed to its
low cost, quick installation, and abundant resource.

Figure 1-2 Primary coal producer regions in Indonesia shown in (1) South Sumatra, (2) South
Kalimantan, and (3) East Kalimantan [5]
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Over the last two decades, Indonesia is infamous for peat fires and forest fires in
Kalimantan and Sumatra, creating haze that disturbs the health and activities of surrounding
ecosystems including neighboring countries Malaysia and Singapore. In addition, the fires are
sources of high-level greenhouse gas emissions along with other high levels of emissions from land
use change and forestry, energy, waste, agriculture, and industry. Indonesia has not been actively
reducing greenhouse gas emission from any sector until the recent 35,000 MW power plan.
To address the growing demand for electricity, Indonesia government initiated 35,000 MW
program of increasing power generation capacity. Almost 60% of the additional electricity
generation in the program is planned to be from coal-based power plants while increasing
renewable energy source percentage to 23% by 2025. However, the environmental concern has
become one of the concerns in making the decision. Indonesia is investing on research and
development for clean coal technologies: Ultra Supercritical (USC) and Integrated Gasification
Combined Cycle (IGCC) method is expected to be ready for implementation in 2025 [1].
Gasification is one of the methods developed for cleaner coal utilization. Gasification
converts carbonaceous material into useful gaseous product for production of fuels or chemicals.
This is achieved by partial oxidation at high temperature and pressure environment. The main
product gas composition consists of H2O, CO2, CO, H2, and combustible gases such as CH4. The
gas product can be classified based on its heating value. If the heating value high, it is called syngas
or SNG (synthetic natural gas). Syngas from coal gasification can be directly combusted with air
to drive a combined cycle power plant to generate electricity. An IGCC also yields ready-tosequester carbon dioxide stream due to its elevated operating pressure, which can be injected into
geothermal rock formations.
There is a need to couple fossil fuel power plants with renewable energy for power
generation. The market for solar and wind power generation is greatly increasing throughout the
world, though it is still premature in Indonesia [6,7]. Data collection for solar radiation and wind
speed throughout Indonesia’s vast 1.9 million-km2 area costs billions of dollars which is yet to be
accomplished with Indonesia’s current economy status. On the other hand, there are much data on
geothermal gradient and potential in Indonesia because geothermal shares database with robust and
long history of mining explorations.
Indonesia’s geothermal potential is estimated at 40% of the world’s potential, equivalent
to 27,000 MW [8]. Due to the tectonic plate structure and activity of the Pacific Ring of Fire,
volcanic activity is highly manifested along the west and southern part of Indonesia. Figure 1-3
shows that at the west region, geothermal sites in Indonesia are concentrated on the west and south
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part of Sumatra Island while at the south region, Java Island has many geothermal sites all across
the island but more sites at the west and center of Java. There are 176 active volcanoes in Indonesia,
which frequently indicates magmatic and seismic activity through eruptions and earthquakes. By
2015, Indonesia have 1,340 MWe installed capacity of geothermal power generation. With
Indonesia’s focus on geothermal for power generation among all renewable energy, the installed
capacity is predicted to increase up to 3,500 MWe by 2020 [9].

Figure 1-3 Identified geothermal potential sites in Indonesia
Darajat, located in West Java, is one of the geothermal sites that has been producing natural
steam for power generation. The reservoir is vapor-dominated, making Darajat the second largest
dry steam geothermal reservoir in the world after the Geyser in California, United States. Darajat
geothermal power plant has been producing commercial electricity for more than 30 year,
supplying 270 MWe for Java, Madura, and Bali’s grid.
Carbon dioxide has the potential for utilization as an alternative to water in geothermal
power generation [10]. Fresh water is essential especially in for human consumption and
agricultural activity in Indonesia. Darajat extracts natural steam from underneath, but reservoir
pressure depletes over time because the lack of natural water charge into the reservoir is. Carbon
dioxide has the potential to substitute steam for geothermal energy extraction as heat transfer
medium in Darajat reservoir while simultaneously sequestering a portion of the carbon dioxide .
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1.2 Objective
Since no study has yet been performed on carbon dioxide (CO2) utilization in Indonesia as
heat transfer medium, the author aims to evaluate technical feasibility of CO2 utilization as heat
transfer medium in the existing Darajat dry steam geothermal system in Indonesia. The author will
also study the behavior of supercritical CO2 circulation from injection to production and return for
reinjection with partial sequestration of CO2. While this study is built upon the novel approach of
supercritical CO2 as heat extraction fluid in geothermal reservoir, there exists other studies that
focused on CO2 behavior from injection to production. This study is focused on the electricity
generation by utilizing supercritical CO2 produced from geothermal wells before reinjected into
reservoir. This study simulates power generation systems integrated with supercritical CO2
utilization as heat extraction fluid in a geothermal system. Methods of power generation studied
here are direct CO2 turbine and binary power plant.

Figure 1-4 Simple schematic of CO2 flow for utilization from IGCC power plant as heat transfer
medium in Darajat geothermal system

6

Literature Review
2.1 Coal Use in Power Plant
Li and Fan in 2008 published a study of the progress and challenges of coal as energy
source in 21st century and concluded optimistically that the utilization of coal will continue with
the development of higher-efficiency coal conversion and CO2 capture technologies [11]. Some of
the emerging high efficiency power plants are ultra supercritical (USC) and integrated gasification
combined cycle (IGCC) plants. Both type of plants operate at elevated pressure and temperature,
seemingly a trend to an improved efficiency. An Integrated Gasification Combined-Cycle system
that Li and Fan simulated used GE/Texaco slurry-feed, water quench cooler, and 1,000 MW HHV
feed yields 348 MWe net power or 34.8% plant efficiency in energy conversion.
The first IGCC power plant operated in 1972 in Germany and was developed to increase
efficiency of power generation using carbonaceous fuels [12]. Buskies elaborated that IGCC has
more than 15% higher efficiency compared to conventional coal-fired power plants [13]. The need
for carbon capture and storage also affects overall efficiency, especially affecting the process where
syngas is cooled prior to CO2 capture plant. One of the advantages of integrating carbon capture to
IGCC is using steam in CO shift to CO2 for water quench cooling system of gasifier [14].
2.2 CO2 from IGCC
The essential components of coal gasification reaction are coal, steam, and oxidizer. Using
oxygen instead of air as the oxidizer would yield pure CO2 stream. Then 30% of the gas product,
which still contain carbon components, reacts with steam in water gas shift reaction to convert CO
into CO2 and H2. Pre-combustion CO2 capture at an elevated pressure is less energy intensive than
post-combustion capture. However, post-combustion process yields the largest amount of CO2 in
IGCC plant. Partial pressure of CO2 in raw syngas is high compared to pressure in flue gas,
therefore, physical solvent can be used instead of chemical sorbent. CO2 capture most commonly
uses monoethanolamine (MEA) as solvent and a train of compressors [15]. Most CO2 available for
capture and storage is from post-combustion flue gas.
Important units in an integrated gasification combined cycle with oxygen as oxidizer are:
1. Gasifier for gasification to produce syngas
2. Combustion turbine for power generation using syngas
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3. Heat recovery system generator (HRSG) to recover heat from gasifier postcombustion
4. Steam turbine to generate power using recovered heat
5. Generators to produce electricity
6. Air separation unit to purify oxygen for gasification
Nayak [16] uses ASPEN Plus® to simulate coal gasification and found that as steam to coal
ratio increases, the composition of H2 and CO decreases. Prins et al. in 2007 showed that fuel
composition affects thermodynamic efficiency of gasifiers and gasification system [17]. Leo et al.
[18] proposed using conducting membrane to separate oxygen from air for gasification instead
using energy-intensive cryogenic process. Gasification in fluidized bed offers the advantage of
producing stream of gases at high pressure, which increases the feasibility of separating a pure
stream of CO2.
With the past and present reliance of Indonesia on non-renewable energy, the move to
convert to renewable energy in reducing CO2 emissions require significant restructuring of the
energy sectors [19]. Indonesia has been investing in research and development of cleaner fossil fuel
technology. Integrated Gasification Combined Cycle (IGCC) plant is a high efficiency fossil fuelbased plant with high readiness of carbon capture and storage suitable for implementation in
Indonesia with its abundant coal reserves.
There are several IGCC plants currently operating in United States and Europe, including
Tampa Polk County IGCC plant in Florida, U.S. However, there are also IGCC projects that had
been discontinued or postponed due to the many technical and economical challenges. Some
difficulties found with past IGCC development occurred in Kemper IGCC project, Mississippi in
which the plant was planned for commercialization by 2013 but still has not been realized with cost
being one of the major factor of delay. Despite of the highly efficient system that IGCC offers,
IGCC with carbon capture technology is currently not economically viable at $79.0/MWh
electricity cost when competing with low natural gas and oil prices, as well as the unexpectedly
wind energy utility cost [20].
2.3 CO2 Utilization and Sequestration
Supercritical CO2 has found its way to various application attributed to its unique
significant change of behavior in supercritical state. Supercritical phase demands very high
temperature and very high pressure, a condition not commonly applied at current power generation.
However, gasification product demands the high temperature and high pressure which is needed to
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accommodate supercritical CO2. The opportunity opens up to utilize supercritical CO2 in enhancing
fossil fuel-based power generation overall performance and efficiency. The conceptual study by
Yann et al. [21] proposed a supercritical CO2 Brayton cycle can achieve a net power plant efficiency
of 41.3 (LHV) with carbon capture compared to CO2 power cycle without carbon capture which
can achieve 50% (LHV) with a maximum temperature and pressure of 620°C and 300 bar though
still need validation.
The novel concept of utilizing CO2 as working fluid in geothermal system was introduced
by Brown in 2000, suggesting that injection into geothermal reservoir would allow a feasibility for
simultaneous CO2 sequestration [22]. Numerical analysis by Pruess in 2010 concludes that CO2 in
its supercritical state would achieve a more favorable geothermal heat extraction rate that water
and avoids unfavorable fluid-rock reactions that is found in water-based system [23]. To
complement supercritical CO2 Enhanced Geothermal system, a supercritical CO2 direct turbine is
also utilized to generate power. Atrens, Randolph, and Adams et al. introduces CO2 Plume
Geothermal (CPG) for injection of carbon dioxide in naturally permeable geothermal reservoir,
creating a thermosiphon effect which would eliminate the use of compressor [24–26].

2.3.1 Characteristics of CO2 as Heat Transfer Medium
CO2 at supercritical state is suggested to able to extract more heat than water in a
geothermal system. Steam at the same flow rate due to its low capacity at expanded state, extracts
heat at a lower thermal energy extraction rate compared to water. The critical point of CO2 is at Tcrit
31.04°C and pressure 73.82 bar. Above this point, CO2 is in supercritical phase with unique
thermophysical properties. Each of supercritical CO2, water, and steam has different advantageous
as a heat transfer medium. Numerical studies conducted by Cao et al. [27] of models with T-P
dependent thermophysical properties of water and supercritical CO2 concluded that in a quintuplet
model (1 injection + 4 production wells), cumulative heat extraction of water is comparable with
that of CO2. Electricity production using CO2–based power plant is also comparable to water-based
geothermal power plant due to CO2 thermosiphon effect as presented by Atrens et al. [26].
Brown [10] found that CO2 is superior to water in physical and chemical properties.
Compared to water, CO2 has large expansivity, lower viscosity, and less effective solvent of rock
minerals. CO2 is also more favorable as an alternative to avoid the usage of fresh water in arid
region [28]. Mohan et al. found that CO2 as heat transfer medium can generate power and eliminate
the use of recompression for reinjection [29].
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2.3.2 CO2 Sequestration
Salimi and Wolf in 2011 studied the co-injection of CO2 mixed with water. They
considered that with pure CO2 injection there are issues of inefficient CO2 trapping, overpressurizing the aquifers such that the reservoir pressure exceeds the maximum formation stress,
and consequently possible formation damage that would enhance the risk of CO2 leakage to the
surface [30]. Randolph [25] studied the concept of injecting CO2 in natural porous geothermal
system for utilization and geologic sequestration. With a continuous injection of CO2 into
geothermal reservoir, some of the CO2 will leak from the geothermal reservoir to be permanently
stored in rock formation. Randolph agrees that for successful sequestration, CO2 must be injected
at a minimum depth to ensure adequate subsurface temperatures and that CO2 is supercritical.
2.4 Geothermal Systems
The adjective “geothermal” originates from the Greek roots 𝛾𝜂 (ge), meaning earth, and
𝜃𝜀𝜌𝜇𝜊𝜍 (thermos), meaning hot, so geothermal is energy that comes from the earth. Geothermal
energy has been used for thousands of years in some countries for cooking and heating. The oldest
known spa is a stone pool on China’s Lisan Mountain built in the Qin Dynasty in the 3rd century
B.C. This thermal energy is contained in the rock and fluids beneath Earth’s crust. It is found from
shallow ground to several kilometers below the surface, and even further down to the extremely
hot molten rock called magma. Other than hot springs, surface manifestation of geothermal energy
also takes form of seeps, fumarole, boiling springs, geysers, hydrothermal eruption craters, and
zones of acid alteration [31]. These underground reservoirs of steam and hot water can be tapped
to generate electricity of heat and cool buildings directly. Geothermal can be utilized in two ways:
direct and indirect. Direct or non-electrical use of geothermal energy refers to immediate use of
energy for heating. The early examples for direct use are for cooking and heating. Indirect means
geothermal energy must be utilized to generate electricity. Geothermal power is cost effective,
reliable, sustainable, and environmentally-friendly. This brings great attention to geothermal as a
sustainable and green energy. As a result, geothermal power has the potential to help mitigate
climate change if widely deployed in place of fossil fuels.
The first geothermal power plants in the worlds are Larderello field in Italy since 1913.
Larderello is a type of vapor-dominated reservoir. Other vapor-dominated geothermal power plants
are the Wairakei in New Zealand since 1958, the Geyser in United States since 1960, the Kamojang
in Indonesia since 1982, and the Darajat in Indonesia since 1994. In Darajat field, total power
generation is 270 MWe, operated by Chevron Geothermal Indonesia Ltd. Darajat Geothermal
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system is experiencing the depletion of reservoir fluid. Therefore, it is important to analyze the
feasibility of implementing EGS water injection in Darajat geothermal system.
Figure 2-1 shows a model by White (1971) that clearly shows circulating fluid in
hydrothermal system [32]. He concluded that geothermal fluid coming from meteoric water enters
reservoir through fractures will be heated when in contact with heat source. Because hot water is
lighter than cold water, hot water goes up through fractures and exit as surface manifestation. Phase
changes may occur along the path when the temperature has reached the water saturation
temperature. When this occurs, the fluid will be a mixture of steam and liquid water. At a certain
depth, the pressure and temperature is even greater than saturation point so then there is only one
phase (vapor phase).

Figure 2-1 Circulating fluid in hydrothermal system
There five characteristic requirements of a geothermal system: [33]

1. Hot rock or heat source
2. Permeability in reservoir
3. Sufficient fluid availability
4. Impervious rock (Cap rock)
5. Natural recharge system
The three most important characteristics are heat source, permeability, and existence of
fluid as heat transfer medium. If one or more of the important characteristics mentioned is lacking,
a geothermal system should be engineered to promote geothermal production. Enhanced
Geothermal System (EGS) applies on the lacking of either permeability or heat transfer fluid.
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Geothermal reservoir is, in essential, a heat exchanger where the rate of energy extracted
is limited by the rate of heat transfer from rocks to fluid. Factors that would affect geothermal heat
coefficient are fractures that are natural or lightly fractured, temperature of fluid and of rock, and
permeability [34]. The novel approach to consider using supercritical CO2 in hot dry rock
geothermal system was introduced by Dan Brown in 2000[10]. Pruess in 2006 found that CO2 is
thermally and hydraulically superior to water as a heat transmission fluid [35]. Other studies have
focused on the production behavior of utilizing CO2 as heat extraction fluid by analyzing the energy
extraction using TOUGH2 [36]. Studies are also developing to consider fluid loss in reservoir and
chemical behavior of CO2 circulation.
The motivation for Enhanced Geothermal System to be implemented in Darajat geothermal
reservoir is thermal drawdown which is indicated by declining reservoir pressure. Currently,
condensed water from cooling tower in Darajat is injected in effort to stimulate fluid recharge,
creating a sustainable reservoir for continuous energy extraction from earth. Pressure decline over
time in a geothermal reservoir is typical and causes decrease in well productivity. Without sufficient
natural recharge or re-injection of fluid into subsurface, Darajat geothermal reservoir will inevitably
decline in production towards unsustainable power generation. This study does not focus on
increasing steam production but rather on responding to the decrease of production that is caused
by lack of heat transfer fluid. Ultimately, if Darajat CO2-enhanced geothermal system can produce
a comparable power output with current production, the sustainability of Darajat geothermal system
can continue to generate power, sequester CO2, and avoid the extraction of fresh water from
ecosystem.
There is not currently any Enhanced Geothermal System project in Indonesia, but the
research is needed to increase knowledge and understanding of Indonesia geothermal potential,
especially in area with faults and volcanic activities. There are a few EGS demonstration project in
United States including the Geysers - California, Raft River -Idaho, Desert Peak - Nevada and
Newberry Volcano – Oregon. An EGS project in California, the Northwest Geysers has similar
characteristics with Darajat due to its vapor-dominated nature.
There are many published studies on Enhanced Geothermal System [37–39]. Majer and
Peterson is referred for their previous studies on geothermal reservoir characteristics of the Geyser
that is very similar Darajat [37]. Darajat is similar to the Geyser in a sense that both are vapordominated, have low permeability, have high temperature, and both thermal sources are related to
earth’s volcanic activities.
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2.4.1 Darajat Overview
The Darajat Geothermal Field which is located in District Pasirwangi, Garut, West Java, is
on the flanks of Mount Kendang, approximately 40 km southeast of Bandung, the major provincial
city of the region, and 150 km southeast of Jakarta (Figure 2-2). The resource is located in steep
and rugged terrain, some 2000 meters above sea level. The Darajat geothermal field is a substantial
high quality resource producing dry steam at the wellhead. Initial reservoir pressure is 34 bars with
temperature 241oC. The reservoir has high temperature, averaged in 220⁰-240⁰C range, and high
permeability.

Figure 2-2 Darajat Location in Java Island, Indonesia
Wellpad is an area designated as the site of multiple well drilling. Darajat well map
overview is shown in Figure 2-3 below. From each well pad, well is drilled towards various
direction and distance using directional drilling. The following is the list of wells based on functions
in Darajat (as of 2014):


34 Production wells



4 Injection well



3 Monitoring/others wells



8 P&A (Plugged and Abandoned)
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Figure 2-3 Darajat Well Map Overview
2.5 Reservoir Model Review
There are only few studies on reservoir modelling specifically for CO2 injection, the larger
portion of those studies is for water-Enhanced Geothermal System reservoir while only very few
studies for injection in naturally permeable reservoir. Darajat is an existing geothermal system that
with naturally fractures with low permeability. Randolph (2011) introduced the injection of CO2
for geothermal energy capture and sequestration on a naturally permeable reservoir based on
numerical modeling and compared his work with study by Pruess (2006) using an identical
downhole well pressures [25,40]. Darajat reservoir numerical model had previously conducted for
water injection but not CO2. Steam feed zones in Darajat reservoir is from horizontal flows sourcing
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from fractures at various elevations [25,35]. To accommodate higher mass flow rate from multiple
feed zones in a well, the lower sections of Darajat production wells are perforated. Models used for
fractured reservoir in the analysis of Enhanced Geothermal System are commonly vertical parallel
fractures though horizontal parallel fractures is also used [41].
2.6 Advantages and Challenges of CO2 as Heat Transfer Medium
Some of the advantages of utilizing CO2 as heat transfer medium in Darajat natural
geothermal reservoir are:
1. Probability of inducing seismic activity is lower than Enhanced Geothermal System
2. Pressure difference between injection and production output due to large expansivity
and Joule Thomson effect is a very feasible power generation without the need of
compression
3. CO2 sequestration potential decreases carbon emission
4. Constant power generation appropriate for base load compared to other renewables
like solar and wind which are intermittent
5. Allows continuity of power generation from existing geothermal wells even after
natural reservoir pressure depletion
Several challenges that was found in analyzing the feasibility of circulating CO2 in Darajat
natural geothermal reservoir are:
1. There is a minimum depth to ensure adequate subsurface temperature and that CO2 is
supercritical.
2. CO2 leakage is especially prone to occur at abandoned wells
3. Careful assessment of geologic formation is needed that CO2 injection should only be
considered if water is of non-drinking quality because water saturated with CO2 is
acidic while CO2 pure stream is much less invasive
4. Darajat is located in steep and rugged terrain, which will affect pressure of CO2
during gathering and distribution from and to wells.
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Methodology
3.1 CO2 Source
Integrated Gasification Combined-Cycle (IGCC) power plants yield ready-to-sequester
carbon dioxide (CO2) streams due to their high operating pressure and temperature. In the process
of producing syngas for a combined cycle power plant, some CO2 can be captured in the cleaning
process before combustion, though this requires cooling of the syngas and some CO2 yield from a
water gas shift reaction. A large portion of CO2 is available in the flue gas after the combustion of
the syngas, which drives the combined-cycle power plant. In this study, the source of the CO2
stream is assumed to be a 355 MW IGCC power plant that can transfer the CO2 stream directly to
Darajat. Because Indonesia is planning to implement an IGCC plant by 2025, it is plausible to make
the assumption of an IGCC plant as the source of CO2. The processes and capacity of an existing
IGCC power plant, Tampa Polk County IGCC plant, are used in this study to simulate the IGCC
plant in Java, Indonesia.
Composition of syngas is the result of partial oxidation of the carbonaceous fuel with an
oxidizer. The oxidizer can be air or pure oxygen. The reactants and gasification conditions
determine product gas composition and heating value. The feedstock in this study is all Indonesian
bituminous coal to suit the IGCC process simulation model, which was designed for bituminous
coal. Humidity differences between West Java (81% average) and Tampa (65% average) have been
taken into account for this study.

3.1.1 Selection of Indonesia Coal
Bituminous coal has been chosen following the selection of Tampa Polk County IGCC
plant, which is fed mainly by bituminous coal. Among the three regions in Indonesia with highest
coal productivity as mentioned in Chapter 1, bituminous coal from Kalimantan is, geographically,
the most feasible supply source to feed the proposed IGCC plant located in Java Island. Java Island
is located directly south of Kalimantan Island. Coal would most feasibly be transported through
cargo across the sea from South Kalimantan, to a port located just north of West Java province.
The coal would then be delivered to the plant using trucks.
The use of Kalimantan’s coal in Java is supported by the existence of multiple coal loading
ports and terminals for the use of coal transports. The existing infrastructure can be used to transport
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bituminous coal from South Kalimantan to the West Java IGCC plant. The coal can be supplied
from the mining site to nearest coal loading port, transported using vessels or barges to either
Tanjung Jati port in Central Java, or Suralaya coal terminal in West Java. Tanjung Jati port is the
further of the two from West Java, but it can support more activity and larger coal transport capacity
via barge. After arriving in the port, coal can be transported using trucks to the IGCC plant. The
existence of supply chain infrastructure increases the feasibility of this fuel resource for the IGCC
plant, which will provide the CO2 for utilization.
As shown in Table 3-2, South Kalimantan coal is high in carbon and ash, but low in
moisture content. Indonesian coal is also very low in sulfur content. This may be advantageous for
the IGCC plant because low sulfur content may decrease or eliminate the need for a Claus plant.
The heating value of South Kalimantan high volatile B bituminous coal is the highest among
Indonesian coals, which are listed in Table 3-1. Alternatively, biomass also has great potential to
be mixed as feed into IGCC. However, due to lack of representative data for Indonesia’s biomass,
only coal is taken into account as potential feed.
Table 3-1 Proximate Analysis of Indonesia Kalimantan Coal
Coal feed
Source: USGS Report, 2007, Belkin & Stewalt [42]
compositions
Proximate Analysis of Indonesia Kalimantan Coal
Total
Volatile
Fixed
Calorific
Ash
Sulfur
Apparent
Sample
Source
moisture
matter carbon
value
wt.%
wt.%
rank
wt.%
wt.%
wt.%
kcal/kg
A
Central
sub26.5
5.38
33
35.1
1
4610
Kalimantan
bituminous C
B
East
sub19.4
4.33
35
41.3
0.37
5580
Kalimantan
bituminous B
C
South
high volatile
5.29
12.6
42.6
39.5
0.79
6490
Kalimantan
B bituminous
D
South
high volatile
9.68
10.1
41.0
39.2
2.21
6290
Sumatra
C bituminous
All values on an as-received basis except rank which is estimated from a moist, mineral-matterfree basis
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Table 3-2 Ultimate Analysis of Indonesia Kalimantan Coal
Ultimate Analysis of Indonesia Kalimantan Coal [42]
Sample

Source

H

C

N

S

Total
Moisture

A

Central
3.42 48.38 0.94
1
26.49
Kalimantan
B
East
4.1 57.47 1.31 0.37
19.36
Kalimantan
C
South
5.33 63.69 1.1 0.79
5.29
Kalimantan
D
South
Sumatra
As-received basis, units are percent, except where noted

Residual
Moisture

Dry Ash

7.36

5.38

3.39

4.33

1.63

12.63

3.1.2 CO2 Available for Geothermal System
The mass of CO2 captured in the power plant depends on the type of power plant and the
efficiency of the capture process. In conventional pulverized coal-fired power plants, the CO2 in
flue gas is at ambient pressure. However, the CO2 streams available from the IGCC power plant, to
be utilized in geothermal systems, originate from both pre-combustion processes and postcombustion flue gas. The steps that yields a CO2 stream are cleaning, water-gas shift, and
combustion. Pre-combustion processes that yield a substantial amount of CO2 streams are the
cleaning process and water gas shift reaction, which operates at elevated pressure and therefore
allows the use of physical solvents. CO2 from flue gas is captured post-combustion using a chemical
absorber. The total amount of CO2 available from the power plant determines the amount of
continuous CO2input for compression, transport, utilization, and storage. The CO2 output is
assumed to be immediately available for compression and transport to Darajat injection wells.

3.2 Injection Well and Production Well Pipe Specifications
Darajat has 40 functioning wells: 3 slim holes for exploration and monitoring, 4 water
injection wells, and 34 steam production wells. The average well-head temperature is 230 ̊ C and
the bottom-hole pressure is 23 bar gauge (barg).
For this study, each circulation is simulated for a doublet consisting of one injection well
and one production well. The input CO2 from the IGCC is distributed to 10 geothermal doublets,
and the mass flow rate of injected CO2 is divided equally between them. The distance between the
injection well and production well in a doublet is 1 km. Because there are existing wells in the
Darajat geothermal field, these wells are used for this study. Using existing wells is also more
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economically feasible than drilling new wells. Among the existing 34 production wells and 4
injection wells in Darajat, their function is alternated to accommodate more injection wells. The
location of each injection and production well also must be considered to provide the distance
between each geothermal doublet. The current existing Darajat wells are not identical, but are
similar in size. The spread locations of Darajat wells are shown in Figure 2-3.
Injection pressure into the reservoir is simulated in two cases, one at 52 bar and the other
150 bar. The two injection pressures were selected to compare CO2 as a heat extraction fluid in
both the subcritical and supercritical vapor phases. Each CO2 injection well compresses 68 kg/s of
pure CO2 stream at 100°C and pressure according to each case (phase depends on injection
pressure). For the 10 injection wells, the total mass flow rate of CO2 injected is 680 kg/s. For the
first case, which is 52 bar injection pressure and 100°C, CO2 is in the subcritical vapor phase. After
being compressed to 52 bar and mixed with the recirculated CO2 stream, the temperature at
reinjection remains relatively high. In the second case of injection at supercritical phase 150 bar
and 100°C, the CO2 remains at supercritical phase throughout circulation. The high temperature
injected fluid maintains the geothermal reservoir by avoiding cold temperature fluid injection,
which can potentially affect the in-situ stress causing the opening or closing of existing fractures.
Due to the large expansivity of CO2, the density of CO2 along injection well and production
well would change significantly. The low viscosity of CO2 decreases friction loss within wells.
When supercritical CO2 flows through an adiabatic well, the Joule-Thomson effect produces
cooling of the CO2 during expansion in production well. The rate of change of temperature with
respect to change of pressure at constant enthalpy is expressed by Joule-Thomson coefficient.
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Figure 3-1 Darajat Well Specifications

This pipe section specification data serves as input data for the numerical simulation, along
with other reservoir characteristic data. All existing wells in Darajat are assumed to have identical
specifications. In reality, most existing Darajat wells vary in well section length, but are identical
in diameter. Larger wells would yield more flow rate at the same wellhead pressure, and deeper
wells were designed accordingly, based on geological data obtained during exploration of the
Darajat reservoir to find feed zones at different depths and locations within the reservoir. The first
well specification used in this study is identical for both injection and production wells. For the
second, the injection point is extended by 1 km in depth, while the production well remains the
same as the first case. The specifications are summarized in the following Table 3-3.
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Table 3-3 Table Well Sections Size Specifications
Well Section

Diameter (in.)

DRJ-1
DRJ-2
DRJ-3
DRJ-1UP
DRJ-2UP
DRJ-3UP

13.375
12.25
8.5
13.375
12.25
8.5

Length (m)
Case 1 Case 2
1021
2021
1073
1073
533
533
1021
1073
533

Depth (m)
Case 1 Case 2
-1021
-2021
-2095
-3095
-2627
-3627
-1021
-2095
-2627

Temperature and pressure measurements with depth are usually called PT profile, and are
an important data of a geothermal well. The PT profile of a Darajat geothermal well is shown in
Table 3-4 for steam production. These measurements are within the wellbore of the geothermal
well.
Table 3-4 PT Profile of a Darajat Geothermal Well
Meas. Depth

Elevation

T

P

m

m asl

degC

bar g

3.4
50.0
100.0
150.0
200.0
250.0
300.0
350.0
400.0
450.0
500.0
550.0
600.0
650.0

1769.2
1722.6
1672.7
1622.7
1572.7
1522.7
1472.7
1422.8
1372.8
1322.9
1273.4
1224.6
1176.4
1129.1

225.0
225.3
225.4
225.6
225.7
225.8
226.0
226.0
226.2
226.4
226.5
226.6
226.8
226.9

24.7
24.7
24.8
24.9
24.9
25.0
25.1
25.1
25.2
25.3
25.3
25.4
25.4
25.5

3.2.1 Selection of Doublet Wells in Darajat
A doublet is a geothermal extraction system consisting of one injection well and one
production well. As mentioned in Chapter 2, there are currently more production wells than
injection wells in Darajat. For a CO2 doublet system, there are as many production wells as there
are injection wells. In this case, some of the production wells would be converted into injection
wells. Preferably, the qualifications for conversion of a production well into an injection well would
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be low steam production or local reservoir pressure depletion based on specific well production
history.
Production History is a plot of both well-head pressure (WHP) and mass flow rate with
respect to time. Both WHP and mass flow rate data are the average daily measured data of each
well. Originally, WHP and mass flow rate are measured in minutes. The objective of plotting both
data in one graph is to better recognize the relationship between WHP and flow rate. When WHP
is increased, flow rate will drop to a certain extent, and vice versa. The production history of DRJ8OH from late 2012 to 2014 is shown in Figure 3-2. Data from production history is used to predict
the well output at changing WHP. The operator of Darajat geothermal power plant uses this method
to study the behavior of the reservoir.
The current operators of Darajat geothermal power plant, Chevron Geothermal Indonesia,
have found their own methods of predicting well output. They use both simulation software and
empirical equations for prediction. Daily reservoir analysis in Darajat is conducted using the C and
n matching deliverability equation based on production history data. The result of the prediction
method is the deliverability curve, which is a plot of the mass flow rate output at all overarching
wellhead pressures. The deliverability curve of each production well is unique. The results of C
and n matching to find the appropriate output curve for DRJ-8OH well yields the deliverability
curves shown in Figure 3-3.
The changing of curve from Aug-2013 (green-D) to Apr-2014 (red-D2) means that, at the
same pressure difference between surface and reservoir, the flow rate is higher in 2014 than in
2013. This increasing deliverability is a result of continuous water injection as shown in the
production history plot, where there is a gap period of no production. Darajat power plant was
experimenting on the effect of water injection on deliverability during that time. The result was that
the deliverability increases, but then immediately decreases after a month of production, as shown
by production in May-2014 (orange-D3). This ultimately indicates that reservoir pressure depletion
occurs in Darajat geothermal reservoir after a period of steam production.
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Deliverability Equation, C and n Matching
Gas well deliverability equation:
𝑛

2
2
𝑄 = 𝐶(𝑃𝑟𝑒𝑠
− 𝑃𝑤𝑓
)

Q = mass flow rate
Pres = reservoir pressure
Pwf = pressure at well while flowing
C = constant
n = tubular or laminar constant (0.5 – 1.0)

Figure 3-2 DRJ-8OH Production History
This is a typical output curve progress for a geothermal well. As long as a well continues
production, the reservoir pressure naturally declines due to fluid loss, which decreases steam rate
production. To resolve or minimize this problem, wells can be put on-bleed in shifts for a period of
time to let the reservoir naturally recharge, or water may be injected for a period of time, similar to
what was done in DRJ-8.
An injection well and a production well are chosen among Darajat’s existing production
wells. There are wells that are depleting in steam production based on production history, and DRJ8OH is one of them. DRJ-8OH is determined to be a good candidate for injection well while DRJ13OH is chosen as the production well in the doublet system evaluated for CO2 utilization in this
study.
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Figure 3-3 DRJ-8OH Deliverability Curves 2013-2014

3.2.2 Varying Pipe Inlet Pressure and Temperature
Flow through the all pipes are adiabatic regardless of uphill or downhill flow. In the
simulation, the pressure and temperature of the inlet is varied to study the effect on outlet flow
conditions. Since the change of density with respect to pressure of CO2 is quite small, the pressure
is varied at large intervals of approximately 25 bars from 50 bar to 150 bar. At 50 bar, the CO2 is
subcritical, and is used for comparison with supercritical CO2. The temperature of CO2 flow has
more significance with respect to the duty of heat exchange and reservoir thermal drawdown,
therefore, the temperature is varied at 10°C intervals from 140°C to 200°C. Temperature variation
is limited by the reservoir temperature, which is approximately 230°C to allow some heat extraction
from the reservoir. However, the flow should not be too cold relative to the reservoir, so as to avoid
quenching of the rock formation. The CO2 mass flow rate are kept constant throughout the
simulation. The changing of pressure and temperature in injection and production wells is predicted
to have direct impact on how much pressure drop is available for the CO2 turbine.
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3.3 Parallel Fracture Model
The Darajat geothermal reservoir model considered in this study is calculated for injection
into reservoir with minimum data. The model for a doublet system, which can be used for a
geothermal reservoir, is the parallel fracture model in Figure 3-4 [41]. The volume of Darajat
reservoir is represented by 1500mx600mx15m natural rock formation with 5m vertical fracture
spacing at approximately 2.6 km linear depth. The distance between injection well and production
well is 1000m. The geothermal reservoir is considered to consist of many parallel long vertical
fractures. The fractures are divided at intervals of fracture spacing, 𝑆. The total heat extraction fluid
from the injection well outlet is distributed evenly among the many fractures over the volume of
the reservoir. Properties of heat extraction fluid and rock are used to calculate temperature changes
in the heat extraction fluid and rock formation. The rock properties do not change and are assumed
to be uniform throughout the reservoir, while the properties of fluid are taken at initial state.
𝐴ℎ = 2 𝐿 (𝑊 + 𝐻)
4𝐴𝑐
𝑃
𝐴𝑐 = fracture width × fracture height ; 𝑃 = 2 × (fracture width + fracture height)
𝐷ℎ =

Figure 3-4 Parallel Fracture Model showing a fracture for flow in positive z direction
Permeability has direct impact on pressure drop based on Darcy’s law for flow in a porous
medium. Fracture spacing is predicted to have direct impact in the temperature drawdown of
reservoir rock over its lifetime. In Figure 3-4, 𝑥𝐸 is fracture spacing, or 𝑆 in Figure 3-5.
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Figure 3-5 Parallel Fracture Model for fractures at a spacing interval S in a geothermal reservoir
with width W, length L, and height H

3.3.1 Rock Temperature Decrease in Reservoir
In this study, lumped parameter analysis of the parallel fracture model for the reservoir
calculates the cooling of the rock formation with continuous injection of CO2 at 100°C. The
following equations are used where subscript 𝑅 is for rock, subscript 𝐹 for a supercritical CO2 heat
transfer medium.
Table 3-5 Rock properties
Rock Property
Specific heat capacity
Thermal Conductivity
Rock Density
Ambient Rock Temperature

Value
1000
2
2550
313

Unit
J/kg-K
W/m-K
kg/m^3
K

𝑈 𝐴ℎ 𝑡
𝑇𝑅,𝑡 − 𝑇𝐹,0
[
]
= 𝑒 𝜌𝑅 𝐿 𝐻 𝑆 𝐶𝑃𝑅
𝑇𝑅,0 − 𝑇𝐹,0

𝑄𝑅,𝑡 = 𝜌𝑅 𝐿 𝐻 𝑆 𝐶 𝑃𝑅 (𝑇𝑅,𝑡 − 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 )
𝑄𝑅,𝑡+1 = 𝜌𝑟 𝐿 𝐻 𝑆 𝐶𝑃𝑅 (𝑇𝑅,𝑡+1 − 𝑇𝑎𝑚𝑏𝑖𝑒𝑛𝑡 )
Δ𝑄 = 𝑄𝑅,𝑡+1 − 𝑄𝑅,𝑡
Δ𝑄 = 𝑚𝑓 × 𝐶𝑃 × (𝑇𝑓,𝑡 − 𝑇𝑓,0 ) × Δ𝑡
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3.3.2 Fluid Pressure Drop in Reservoir
From injection point to production point within the reservoir, CO2 flows through a porous
medium with a given permeability. Based on Darcy’s law, the flow is driven by pressure drop Δ𝑃
over the length between reservoir inlet and outlet Δ𝑧, while pressure loss exists by a factor of
permeability 𝑘, cross-sectional area 𝐴, and dynamic viscosity, 𝜇.
𝑄=𝐴

𝑘 Δ𝑃
𝜇 Δ𝑧

3.4 Lifetime Analysis
Thermal drawdown occurs in the reservoir as water is injected and interacts with the hot
rock. The thermal drawdown is directly correlated to dimensionless flow rate (𝑄𝐷 ), which can be
calculated using: [43,44]
𝑄𝐷 =

𝑞 𝑠 2 𝑐𝑓
𝐾𝑟 𝐻𝐿∗ 𝑊

Where 𝑞 is permeability, 𝑠 is fracture spacing, 𝑐𝑤 is the heat capacity of heat extraction
fluid, 𝐻 and 𝑊 are respectively the height and width of the reservoir, 𝐾𝑟 is thermal conductivity of
rock, and 𝐿∗ is the distance to target point. The thermal drawdown is analogous to pouring cold
water continuously on a rock that is being heated. There is a rate of rock heat recharge, as well as
convection rate from water flowing on the surface. When these two rates are not in equilibrium,
thermal buildup or thermal drawdown may occur. In a geothermal extraction system, thermal
drawdown is predicted to occur.
To calculate the thermal drawdown for fluid output, Gringarten and Witherspoon, 1973
method [45] for parallel fracture model is used. Their plot in Figure 3-6 for dimensionless
temperature output versus dimensionless time gives curves of fluid temperature drawdown at a
given fracture spacing and reservoir volume. This method is used to determine the production well
temperature output time analysis for CO2 utilization in Darajat, using the given Darajat fracture
spacing and volume. This will also yield the lifetime net power output for Darajat geothermal, and
for prediction of the lifetime of the power plant due to decreasing net power generation.
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Figure 3-6 Parallel Fracture Model showing a fracture for flow in positive z direction [41]
3.5 Organic Rankine Cycle
Refrigerants in the binary power plant generate an organic Rankine cycle. The properties
of isobutane, n-butane, and other refrigerants used in this simulation are from NIST database.
Properties are called into simulation environment through REFPROP method. Refrigerants have
much lower flash or boiling points at lower pressures compared to water. There is always a pressure
drop of 0.2 bar in the condenser.

3.5.1 Varying Working Fluid Mass Flow Rate
The mass flow rate is an important factor in determining the power capacity that can be
generated from turbines. For a certain mol amount of refrigerant, a maximum work or power can
be extracted. The minimum capacity is latent heat absorbed from the geothermal heat transfer
medium in the heat exchanger. The pressure and temperature are capped based on the type of
working fluid.

3.5.2 Varying Type of Working Fluid
There are many working fluids available for use in binary power plants, but each has a
different capacity for extracting heat. For low enthalpy geothermal systems, a mixture of ammonia
and water is commonly used. For medium enthalpy geothermal systems such as the one in this
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study, a variety of hydrocarbons are used. Working fluids studied here are: isobutane, n-butane,
R134a, R245fa. Each working fluid is simulated as a pure stream in the binary power plant, is and
changed for each iteration of the simulation. For each working fluid, the system is adapted
according to the bubble/dew curve of the fluid in order to optimize turbine output.
The working fluids considered in these cases are isobutane, n-butane, R134a, and R245fa.
Each working fluid is evaporated and condensed based on Organic Rankine Cycle conditions. The
Supercritical Brayton cycle is not considered here, though the use of Brayton cycle may contribute
to a different maximum power generation. Both hydrocarbons and refrigerants are studied because
each working fluid has the properties as listed in Table 3-6. The bubble/dew curves of each working
fluid determines the operating temperature and pressure of the ORC. These curves are shown in
Figure 3-7. The end of each curve is the critical point of the fluid component.

Table 3-6 Properties of Organic Rankine Cycle Working Fluids
Fluid
isobutane
n-butane
R-134a 1,1,1,2tetrafluoroethane
R-245fa 1,1,1,3,3pentafluoropropane

Chemical
Formula
-

Molecular Critical Critical
Normal
Weight
Temp Pressure Boiling Point
lbm/lbmol
°F
psia
°F

CH(CH3)3
CH3-2(CH2)-CH3

58.1
58.1

274.4
305.6

526.3
550.6

10.9
31.1

CF3CH2F

102.0

213.9

588.8

-14.9

CF3CH2CHF2

134.1

309.2

529.5

59.3
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Figure 3-7 Bubble Dew Curve for ORC working fluids
3.6 Principal Balances
Mass, momentum, and energy balance are the principal concepts in simulating a system.
The integrated IGCC-EGS will have extensive energy flow, from coal conversion into syngas, to
the reinjection of CO2. Thermal energy from the heat extraction fluid CO2 is accepted by the
working fluid in the Organic Rankine Cycle to produce steam, and heat is rejected from the working
fluid to allow condensation. Both heat acceptance and rejection are isobaric processes. CO2
captured pre-combustion is compressed and pumped to circulate in the Darajat geothermal
reservoir. The amount of CO2 captured specifies geothermal power capacity.
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ASPEN Plus® Simulation
4.1 Selection of ASPEN Plus ® Simulation Software
The selection of ASPEN Plus ® is highly affected by, but not limited to, the following factors:
1. ASPEN Plus is updated on a frequent basis.
2. Built-in NIST thermochemical properties and data
3. Graphic User Interface
4. Fortran code or Excel code incorporation
Aspen Plus has also been used to simulate IGCC power generations, CO2 capture and
compression, and geothermal power plants. The model used in this literature is based on the IGCC
template provided in the Aspen Plus® resource folder. The Aspen Plus® software used during the
study was of version 9.0. Simulation of a geothermal power plant in ASPEN Plus® has been done
previously and some of the results have been published. [29,46–50]
For each basic flowsheet simulation run in ASPEN Plus®, there are two basic steps:
1. Define simulation flowsheet, including, but not limited to, unit blocks, streams, and
connectivity
2. Complete input specifications as required for flowsheet
4.2 ASPEN Plus® Problem Definitions
The problem in ASPEN Plus ® is defined in three different major sections: coal gasification
and combined cycle plant, CO2 circulation with direct CO2 turbine, and geothermal binary power
plant.

Integrated Gasification Combined Cycle
Initial IGCC model was designed to reproduce the Tampa Polk County IGCC plant, based
on specifications published by the Tampa Electric Polk company, and an example model by an
Aspen Plus® contributor. The specifications of the Tampa plant’s gasification system is shown in
Table 4-1.
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Table 4-1 Coal Gasification Specifications for Tampa Polk County IGCC Plant and Java IGCC
Description

Tampa IGCC

Java IGCC

Coal

Bituminous

Bituminous

Feed

Slurry

Slurry

Gasifier Type

Entrained Flow

Entrained Flow

Feed Flow Rate

277,341 lb/hr

277,341 lb/hr

Gasification Pressure

27.6 bar

27.6 bar

Air separation

Cryogenic

Cryogenic

Relative Humidity

65%

81%

During gasification, only 30-50% of the oxygen theoretically required for complete
combustion is used. The principal gas products are H2 and CO, and a fraction of the carbon is
oxidized into CO2. Reactions take place in RStoic and RGibbs reactor blocks in ASPEN Plus®,
simulating the following gasification reactions (1) – (3). (Schilling, Bonn, & Krass, 1981)
1

𝐶 + 2 𝑂2 → 𝐶𝑂 (Gasification with oxygen – partial combustion)

(1)

𝐶 + 𝑂2 → 𝐶𝑂2 (Combustion with oxygen)

(2)

𝐶 + 𝐶𝑂2 → 2𝐶𝑂 (Combustion with oxygen)

(3)

Reactions (1) – (3) can be written as one combined equation for reactions with steam as
shown in reaction (4) below.
2𝐶𝑂 + 2𝐻2 𝑂 → 𝐶𝐻4 + 2𝐶𝑂2

(4)

Reactions pertaining to the combustion of fuel are the complete conversion of CO, H2, and
CH4 into CO2 and H2O. The following reactions occur in the RStoic block to generate heat for the
steam cycle and drive the gas turbine.
𝐶𝑂 + 0.5𝑂2 → 𝐶𝑂2
𝐻2 + 0.5𝑂2 → 𝐻2 𝑂
𝐶𝐻4 + 2𝑂2 → 𝐶𝑂2 + 2𝐻2 𝑂
The CO2 is available for absorption from the cleaning unit, water gas shift unit, and
combustion unit. The total CO2 mass flow rate of all streams mentioned is the CO2 that can be
transported as continuous input for utilization and sequestration.
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CO2 Circulation System with Direct CO2 Turbine
For a given total of 680 kg/s, the CO2 circulation total flow rate is divided equally between
10 injection wells, 10% of the total injected CO2 is sequestered, the remaining 90% of the CO2 is
extracted from the 10 production wells, and finally all produced CO2 is reinjected with the
continuous input of 68 kg/s of CO2 from the IGCC. The CO2 circulates through a compressor, flows
through 3 pipe section injection wells, heats up in the reservoir, flows through 3 pipe section
production wells, expands through a direct CO2 turbine, rejects heat to drive a binary power plant,
and returns to a compressor to continue the cycle. ASPEN Plus® simulates the circulation and
determines all other state variables based on the thermodynamic properties of fluid, mass flow rate,
and conditions given as input. Specified conditions are:
1. Pipes are adiabatic, comprised of 3 sections of decreasing size with depth
2. Direct CO2 turbine is polytropic with 0.65 efficiency
3. Reservoir heat absorption causes an increase in fluid temperature at the reservoir outlet
based on a parallel fracture model
4. Flow is pressure driven throughout circulations

Geothermal Binary Power Plant
For a given total of 680 kg/s, expanded hot CO2 exchanges heat with a working fluid to
drive an Organic Rankine Cycle (ORC). A basic ORC consists of an evaporator, turbine, condenser,
and pump, while a modified ORC adds one or more pieces of auxiliary equipment. The additional
equipment for the modified ORC studied here are a preheater, recuperator, and lower pressure
turbine. ASPEN Plus® simulates the thermodynamic cycle to determine net power generated. The
working fluids studied here are isobutane, n-butane, R134a, and R245fa. Each working fluid stream
is at 100% composition per cycle. The appropriate high and low pressures and temperatures of the
ORC are determined by the bubble/dew curve of working fluids and the operating conditions for
existing ORC plants in the real world. Assumptions used within the binary power plant simulations
are:
1. Working fluid within the binary power plant is in a closed loop
2. Temperature pinch point in the evaporator and condenser is minimized
3. Water is needed for the water-cooled condenser from external source
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4.3 IGCC Power Plant
The Integrated Gasification Combined Cycle plant simulated here uses the model designed
by Paul Talley (2008) based on the Tampa Electric Polk IGCC [51]. This demonstration model is
saved in the ASPEN Plus® V9 example folder, under the Resources tab with the title “igcc”. The
power plant generates 355 MW electricity with the feed and process specifications summarized in
Table 4-1.

Figure 4-1 ASPEN Plus® View of IGCC (Talley, 2008)
This cycle is simulated in ASPEN Plus® for Indonesian coal and is comparable to the
Tampa Polk IGCC. In the IGCC simulation, hierarchies are used to categorize unit blocks into a
function system. The models include coal-water slurry feed preparation (SIZING), a cryogenic air
separation unit (ASU), a gasification unit (GASFR), a gas cleaning unit (CLEANING), a water gas
shift unit (WGS), an ammonia unit (NH3), a methanizer (METHANIZ), and a combined-cycle
power generator (POWER). To begin the design, all components involved are declared and
analyzed in the property environment. Then the flowsheet of design is constructed with unit blocks,
streams, and input specifications. The simulation will only run after translating the input given,
which will then calculate for all results. Sequential modular approach is used in this study for
steady-state condition.
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Indonesian coal feed is defined as a Non-Conventional component type under the NC tab
of the property environment window. The inputs for proximate analysis (PROXANAL), ultimate
analysis (ULTANAL), and sulfur analysis (SULFANAL) are assumed to be on dry basis. These
data, along with particle size distribution (PSD) are defined in Chapter 3. The mass flow rate that
is used in the simulation is defined in the problem definition of ASPEN Plus® section above.
The IGCC simulation using Indonesian coal generates 355 MW of power. Multiple process
sources of CO2 stream within an IGCC plant would be required for the amount of CO2 needed for
a Darajat-sized reservoir. The amount of CO2 from the IGCC power plant that is available for
separation, compression, transport, and storage is calculated by the ASPEN Plus® IGCC simulation.
4.4 CO2 Compression and Circulation with Direct CO2 Turbine Power Generation
The CO2 capture system is selected based on the condition of syngas as a result of
gasification, and the supercritical condition for Enhanced Geothermal System. With CO2 removal,
clean coal technology is achieved due to the reduced carbon emissions of a given coal inlet. After
removal, CO2 is compressed to meet supercritical phase. Technical considerations for equipment
maintenance regarding operating CO2 compression unit:
1. Avoiding corrosion caused by the nature of acid gas CO2
2. Using same equipment as natural gas compression have to be modified to suit the
properties of CO2
3. Compressing CO2 to above 7.38 MPa for efficient transport
CO2 injection to enhance oil production, storage, or geothermal production may be
technically and economically feasible in Indonesia because of its maturing oil reservoirs.
Thermodynamic compression generates heat which can be extracted using a heat recovery unit.
The Tampa Polk IGCC plant implements a monoethanolamine (MEA) solvent for CO2 absorption.
Compressor performance and behavior often depends on the composition of the inlet stream. The
critical point of CO2 occurs at a pressure of 7.38 MPa and temperature of 31.4 °C as shown in the
phase diagram in Figure 4-2.
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Figure 4-2 CO2 phase diagram shows supercritical phase beyond 73.8 bar and 31.4°C
(www.researchgate.com)
At each doublet, CO2 flows at a rate of 68 kg/s. Flow is downhill at the injection well,
simulated by setting elevation rise to equal the negative of the pipe length, where elevation rise is
the elevation distance from pipe flow entrance to the exit. The opposite applies for a production
well with an uphill flow, and is modeled by setting elevation rise to equal positive value of pipe
length. The MULT unit block multiplies the stream from the production well outlet by a factor of
10 to reflect a well gathering unit and another MULT unit block multiplies by a factor of 1/10 to
reflect distribution to the 10 wells. Dashed lines into WMIX are the work streams from the
compressors and the CO2 expansion in the turbine, which are combined to calculate net power
generation (WTOT). The overall material system is balanced with the input CO2 from the IGCC
and the output CO2 reservoir sequestration.
Pressure changers, heaters, pipes, and mixer unit blocks are modified for method setting
from the default PENG-ROB to REFPROP. Compressor work input required changes only slightly
with a varying number of compressor stages between 1-4, therefore, the number of stages here is
kept at 2. The first stage discharge pressure is 75 bar and the duty is 0, and the second stage
discharge pressure is 150 bar, with an outlet temperature of 100°C.
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Figure 4-3 ASPEN Plus® View of CO2 Circulation through geothermal system with sequestration
4.5 Geothermal Binary Power Plant
The major binary power plant units simulated in ASPEN Plus® are the evaporator (Heat
Exchanger), turbine (Pressure Changer), recuperator (Heat Exchanger), condenser (Heat
Exchanger), pump (Pressure Changer), and preheater (Heat Exchanger). Components involved in
the binary power plant are: the working fluid that goes through the thermodynamic Organic
Rankine Cycle, the CO2 heat source for evaporation, and the water heat sink for condensation. The
power requirement of a pump is based on the following equation, where the power of the pump is
proportional to liquid mass flow rate and pump work:
𝑃𝑜𝑤𝑒𝑟 =

𝑚 𝑣𝑠𝑎𝑡 Δ𝑝
𝜂𝑝𝑢𝑚𝑝

The factors that drive conductive heat transfer are contact area and temperature difference,
as shown in the following equations, where 𝑞𝑥" is heat flux, 𝐴 is cross-sectional area:
𝑞𝑥 = 𝐴 × 𝑞𝑥"
Δ𝑇
𝐿
The temperature difference in the evaporator, recuperator, and condenser are maximized
𝑞𝑥" = 𝑘

to reach the smallest pinch temperature difference Δ𝑇𝑝𝑖𝑛𝑐ℎ , which is the difference between the hot
fluid outlet temperature and the cold fluid inlet temperature. Pinch temperature in the evaporator is
maximized by setting the temperature drop of the heat transfer medium to reach outlet temperature
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of 100°C for reinjection. The maximum pressure and temperature of the working fluid are set to
absorb the latent heat from the heat transfer medium, which is supercritical CO2 in this case. The
condenser is cooled with water by setting the outlet vapor fraction to 0 for liquid. The heat rejected
by the working fluid for condensation determines the amount of water needed for cooling. In some
cases, the working fluid at the turbine outlet is still superheated, so the recuperator transfers the
heat from the hot, vapor-phase, working fluid to the cold, liquid-phase, from the pump. The
recuperator preheats the working fluid before it re-enters the evaporator, increasing the efficiency
of binary power plant.

Figure 4-4 ASPEN Plus® View of ORC Binary Power Plant

The net power generation from the binary power plant is the total amount of work generated
by the high pressure turbine and the low pressure turbine, less the power required for working fluid
pump. The supercritical CO2 heat transfer medium enters the binary power plant after expansion in
the direct CO2 turbine. The pressure of the supercritical CO2 entering the evaporator is 150 bar.
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Results and Discussions
5.1 Gas Compositions in IGCC
The result of high pressure, high temperature gasification is a stream of syngas composed
of mainly H2 and CO. Composition of the syngas resulting from the simulated gasification process,
explained in Chapter 4, is listed in the following table. The heat recovery system generator is the
most important unit in recovering energy from the gasifier and post-combustion gas. The syngas
mole fraction composition, as shown in Table 5-1, is combined with excess air and ignited to drive
two stages of gas turbines. The other column is the flue gas composition post-combustion. The
mass fraction of CO2 multiplied by the mass flow rate shows the amount of post-combustion CO2
that is available for capture, utilization, and storage. The mole fraction composition needs to be
converted first to mass fraction composition using the molecular weight of each component.
Streams of CO2 from the IGCC are summarized in Table 5-2. The total flow rate of CO2 available
for continuous input to the geothermal system is 68 kg/s.

Table 5-1 Gas compositions for syngas as fuel for combined-cycle power plant and flue gas
which contains CO2 available for utilization
Component

Composition

CO2
H2
CO
H2O
O2
N2
Ar
CH4
MeOH

Temp, °C
Pressure, bar
Mass Flow Rate, kg/s

Mole Fraction
Syngas
0.0000426
0.309
0.4173
0.0
0.002
0.262
0.00938
0.0000128
0.000102
93.3
27.6
56.6

Mole Fraction
Flue Gas
0.086269932
0
0
0.081756789
0.098453467
0.723256471
0.010235514
0
0.00001933
1426.4
16.1
431.6
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Table 5-2 CO2 mass flow rate available for utilization based on ASPEN Plus® IGCC results
Stream
CLEANING.CO2RICH1
WGS.OFF
POWER.COMB
Total CO2 flow rate

Process Source
Syngas Cleaning
Water Gas Shift
Combustion

Capture Process
CO2 Absorption
Steam-Fed Reactor
CO2 Capture

Mass Flow Rate
5.5 kg/s
6.2 kg/s
56.3 kg/s
68.0 kg/s

5.2 CO2 Circulation System
Captured CO2 acts as the input CO2 to keep the mass balance of circulation in the
geothermal system while taking into account the storage within reservoir. In the MIXER, CO2
streamed from the capture unit in the IGCC plant makes up for the stored carbon in the geothermal
rock formation. The heat exchanger unit is balanced based on the organic Rankine cycle in the
binary cycle. Enthalpy of the refrigerant is increased in the heat exchanger as the hot heat extraction
fluid flows from the production well. Figure 5-1 is the schematic of the overall circulation model.
The circulation flow rate is continuous and balanced with a single stream of CO 2 inlet while
sequestering CO2 in the geothermal reservoir. The composition of each stream within the loop is
100% CO2.
In Figure 5-1, the pressure along the injection well is increasing while the temperature is
simultaneously increasing as supercritical CO2 flows from the surface to reservoir depth. The
adiabatic behavior of supercritical CO2 in the injection well is caused by real gas compressibility.
The hydrostatic pressure of CO2 at a depth of 2.6 km is significantly larger than the pressure of CO2
in the reservoir. At the surface, the pressure of CO2 is much higher than ambient pressure. The
density difference between the wellhead and the bottom hole also creates an internal flow driven
by gravity, where low density CO2 tends to rise and heavier CO2 stays at the bottom, creating a
larger pressure difference. In the production well, CO2 cools down as it expands due to the JouleThomson effect.
When injected at 52 bar, the production well outlet pressure also yields 52 bar even though
CO2 phase changes from subcritical when injected, to supercritical in the reservoir, then back to
subcritical at the production well output. It is found to be less advantageous to inject CO2 at 52 bar.
At an injection pressure of 150 bar, supercritical CO2 is produced at the outlet of the production
well at higher pressure of 165 bar, which allows CO2 expansion through the direct turbine.
In the supercritical phase, pressure is found to have little effect on the temperature gradient.
In Figure 5-3 (a) where the CO2 is extracted from 240 bar reservoir and (b) at 300 bar, the
temperature gradient with respect to depth is almost identical even though the pressure is changed.
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Thermophysical properties as a function of pressure and temperature only change slightly with
pressure. However, temperature is found to have a greater impact on pressure gradient. A decrease
in reservoir temperature causes a decrease in pressure gradient. To accommodate for the pressure
drop that will occur in the Darajat reservoir, the bottom-hole pressure of the injection well is
approximately 5 to 10 bars higher at high supercritical pressure, and 2 to 5 bars at lower sub-critical
phase, than the bottom-hole pressure of the production well.

Figure 5-1 Detailed schematic of CO2 states throughout circulation in natural Darajat reservoir
from IGCC input to sequestration and utilization for power generation
In the case where CO2 is injected at a greater depth of 3.6 km, the pressure change increases
at the surface between the injection well input and the production well output. To study the behavior
of supercritical CO2 throughout circulation, changes in pressure and temperature of the CO2 is
observed at each point during circulation. Table 5-3 and Table 5-4 list the changes in pressure

and temperature of supercritical CO2.
Pressure changes of CO2:
•

Increase within adiabatic injection well

•

Decrease in reservoir

•

Decrease within adiabatic production well
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Table 5-3 Pressure behaviors of supercritical CO2 throughout subsurface circulation
(𝑷𝒊𝒏𝒋,

− 𝑷𝒊𝒏𝒋,𝒘𝒉 )
𝚫𝐏𝐫𝐞𝐬
(𝑷𝒑𝒓𝒐𝒅,𝒘𝒉 − 𝑷𝒑𝒓𝒐𝒅,𝒃𝒉 )
bar
bar
bar
100
-1
-64
56
-1
-73
35
-1
-78
18
-1
-93
Where wh = well head, at surface and bh = bottom hole, at deepest point of well
Permeability = 100 mD
𝒃𝒉

The total pressure change observed at the surface is the pressure difference available for
potential CO2 turbine power generation, as shown in the equation below. Δ𝑃𝑖𝑛𝑗 is the pressure of
the CO2 at the inlet subtracted from pressure at well outlet, with a downhill flow direction. Δ𝑃𝑝𝑟𝑜𝑑
is the pressure of the CO2 at inlet subtracted from the pressure at the outlet, with an uphill flow
direction. Δ𝑃𝑟𝑒𝑠 is pressure difference that drives flow in a porous medium, based on Darcy’s law.
When total pressure difference, Δ𝑃𝑡𝑜𝑡𝑎𝑙 , is positive, the recompression CO2 can potentially be
eliminated, and the CO2 turbine can be used for power generation. The compression of CO2 input
from the IGCC remains constant and is always required.
Δ𝑃𝑡𝑜𝑡𝑎𝑙 = Δ𝑃𝑖𝑛𝑗 + Δ𝑃𝑟𝑒𝑠 + Δ𝑃𝑝𝑟𝑜𝑑

Temperature changes of CO2:
•

Increase within adiabatic injection well, dependent on depth

•

Increase in reservoir

•

Decrease within adiabatic production well
Table 5-4 Temperature behaviors of supercritical CO2 throughout subsurface circulation
(𝑻𝒊𝒏𝒋,

− 𝑻𝒊𝒏𝒋,𝒘𝒉 )
(𝑻𝒑𝒓𝒐𝒅,𝒘𝒉 − 𝑻𝒑𝒓𝒐𝒅,𝒃𝒉 )
𝚫𝐓𝐫𝐞𝐬
°C
°C
°C
29
31
-40
34
46
-40
39
51
-40
40
60
-40
Where wh = well head, at surface and bh = bottom hole, at deepest point of well
Depth = 2.6 km
𝒃𝒉
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Pressure vs. Depth
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Figure 5-2 Pressure profile in production well at varying reservoir temperature. Solid
lines are production well pressure profiles at reservoir pressure (a) 240 bar and (b) 300 bar
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Temperature vs. Depth
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Figure 5-3 Temperature profile in the production well at varying reservoir temperature.
Solid lines are production well temperature profiles at reservoir pressure (a) 240 bar and (b) 300
bar
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Pressure vs. Depth
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Figure 5-4 Pressure(a) and temperature(b) profile in the injection and production wells
with extended length of injection well to 3.6 km of depth
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5.3 Direct CO2 Turbine
Streams of CO2 produced from all production wells are gathered and sent to a direct CO2
turbine. The total mass flow rate entering the CO2 turbine in this study is kept constant at 612 kg/s.
The density and compressibility of CO2 changes significantly at high pressure and temperature,
which results in a change in power generated for a given pressure drop at varying turbine inlet
pressure. The direct CO2 turbine simulated in this study is a polytropic turbine with an efficiency
of 0.65. The simulation results of power generated by the direct CO2 turbine are shown in the
following table.
The direct turbine power generation is used to discharge supercritical CO2 at an injection
pressure of 150 bar. Even though discharging at 150 bar significantly decreases the turbine’s power
generation efficiency, the discharge pressure is sufficient for reinjection, and eliminates the need
for recompression of the 612 kg/s of CO2 produced.

Table 5-5 Power generation from direct CO2 turbine at different pressure
Mass Flow
Rate
kg/s
612
612
612
612
612
612
612
612
612

CO2 Turbine
Turbine Inlet
Inlet Turbine Outlet
Pressure
Temp
Pressure
bar
C
bar
41
186
25
41
186
35
40
186
35
241
133
150
230
122
150
215
108
150
199
95
150
184
84
150
172
76
150

Outlet
Temp
C
122
165
168
91
86
81
76
71
68

Turbine
Output
MW
35.7
12.0
10.2
21.0
17.6
13.5
9.6
6.3
3.9

5.4 Darajat Reservoir Parallel Fracture Model Analysis
Calculation results for the Darajat reservoir are based on a parallel fracture model. The
steps and equations used for calculating some of the values in Table 5-6 are listed in the
methodology chapter. These values are for lumped parameter analysis to obtain the thermal
degradation of the geothermal rock formation as energy is continuously extracted in an EGS
system. This method is used to calculate temperature changes in a smaller reservoir with shorter
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fracture spacing rather than a larger reservoir with longer fracture spacing. Reservoir 1 has a height
in the z-direction of 15 m and a fracture spacing of 5m. Reservoir 2 has a height of 1000 m and a
fracture spacing 10 m. In both cases, the mass flow rate, permeability, initial rock temperature, and
initial fluid temperature are 68 kg/s, 100mD, 200°C, and 141°C, respectively. Reservoir 1 has a
volume of 1500mx600mx15m.
Lumped parameter analysis calculates the overall heat transfer coefficient, based on the
geometry of the parallel fracture model. The Biot number is much smaller than one (<< 1) so that
a lumped parameter analysis is a valid method for calculating the cooldown of the rock formation
with a continuous, 141°C fluid flow. As plotted in Figure 5-5, the reservoir initially has a uniform
temperature of 200°C, and then cools down to 165°C after 25 years. The cooling down of the rock
formation is based on a constant surface rock temperature cooled by the flow of supercritical CO2
at 141°C. The CO2 flows along the positive z-direction over the height of the fracture, which is 15
m for the natural Darajat reservoir. Because of Darajat’s small fracture spacing, the flow of CO2 is
for each fracture is lesser than it would be for a reservoir with a larger fracture spacing. The contact
area for heat transfer in the Darajat reservoir is also small because the height is only 15 m.

Time Analysis of Rock Temperature
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Figure 5-5 Rock temperature degradation of natural Darajat field calculated using lumped
parameter analysis
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Table 5-6 Calculation variables and values for Darajat model based on parallel fracture model
Description
Stimulated Rock
Volume

Permeability
Fracture Spacing
Porosity
Void Volume
Number of fracture
Each Fracture Vol
Fracture Dimension

Wetted Area &
Perimeter
Mass Flow
CO2 at 141 °C and
24 MPa

Rayleigh #
Nusselt #
Heat Transfer Coeff
Heat Transfer Area
Overall Heat Coeff
Overall U
Biot #

Variable (Unit)
Volume_R (km3)
L_R (km)
W_R (km)
H_R (km)
(mD)
(m)
𝑉𝑜𝑙𝑣 (m3)
#
𝑉𝑜𝑙𝑓 (m3)
Fracture Width W (m)
L (m)
H (m)
𝐴𝑐 (m2)
P (m)
𝐷𝐻 (m)
mf (kg/s)
𝜇(kg/m/s)
𝑅𝑒𝐷
𝑘 (W/m-K)
𝐶𝑝 (J/kg-K)
Pr
𝛽 (K-1)
𝜌 (kg/m3)
𝑣𝑓 (m2/s)
Ra
Nu
ℎ (W/m-K)
𝐴ℎ (m2)
𝑈 ∗ 𝐴ℎ (W/K)
𝑈 (W/m2-K)
Bi

Reservoir 1 Value
0.0135
1.5
0.6
0.015
100
5
3.63E-05
491
200
2
0.000182
1500
9
0.00164
18
0.000363417
68
3.50E-05
431,997
0.05106
1824
1.2493
0.0082
570
8.3 E-08
0.002
0.00006
0.00902
27000.55
129.30
0.00479
0.000000696148
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5.5 Organic Rankine Cycle Analysis
The results of the Organic Rankine Cycle Analysis for all refrigerants simulated in the
binary power plant are shown in the following table. The Organic Rankine Cycle for each working
fluid is designed to optimize the utilization of a geofluid heat exchanger at each state. The most
important parameters considered in this design are pinch point temperature on heat exchangers,
turbine discharge pressure, and working fluid mass flow rate. Multiple cases are simulated by
varying the use of a recuperator, preheater, and a high pressure turbine. The ORC types initially
simulated are the ORC with recuperator, ORC with preheater, ORC with both recuperator and
preheater, and basic organic rankine cycle. In all successful simulations, the ORC type with both
recuperator and preheater yields the highest power. Therefore, in all ORC results reported in this
study, the hot working fluid from the turbine exchanges heat with a cold pumped working fluid and
absorbs additional heat from the lower temperature geofluid. Results for power generation from
various working fluids are summarized in Table 5-7 and Table 5-8.
Table 5-7 Power generated from CO2 turbine and power input for CO2 compressor
Turbine Inlet
Pressure
bar

Turbine Outlet
Pressure
bar

Turbine
Output
MW

Compressor
Input
MW

168

150

3.817

-17.375

Table 5-8 Power generated from ORC with different working fluid
Working
fluid

Turbine Inlet
Pressure

Reinjection
Temperature

Turbine
output

Mass Flow
Rate

Turbine Outlet
Pressure

Net Work
ORC

Total Power with
CO2 Turbine

Isobutane
N-butane
R134a
R245fa

bar
19
15
30
15

C
100
100
100
100

MW
16.790
10.437
9.692
9.279

kg/s
215
140
300
285

bar
1.7
1.7
5
1.7

MW
15.167
9.979
8.825
8.883

MW
1.609
-3.579
-4.733
-4.675

Overall, power generation of the CO2-Darajat geothermal system does not contribute to the
existing power supply in Indonesia. The use of isobutane in a binary power plant yields the most
ORC power output among all working fluids studied.
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5.6 Net Power Generation Analysis
Power generation results from ASPEN Plus® are electric. Parasitic loss from pumps in the
Organic Rankine Cycle, the circulation pumps, and the compressors, are subtracted from the power
generated by both the combined cycle and binary power plants to obtain net power generated. The
direct CO2 turbine is a single unit power generator which does not have operating parasitic loss.
However, to maintain the circulation of CO2 and avoiding recompression, the CO2 turbine
discharge pressure is set for 150 bar. Other smaller, secondary power losses are not considered in
this study.

Case 1: Utilization of CO2 in the Darajat natural reservoir
The power required for the compression of CO2 from 14 bar to 150 bar is 17.4 MW for an
input flow rate of 68 kg/s CO2. The power generated by the CO2 turbine with a CO2 flow rate of
612 kg/s, is 3.2 MW with a turbine efficiency of 0.65. The turbine inlet pressure Phigh is 168 bar at
a temperature of 153°C and a discharge pressure (Plow) of 150 bar. The power generated by the
ORC plant using isobutane as a working fluid at a flow rate of 206 kg/s is 14.5 MW. The turbine
inlet pressure (Phigh) is 19 bar while discharging at a pressure (Plow) of 1.7 bar. The CO2 reinjection
temperature (Tlow) and pressure are 100°C and 150 bar respectively.

Case 2: Utilization in Darajat-Enhanced Geothermal System with extended well and fracture
spacing 50m
The power required for the compression of CO2 from 14 bar to 150 bar is 17.4 MW for an
input flow rate of 68 kg/s CO2. The power generated by the CO2 turbine with a flow rate of 612
kg/s is 11.7 MW, with a turbine efficiency of 0.65. The turbine inlet pressure (Phigh) is 214 bar at a
temperature of 207°C, and the discharge pressure (Plow) is 150 bar. The power generated by the
ORC plant using isobutane as a working fluid at a flow rate of 341 kg/s is 24 MW. The turbine inlet
pressure (Phigh) is 19 bar while discharging at a pressure (Plow) of 1.7 bar. The CO2 reinjection
temperature (Tlow) and pressure are 100°C and 150 bar respectively.
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To demonstrate a basic energy balance analysis in the CO2-geothermal heat extraction, a
simple Sankey diagram is produced, showing the major energy flow of geothermal energy from the
output of production well. However, it is important to keep in mind that only a small fraction of
energy beneath the ground is transferred to the geofluid, while approximately 90% is reserved in
the rock. A basic energy flow analysis is used for the energy extracted from the geothermal well.
Energy represented in the Sankey diagram as shown is a general representation of the following
streams:
•

From total energy contained in the supercritical CO2 output from the production well, the
largest portion is reinjected in the form of lower temperature CO2

•

The produced power is solely power that is generated by the CO2 turbine and the ORC, not
taking into consideration the dissipated loss from compression

•

There is some wasted heat rejected during the condensation of the working fluid in the
ORC

•

The ORC working fluid contains some initial energy which is then increased to facilitate
power generation, and then circulated.

Figure 5-6 Simple Sankey diagram of energy balance from production well output
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5.7 Power Generation Time Analysis
Over a 25-year lifetime, thermal drawdown occurs at rate dependent upon the initial
temperature, fracture spacing, and permeability. These were calculated using a lumped parameter
analysis of heat transfer in intervals of 1/12 years. Injection goes along with the concept of
stimulating fluid recharge to mitigate reservoir pressure decline, which affects well productivity.
The goal is to create a sustainable reservoir for continuous power generation. Fluid injection that
is too large or too cold can quench the reservoir and immediately diminish the energy source. The
strategy to maintain productivity may involve interval shut-ins on several wells at a time to allow
pressure and temperature buildup.

The following tables summarize net required power input for compression of the CO2 input
from the IGCC, power generated by direct CO2 turbine, power generated by geothermal
binary power plant, and power required to pump the working fluid in the binary cycle.
Table 5-9 summarizes net power generation at initial production, after 1.1 years, 2.7 years,

and 5.4 years of continuous injection and production in the natural Darajat reservoir.

Table 5-10 summarizes net power generation over time for continuous injection and
production in the Darajat-Enhanced Geothermal system. Net power is positive up to approximately
15 years for a 9x108 m3 reservoir, 50 m fracture spacing, and 3.6 km depth.

Table 5-9 Time analysis for power generation at reservoir with 1.35x107 m3 volume 5 m fracture
spacing, and 2.6 km injection depth
Injection well at 2.6 km depth, reservoir P = 249 bar, T = 200°C
5m spacing, 15m height
Year

TD

Tf,o (°C)

T at
surface

T after
Turbine

P Inlet
Turbine

P_CO2
Turbine

P_ORC

ORC mass
flow rate

Net
Power

0

1

190

153

143

168

3.187

14.496

206

0.307

1.1

0.35

161

121

117

158

1.152

7.507

107

-8.717

2.7

0.2

152

111

109

153

0.483

3.794

54

-13.099

5.4

0.12

147.2

106

105

151

0.119

2.248

32

-15.009
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Table 5-10 Time analysis for power generation at a reservoir with 9x108 m3 volume, 50 m
fracture spacing, and 3.6 km injection depth
Injection well extended, reservoir P = 295 bar, T = 240°C
50m spacing, 1000m height
Year

TD

Tf,o (°C)

T at
surface

T after
Turbine

P Inlet
Turbine

P_CO2
Turbine

ORC mass Net
P_ORC flow rate Power

0

1

240

207

177

214

11.676

23.988

341

18.288

2.7

1

240

207

177

214

11.676

23.988

341

18.288

5.4

0.9

231.3

198

169

212

10.964

21.826

310

15.414

10.8

0.7

213.9

179

153

207

9.498

17.352

247

9.474

13.5

0.45

192.15

156

133

200

7.583

12.056

171

2.263

16.2

0.3

179.1

142

121

195

6.388

7.508

107

-3.48

18.9

0.1

161.7

124

107

186

4.743

2.535

36

-10.098

27

0

153

114

100

181

3.903

0

0

-13.473
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Conclusions
It is found that at depth larger than 2.6 km and injection pressure larger than 55 bar in
Darajat natural reservoir, the CO2 will be at supercritical phase (Pc=73.8 bar, Tc=33 C) at the bottom
hole of adiabatic wells. At 55 bar injection pressure, the pressure outlet of production well is
approximately the same at 55 bar which can potentially eliminate the need for recompression.
Injection at supercritical phase is therefore more advantageous than at subcritical phase especially
for power generation using direct CO2 turbine.
At larger depth, there is larger pressure increase between CO2 injected and CO2 at
production well output. The larger pressure difference allows more power generated from direct
CO2 turbine while still reinjecting the CO2 without re-compression. When the total pressure
difference is larger than zero, Δ𝑃𝑡𝑜𝑡𝑎𝑙 > 0 such as in Darajat-EGS case, the power generation
through direct turbine is feasible. At the situation where Δ𝑃𝑡𝑜𝑡𝑎𝑙 is positive, the only compressor
needed is at the continuous CO2 input station which receives the CO2 from IGCC. The need for
compressor for recirculation can be eliminated while compressor is always needed for CO2 input
from IGCC.
Studying CO2-EGS in Darajat vapor-dominated geothermal system is found to be
appropriate as the viscosity of CO2 is more similar to steam than water in a water-dominated
reservoir. Therefore, the naturally permeable reservoir Darajat is a conducive site for the study of
supercritical CO2 as heat transfer medium. However, power generated with CO2-EGS system in
Darajat cannot directly be compared with current production of Darajat geothermal power plant.
The mass of supercritical CO2 produced in this study was determined by the availability of CO2
from IGCC for circulation, while the amount of steam currently produced is significantly higher in
Darajat steam power plant. To maximize the productivity of wells, higher injection flow rate may
still be plausible by adding more CO2 sources.
For CO2 injection of 680 kg/s at the existing wells of Darajat geothermal power plant,
power generation is not sustainable due to the small volume of reservoir. Injection depth at 3.6 km
is more advantageous for power generation than at 2.6 km in Darajat geothermal system. For
injection into the existing Darajat reservoir with 5m fracture spacing, 15m reservoir height and 2.6
km depth, power generation is not plausible. For injection into a Darajat-EGS reservoir with 50m
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fracture spacing, 1000m height and 3.6 km injection depth, power generation is feasible at 18.3
MW with 15 years lifetime.
The behavior of supercritical CO2 is found to have an effect on temperature pressure
changes in the adiabatic wells. An increase of 10°C for the CO2 injection well input results in an
increases in power generation through direct turbine and increases ORC power generation. The
increase of supercritical CO2 injection pressure at the same reservoir temperature does not affect
the ORC power generation but increases CO2 direct turbine power generation. There is potentially
18 MW power generation from Darajat-Enhanced Geothermal System with approximately 15 years
lifetime at decreasing net power generation. Overall, this simulation study reflects the
thermodynamic behavior of a supercritical CO2-geothermal power plant.

6.1 Future Work and Recommendations
To follow this work, the economic feasibility need to be analyzed taking into consideration
the all CO2 capture systems, heat exchangers, condenser, and compressor models because these are
several of the most cost-sensitive units in this system.
At steep slopes, exists pressure drop from wells to gathering system. Supercritical CO2
turbine is sensitive to pressure, power generation simulation should take this into consideration.
Studying the impact continuous sequestration on geothermal system that may have effects on power
generation would also be beneficial.
This simulation is limited in input data and can be improved in reliability by using real data
for CO2 utilization in a power plant system similar to Darajat. The reservoir analysis has a lot of
room for improvement, to design a reservoir model for Darajat. The change of CO2 behavior within
the reservoir would affect the power generation lifetime analysis, as the power plant would need to
be designed for robustness and flexibility of changing pressure and temperature. The working fluid
in the binary power plant would then be affected by the CO2 at the pinch point. These effects can
be studied further with a more sophisticated semi-analytical reservoir simulation. In-depth
modeling of Darajat reservoir for potential Darajat-Enhanced Geothermal System to obtain
accurate production well outlet temperature.
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Appendix
Aspen Plus® Input Summary
Appendix A. ASPEN Plus® Input Summary for Circulation
;Input Summary created by Aspen Plus Rel. 35.0 at 11:08:34 Fri Apr 7,
2017
;Directory
Filename C:\Users\fmp5037\AppData\Local\Temp\~apad25.txt
;
DYNAMICS
DYNAMICS RESULTS=ON
IN-UNITS MET PRESSURE=bar TEMPERATURE=C DELTA-T=C PDROP=bar
INVERSE-PRES='1/bar' SHORT-LENGTH=mm

&

DEF-STREAMS CONVEN ALL
MODEL-OPTION
DATABANKS 'APV90 PURE35' / 'APV90 AQUEOUS' / 'APV90 SOLIDS' /
'APV90 INORGANIC' / 'APEOSV90 AP-EOS' / &
'NISTV90 NIST-TRC' / NOASPENPCD

&

PROP-SOURCES 'APV90 PURE35' / 'APV90 AQUEOUS' / 'APV90 SOLIDS' &
/ 'APV90 INORGANIC' / 'APEOSV90 AP-EOS' / &
'NISTV90 NIST-TRC'
COMPONENTS
CO2 CO2 /
H2O H2O /
H2 H2 /
O2 O2 /
N2 N2 /
AR AR /
S2 S2 /
2:2-D-01 C5H12-3
SOLVE
RUN-MODE MODE=SIM
FLOWSHEET
BLOCK
BLOCK
BLOCK
BLOCK
BLOCK
BLOCK
BLOCK
BLOCK
BLOCK
BLOCK
BLOCK
BLOCK
BLOCK
BLOCK
BLOCK

DRJ1 IN=TOINJECT OUT=2
DRJ2 IN=2 OUT=3
DRJ3 IN=3 OUT=4-TORES
COMP IN=CO2-IGCC OUT=COMP-OUT W-COMP
MIX IN=CO2-COMP S4 OUT=TOINJECT
COMPRESS IN=S10 OUT=S1 W-COMP2
STORAGE IN=4-TORES OUT=RES-IN TO-SEQ
DRJ1-UP IN=S8 OUT=S12
DRJ2-UP IN=S3 OUT=S8
DRJ3-UP IN=RES-OUT OUT=S3
RESRVOIR IN=RES-IN OUT=RES-OUT
CO2TURB IN=TURB-IN OUT=TURB-OUT WTURB
ORC IN=TURB-OUT OUT=S10
WMIX IN=W-COMP WTURB W-COMP2 OUT=WTOT
DISTRIB IN=S1 OUT=S4
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BLOCK GATHER IN=S12 OUT=TURB-IN
BLOCK DISTR-A IN=COMP-OUT OUT=CO2-COMP
PROPERTIES PENG-ROB
PROPERTIES BWRS / ELECNRTL / IDEAL / REFPROP
PROP-DATA BWRAIJ-1
IN-UNITS MET PRESSURE=bar TEMPERATURE=C DELTA-T=C PDROP=bar
INVERSE-PRES='1/bar' SHORT-LENGTH=mm
PROP-LIST BWRAIJ
BPVAL CO2 N2 0.0
BPVAL N2 CO2 0.0
PROP-DATA HOCETA-1
IN-UNITS MET PRESSURE=bar TEMPERATURE=C DELTA-T=C PDROP=bar
INVERSE-PRES='1/bar' SHORT-LENGTH=mm
PROP-LIST HOCETA
BPVAL CO2 CO2 .1600000000
BPVAL CO2 H2O .3000000000
BPVAL H2O CO2 .3000000000
BPVAL H2O H2O 1.700000000

&

&

PROP-DATA NRTL-1
IN-UNITS MET PRESSURE=bar TEMPERATURE=C DELTA-T=C PDROP=bar &
INVERSE-PRES='1/bar' SHORT-LENGTH=mm
PROP-LIST NRTL
BPVAL CO2 H2O 10.06400000 -3268.135000 .2000000000 0.0 0.0 &
0.0 0.0 200.0000000
BPVAL H2O CO2 10.06400000 -3268.135000 .2000000000 0.0 0.0 &
0.0 0.0 200.0000000
PROP-DATA PRKBV-1
IN-UNITS MET PRESSURE=bar TEMPERATURE=C DELTA-T=C PDROP=bar
INVERSE-PRES='1/bar' SHORT-LENGTH=mm
PROP-LIST PRKBV
BPVAL CO2 H2O .1200000000 0.0 0.0 -273.1500000 726.8500000
BPVAL H2O CO2 .1200000000 0.0 0.0 -273.1500000 726.8500000
BPVAL CO2 H2 -.1622000000 0.0 0.0 -273.1500000 726.8500000
BPVAL H2 CO2 -.1622000000 0.0 0.0 -273.1500000 726.8500000
BPVAL CO2 N2 -.0170000000 0.0 0.0 -273.1500000 726.8500000
BPVAL N2 CO2 -.0170000000 0.0 0.0 -273.1500000 726.8500000
BPVAL H2 N2 .1030000000 0.0 0.0 -273.1500000 726.8500000
BPVAL N2 H2 .1030000000 0.0 0.0 -273.1500000 726.8500000
BPVAL O2 N2 -.0119000000 0.0 0.0 -273.1500000 726.8500000
BPVAL N2 O2 -.0119000000 0.0 0.0 -273.1500000 726.8500000
BPVAL O2 AR .0104000000 0.0 0.0 -273.1500000 726.8500000
BPVAL AR O2 .0104000000 0.0 0.0 -273.1500000 726.8500000
BPVAL N2 AR -2.6000000E-3 0.0 0.0 -273.1500000 726.8500000
BPVAL AR N2 -2.6000000E-3 0.0 0.0 -273.1500000 726.8500000
STREAM CO2-IGCC
SUBSTREAM MIXED TEMP=30. PRES=200. <psia>
MASS-FLOW=68. <kg/sec>
MASS-FRAC CO2 1.

&

STREAM S1
SUBSTREAM MIXED PRES=52. VFRAC=0. MASS-FLOW=49.14 <kg/sec>
MASS-FRAC CO2 1.
STREAM TOINJECT
DEF-STREAMS WORK W-COMP

&
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DEF-STREAMS WORK W-COMP2
DEF-STREAMS WORK WTOT
DEF-STREAMS WORK WTURB
BLOCK MIX MIXER
PARAM MAXIT=50
BLOCK WMIX MIXER
BLOCK STORAGE FSPLIT
FRAC TO-SEQ 0.1
BLOCK ORC HEATER
PARAM TEMP=120. PRES=150. DPPARMOPT=NO
BLOCK RESRVOIR HEATER
PARAM TEMP=190. PRES=-1. NPHASE=2 DPPARMOPT=NO
PROPERTIES REFPROP FREE-WATER=STEAM-TA SOLU-WATER=3
TRUE-COMPS=YES
BLOCK-OPTION FREE-WATER=NO

&

BLOCK CO2TURB COMPR
PARAM TYPE=ISENTROPIC PRES=150. SB-MAXIT=30 SB-TOL=0.0001
MODEL-TYPE=TURBINE
PROPERTIES REFPROP FREE-WATER=STEAM-TA SOLU-WATER=3 &
TRUE-COMPS=YES
BLOCK COMP MCOMPR
PARAM NSTAGE=2 TYPE=ASME-POLYTROPIC SB-MAXIT=30
SB-TOL=0.0001
FEEDS CO2-IGCC 1
PRODUCTS COMP-OUT 2 / W-COMP GLOBAL
COMPR-SPECS 2 PRES=150. / 1 PRES=75.
COOLER-SPECS 2 TEMP=100. / 1 DUTY=0.
BLOCK COMPRESS MCOMPR
PARAM NSTAGE=1 TYPE=ASME-POLYTROPIC SB-MAXIT=30
SB-TOL=0.0001
FEEDS S10 1
PRODUCTS S1 1 / W-COMP2 GLOBAL
COMPR-SPECS 1 PRES=75.
COOLER-SPECS 1 TEMP=100.

&

&

BLOCK DISTR-A MULT
PARAM FACTOR=0.1
BLOCK DISTRIB MULT
PARAM FACTOR=0.1
BLOCK GATHER MULT
PARAM FACTOR=10.
BLOCK DRJ1 PIPE
PARAM LENGTH=3350.5 <ft> ELEVATION=-3350.5 <ft> &
IN-DIAM=13.375 <in> NPHASE=2
METHODS TYPE=ADIABATIC
PROPERTIES REFPROP FREE-WATER=STEAM-TA SOLU-WATER=3
TRUE-COMPS=YES
BLOCK-OPTION FREE-WATER=NO

&

&
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BLOCK DRJ1-UP PIPE
PARAM LENGTH=3350.5 <ft> ELEVATION=3350.5 <ft> &
IN-DIAM=13.375 <in> NPHASE=1 PHASE=V
METHODS TYPE=ADIABATIC
PROPERTIES REFPROP FREE-WATER=STEAM-TA SOLU-WATER=3
TRUE-COMPS=YES
BLOCK-OPTION FREE-WATER=NO
BLOCK DRJ2 PIPE
PARAM LENGTH=3521.5 <ft> ELEVATION=-3521.5 <ft> &
IN-DIAM=12.25 <in> NPHASE=1 PHASE=V
METHODS TYPE=ADIABATIC
PROPERTIES REFPROP FREE-WATER=STEAM-TA SOLU-WATER=3
TRUE-COMPS=YES
BLOCK-OPTION FREE-WATER=NO
BLOCK DRJ2-UP PIPE
PARAM LENGTH=3521.5 <ft> ELEVATION=3521.5 <ft> &
IN-DIAM=12.25 <in> NPHASE=1 PHASE=V
METHODS TYPE=ADIABATIC
PROPERTIES REFPROP FREE-WATER=STEAM-TA SOLU-WATER=3
TRUE-COMPS=YES
BLOCK-OPTION FREE-WATER=NO

&

&

&

BLOCK DRJ3 PIPE
PARAM LENGTH=1868. <ft> ELEVATION=-1868. <ft> IN-DIAM=8.5 <in>
NPHASE=1 PHASE=V
METHODS TYPE=ADIABATIC
PROPERTIES REFPROP FREE-WATER=STEAM-TA SOLU-WATER=3 &
TRUE-COMPS=YES
BLOCK-OPTION FREE-WATER=NO
BLOCK DRJ3-UP PIPE
PARAM LENGTH=1868. <ft> ELEVATION=1868. <ft> IN-DIAM=8.5 <in>
NPHASE=1 PHASE=V
METHODS TYPE=ADIABATIC FRIC-DOWNHIL=BEGGS-BRILL
PROPERTIES REFPROP FREE-WATER=STEAM-TA SOLU-WATER=3 &
TRUE-COMPS=YES
BLOCK-OPTION FREE-WATER=NO
DESIGN-SPEC T-200
DEFINE TEMPINIT STREAM-VAR STREAM=TOINJECT SUBSTREAM=MIXED
VARIABLE=TEMP UOM="C"
SPEC "TEMPINIT" TO "200"
TOL-SPEC "0.001"
VARY STREAM-VAR STREAM=CO2-IGCC SUBSTREAM=MIXED &
VARIABLE=TEMP UOM="C"
LIMITS "0" "400"
EO-CONV-OPTI
SENSITIVITY S-1
DEFINE DRJ1UPT STREAM-VAR STREAM=S12 SUBSTREAM=MIXED &
VARIABLE=TEMP UOM="C"
DEFINE DRJ1UPP STREAM-VAR STREAM=S12 SUBSTREAM=MIXED &
VARIABLE=PRES UOM="bar"
DEFINE DRJ2UPT STREAM-VAR STREAM=S8 SUBSTREAM=MIXED &
VARIABLE=TEMP UOM="C"
DEFINE DRJ2UPP STREAM-VAR STREAM=S8 SUBSTREAM=MIXED &
VARIABLE=PRES UOM="bar"
DEFINE DRJ3UPT STREAM-VAR STREAM=S3 SUBSTREAM=MIXED &
VARIABLE=TEMP UOM="C"
DEFINE DRJ3UPP STREAM-VAR STREAM=S3 SUBSTREAM=MIXED &

&

&

&
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VARIABLE=PRES UOM="bar"
DEFINE TURBW INFO-VAR INFO=WORK VARIABLE=POWER STREAM=WTURB &
UOM="kW"
DEFINE NETW INFO-VAR INFO=WORK VARIABLE=POWER STREAM=WTOT &
UOM="kW"
TABULATE 1 "DRJ1UPT" UNIT-LABEL="C"
TABULATE 2 "DRJ1UPP" UNIT-LABEL="BAR"
TABULATE 3 "DRJ2UPT" UNIT-LABEL="C"
TABULATE 4 "DRJ2UPP" UNIT-LABEL="BAR"
TABULATE 5 "DRJ3UPT" UNIT-LABEL="C"
TABULATE 6 "DRJ3UPP" UNIT-LABEL="BAR"
TABULATE 7 "TURBW" UNIT-LABEL="KW"
TABULATE 8 "NETW" UNIT-LABEL="KW"
VARY BLOCK-VAR BLOCK=RESRVOIR VARIABLE=TEMP SENTENCE=PARAM &
UOM="C" LABEL="RES-OUTT"
RANGE OPT-LIST=OLIST LIST=140. 150. 160. 170. 180. 190. &
200. 210. 220. 230. 240. 250. 260.
SENSITIVITY S-2
DEFINE DRJ3UPP STREAM-VAR STREAM=TURB-IN SUBSTREAM=MIXED &
VARIABLE=PRES UOM="bar"
DEFINE DRJ3UPT STREAM-VAR STREAM=TURB-IN SUBSTREAM=MIXED &
VARIABLE=TEMP UOM="C"
DEFINE TURBWORK INFO-VAR INFO=WORK VARIABLE=POWER &
STREAM=WTURB UOM="kW"
DEFINE NETWORK INFO-VAR INFO=WORK VARIABLE=POWER &
STREAM=WTOT UOM="kW"
DEFINE DRJ2UPP STREAM-VAR STREAM=S8 SUBSTREAM=MIXED &
VARIABLE=PRES UOM="bar"
DEFINE DRJ2UPT STREAM-VAR STREAM=S8 SUBSTREAM=MIXED &
VARIABLE=TEMP UOM="C"
DEFINE DRJ1UPP STREAM-VAR STREAM=S3 SUBSTREAM=MIXED &
VARIABLE=PRES UOM="bar"
DEFINE DRJ1UPT STREAM-VAR STREAM=S3 SUBSTREAM=MIXED &
VARIABLE=TEMP UOM="C"
DEFINE TURBOUTT STREAM-VAR STREAM=TURB-OUT SUBSTREAM=MIXED &
VARIABLE=TEMP UOM="C"
DEFINE TURBOUTP STREAM-VAR STREAM=TURB-OUT SUBSTREAM=MIXED &
VARIABLE=PRES UOM="bar"
TABULATE 1 "DRJ3UPP" COL-LABEL="DRJ3UPP" UNIT-LABEL="BAR"
TABULATE 2 "DRJ3UPT" COL-LABEL="DRJ3UPT" UNIT-LABEL="C"
TABULATE 3 "TURBWORK" COL-LABEL="TURBWORK" UNIT-LABEL="KW"
TABULATE 4 "NETWORK" COL-LABEL="NETWORK" UNIT-LABEL="KW"
TABULATE 5 "DRJ2UPP" COL-LABEL="DRJ2UPP" UNIT-LABEL="BAR"
TABULATE 6 "DRJ2UPT" COL-LABEL="DRJ2UPT" UNIT-LABEL="C"
TABULATE 7 "DRJ1UPP" COL-LABEL="DRJ1UPP" UNIT-LABEL="BAR"
TABULATE 8 "DRJ1UPT" COL-LABEL="DRJ1UPT" UNIT-LABEL="C"
TABULATE 9 "TURBOUTT" COL-LABEL="TURBOUTT" UNIT-LABEL="C"
TABULATE 10 "TURBOUTP" COL-LABEL="TURBOUTP" UNIT-LABEL="BAR"
VARY BLOCK-VAR BLOCK=RESRVOIR VARIABLE=PRES SENTENCE=PARAM &
UOM="bar" LABEL="PRESSURE" "BAR"
RANGE OPT-LIST=OLIST LIST=249. 245. 240. 235. 230. 225. &
220. 215.
VARY BLOCK-VAR BLOCK=RESRVOIR VARIABLE=TEMP SENTENCE=PARAM &
UOM="C"
RANGE OPT-LIST=OLIST LIST=200. 190. 180. 170. 160. 150.
TEAR
TEAR TOINJECT
CONVERGENCE CV-2 WEGSTEIN
TEAR S4
CONVERGENCE CV-1 DIRECT
TEAR TOINJECT
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STREAM-REPOR MOLEFLOW
PROPERTY-REP NOPARAM-PLUS
PROP-TABLE PTENV-1 PTENVELOPE
PROPERTIES PENG-ROB FREE-WATER=STEAM-TA SOLU-WATER=3
TRUE-COMPS=YES
STREAM S1
ENVELOPES VFRAC= 0. 1.
PARAM MAXPT=50 PINIT=10.
TABULATE
;

&
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Appendix B. ASPEN Plus® Input Summary for Binary Power Plant
;Input Summary created by Aspen Plus Rel. 35.0 at 11:12:22 Fri Apr 7,
2017
;Directory
Filename C:\Users\fmp5037\AppData\Local\Temp\~ap2707.txt
;
DYNAMICS
DYNAMICS RESULTS=ON
IN-UNITS MET PRESSURE=bar TEMPERATURE=C DELTA-T=C PDROP=bar
INVERSE-PRES='1/bar' SHORT-LENGTH=mm

&

DEF-STREAMS CONVEN ALL
MODEL-OPTION
DATABANKS 'APV90 PURE35' / 'APV90 AQUEOUS' / 'APV90 SOLIDS' /
'APV90 INORGANIC' / 'APEOSV90 AP-EOS' / &
'NISTV90 NIST-TRC' / NOASPENPCD

&

PROP-SOURCES 'APV90 PURE35' / 'APV90 AQUEOUS' / 'APV90 SOLIDS' &
/ 'APV90 INORGANIC' / 'APEOSV90 AP-EOS' / &
'NISTV90 NIST-TRC'
COMPONENTS
CO2 CO2 /
H2 H2 /
N2 N2 /
O2 O2 /
H2O H2O /
AR AR /
ISOBU-01 C4H10-2 /
PROPA-01 C3H8 /
N-BUT-01 C4H10-1 /
N-PEN-01 C5H12-1 /
1:1:1-01 C2H2F4 /
1:1:1-02 C3H3F5-D1
HENRY-COMPS HC-1 CO2 ISOBU-01
SOLVE
RUN-MODE MODE=SIM
FLOWSHEET
BLOCK
BLOCK
BLOCK
BLOCK
BLOCK
BLOCK
BLOCK
BLOCK
BLOCK
BLOCK
BLOCK

GEORES IN=WELL-PRO 3-LIQ OUT=WELL-PRE 4-MIX
TURB-HP IN=4-VAPOR OUT=5-HP WORK
RECUP IN=5-LP 1-LIQ-B OUT=6-LTVAP 2-HPA
CONDENS IN=6-LTVAP H2O-IN OUT=1-LIQ H2O-OUT
PUMP IN=1-LIQ OUT=1-LIQ-B PUMPWORK
MIXER IN=4-LIQ 2-IN OUT=3-LIQ
FLASH IN=4-MIX OUT=4-VAPOR 4-LIQ
WMIX IN=PUMPWORK WORK WORK2 OUT=NETW
GEOPRE IN=WELL-PRE 2-HPA OUT=WELL-INJ S1
TURB-LP IN=5-HP OUT=5-LP WORK2
B1 IN=S3 OUT=S2

PROPERTIES PENG-ROB
PROPERTIES REFPROP
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PROPERTIES PENG-ROB
PROPERTIES IDEAL / PSRK
PROP-DATA BWRKT-1
IN-UNITS MET PRESSURE=bar TEMPERATURE=C DELTA-T=C PDROP=bar
INVERSE-PRES='1/bar' SHORT-LENGTH=mm
PROP-LIST BWRKT
BPVAL CO2 H2 -.3993500000
BPVAL CO2 N2 -.0892100000
BPVAL CO2 H2O -.0795000000
BPVAL CO2 PROPA-01 .1514400000
BPVAL CO2 N-BUT-01 .1957800000
BPVAL CO2 N-PEN-01 .2207400000
BPVAL H2 N2 -.0837800000
BPVAL H2 H2O -.3556800000
BPVAL H2 CO2 -.3993500000
BPVAL H2 PROPA-01 -.2514400000
BPVAL H2 N-BUT-01 -.1459200000
BPVAL H2 N-PEN-01 -.0690000000
BPVAL N2 H2 -.0837800000
BPVAL N2 H2O -.3032300000
BPVAL N2 CO2 -.0892100000
BPVAL N2 PROPA-01 .1122100000
BPVAL N2 N-BUT-01 .0865300000
BPVAL H2O H2 -.3556800000
BPVAL H2O N2 -.3032300000
BPVAL H2O CO2 -.0795000000
BPVAL H2O N-BUT-01 .7402200000
BPVAL PROPA-01 H2 -.2514400000
BPVAL PROPA-01 N2 .1122100000
BPVAL PROPA-01 CO2 .1514400000
BPVAL N-BUT-01 H2 -.1459200000
BPVAL N-BUT-01 N2 .0865300000
BPVAL N-BUT-01 H2O .7402200000
BPVAL N-BUT-01 CO2 .1957800000
BPVAL N-PEN-01 H2 -.0690000000
BPVAL N-PEN-01 CO2 .2207400000
PROP-DATA BWRKV-1
IN-UNITS MET PRESSURE=bar TEMPERATURE=C DELTA-T=C PDROP=bar
INVERSE-PRES='1/bar' SHORT-LENGTH=mm
PROP-LIST BWRKV
BPVAL CO2 H2 .0156200000
BPVAL CO2 N2 -7.1500000E-3
BPVAL CO2 H2O .0605100000
BPVAL CO2 PROPA-01 -.0447300000
BPVAL CO2 N-BUT-01 -.0582800000
BPVAL CO2 N-PEN-01 -.0622200000
BPVAL H2 N2 -.0211600000
BPVAL H2 H2O .1535100000
BPVAL H2 CO2 .0156200000
BPVAL H2 PROPA-01 -.0689500000
BPVAL H2 N-BUT-01 -.0770100000
BPVAL H2 N-PEN-01 -.0870000000
BPVAL N2 H2 -.0211600000
BPVAL N2 H2O .1032000000
BPVAL N2 CO2 -7.1500000E-3
BPVAL N2 PROPA-01 -.0341000000
BPVAL N2 N-BUT-01 -.0766100000
BPVAL H2O H2 .1535100000
BPVAL H2O N2 .1032000000
BPVAL H2O CO2 .0605100000

&
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BPVAL
BPVAL
BPVAL
BPVAL
BPVAL
BPVAL
BPVAL
BPVAL
BPVAL
BPVAL

H2O N-BUT-01 .3183100000
PROPA-01 H2 -.0689500000
PROPA-01 N2 -.0341000000
PROPA-01 CO2 -.0447300000
N-BUT-01 H2 -.0770100000
N-BUT-01 N2 -.0766100000
N-BUT-01 H2O .3183100000
N-BUT-01 CO2 -.0582800000
N-PEN-01 H2 -.0870000000
N-PEN-01 CO2 -.0622200000

PROP-DATA HENRY-1
IN-UNITS MET PRESSURE=bar TEMPERATURE=C DELTA-T=C PDROP=bar
INVERSE-PRES='1/bar' SHORT-LENGTH=mm
PROP-LIST HENRY
BPVAL CO2 H2O 159.8650745 -8741.550000 -21.66900000 &
1.10259000E-3 -.1500000000 79.85000000 0.0
BPVAL ISOBU-01 H2O -96.09302546 2472.310000 17.36620000 0.0
4.850000000 69.85000000 0.0
BPVAL CO2 N-PEN-01 9.222674535 -1442.000000 0.0 0.0 &
25.00000000 40.00000000 0.0
BPVAL ISOBU-01 N-PEN-01 1.341274535 0.0 0.0 0.0 &
25.00000000 25.00000000 0.0
PROP-DATA PRKBV-1
IN-UNITS MET PRESSURE=bar TEMPERATURE=C DELTA-T=C PDROP=bar
INVERSE-PRES='1/bar' SHORT-LENGTH=mm
PROP-LIST PRKBV
BPVAL CO2 H2 -.1622000000 0.0 0.0 -273.1500000 726.8500000
BPVAL H2 CO2 -.1622000000 0.0 0.0 -273.1500000 726.8500000
BPVAL CO2 N2 -.0170000000 0.0 0.0 -273.1500000 726.8500000
BPVAL N2 CO2 -.0170000000 0.0 0.0 -273.1500000 726.8500000
BPVAL CO2 H2O .1200000000 0.0 0.0 -273.1500000 726.8500000
BPVAL H2O CO2 .1200000000 0.0 0.0 -273.1500000 726.8500000
BPVAL CO2 ISOBU-01 .1200000000 0.0 0.0 -273.1500000 &
726.8500000
BPVAL ISOBU-01 CO2 .1200000000 0.0 0.0 -273.1500000 &
726.8500000
BPVAL H2 N2 .1030000000 0.0 0.0 -273.1500000 726.8500000
BPVAL N2 H2 .1030000000 0.0 0.0 -273.1500000 726.8500000
BPVAL N2 O2 -.0119000000 0.0 0.0 -273.1500000 726.8500000
BPVAL O2 N2 -.0119000000 0.0 0.0 -273.1500000 726.8500000
BPVAL N2 AR -2.6000000E-3 0.0 0.0 -273.1500000 726.8500000
BPVAL AR N2 -2.6000000E-3 0.0 0.0 -273.1500000 726.8500000
BPVAL N2 ISOBU-01 .1033000000 0.0 0.0 -273.1500000 &
726.8500000
BPVAL ISOBU-01 N2 .1033000000 0.0 0.0 -273.1500000 &
726.8500000
BPVAL O2 AR .0104000000 0.0 0.0 -273.1500000 726.8500000
BPVAL AR O2 .0104000000 0.0 0.0 -273.1500000 726.8500000
BPVAL CO2 PROPA-01 .1241000000 0.0 0.0 -273.1500000 &
726.8500000
BPVAL PROPA-01 CO2 .1241000000 0.0 0.0 -273.1500000 &
726.8500000
BPVAL H2 PROPA-01 -.0833000000 0.0 0.0 -273.1500000 &
726.8500000
BPVAL PROPA-01 H2 -.0833000000 0.0 0.0 -273.1500000 &
726.8500000
BPVAL N2 PROPA-01 .0852000000 0.0 0.0 -273.1500000 &
726.8500000
BPVAL PROPA-01 N2 .0852000000 0.0 0.0 -273.1500000 &
726.8500000

&

&

&
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BPVAL ISOBU-01 PROPA-01 -7.8000000E-3 0.0 0.0 -273.1500000
726.8500000
BPVAL PROPA-01 ISOBU-01 -7.8000000E-3 0.0 0.0 -273.1500000
726.8500000
BPVAL CO2 N-BUT-01 .1333000000 0.0 0.0 -273.1500000 &
726.8500000
BPVAL N-BUT-01 CO2 .1333000000 0.0 0.0 -273.1500000 &
726.8500000
BPVAL H2 N-BUT-01 -.3970000000 0.0 0.0 -273.1500000 &
726.8500000
BPVAL N-BUT-01 H2 -.3970000000 0.0 0.0 -273.1500000 &
726.8500000
BPVAL N2 N-BUT-01 .0800000000 0.0 0.0 -273.1500000 &
726.8500000
BPVAL N-BUT-01 N2 .0800000000 0.0 0.0 -273.1500000 &
726.8500000
BPVAL ISOBU-01 N-BUT-01 -4.0000000E-4 0.0 0.0 -273.1500000
726.8500000
BPVAL N-BUT-01 ISOBU-01 -4.0000000E-4 0.0 0.0 -273.1500000
726.8500000
BPVAL PROPA-01 N-BUT-01 3.30000000E-3 0.0 0.0 -273.1500000
726.8500000
BPVAL N-BUT-01 PROPA-01 3.30000000E-3 0.0 0.0 -273.1500000
726.8500000
BPVAL CO2 N-PEN-01 .1222000000 0.0 0.0 -273.1500000 &
726.8500000
BPVAL N-PEN-01 CO2 .1222000000 0.0 0.0 -273.1500000 &
726.8500000
BPVAL N2 N-PEN-01 .1000000000 0.0 0.0 -273.1500000 &
726.8500000
BPVAL N-PEN-01 N2 .1000000000 0.0 0.0 -273.1500000 &
726.8500000
BPVAL PROPA-01 N-PEN-01 .0267000000 0.0 0.0 -273.1500000 &
726.8500000
BPVAL N-PEN-01 PROPA-01 .0267000000 0.0 0.0 -273.1500000 &
726.8500000
BPVAL N-BUT-01 N-PEN-01 .0174000000 0.0 0.0 -273.1500000 &
726.8500000
BPVAL N-PEN-01 N-BUT-01 .0174000000 0.0 0.0 -273.1500000 &
726.8500000
PROP-SET PS-1 H-M UNITS='J/kg' SUBSTREAM=MIXED PHASE=V L
STREAM 2-IN
SUBSTREAM MIXED PRES=19. VFRAC=0. MASS-FLOW=500. <kg/sec>
MASS-FRAC ISOBU-01 1.
STREAM H2O-IN
SUBSTREAM MIXED TEMP=0. PRES=1.000000000
MASS-FLOW=2000. <kg/sec>
MOLE-FRAC H2O 1.

&

STREAM S3
SUBSTREAM MIXED PRES=1.5 VFRAC=0. MASS-FLOW=215. <kg/sec>
MASS-FRAC ISOBU-01 1.
STREAM WELL-PRO
SUBSTREAM MIXED TEMP=143. PRES=150. MASS-FLOW=612. <kg/sec>
MASS-FRAC CO2 1.
DEF-STREAMS WORK NETW

&
&

&
&
&
&
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DEF-STREAMS WORK PUMPWORK
DEF-STREAMS WORK WORK
DEF-STREAMS WORK WORK2
BLOCK MIXER MIXER
PARAM
PROPERTIES REFPROP FREE-WATER=STEAM-TA SOLU-WATER=3
TRUE-COMPS=YES

&

BLOCK WMIX MIXER
BLOCK FLASH FLASH2
PARAM PRES=0.0 DUTY=0.0
BLOCK CONDENS HEATX
PARAM VFRAC-HOT=0. CALC-TYPE=DESIGN PRES-HOT=-0.2 &
U-OPTION=PHASE F-OPTION=CONSTANT CALC-METHOD=SHORTCUT
FEEDS HOT=6-LTVAP COLD=H2O-IN
OUTLETS-HOT 1-LIQ
OUTLETS-COLD H2O-OUT
HEAT-TR-COEF
PROPERTIES REFPROP FREE-WATER=STEAM-TA SOLU-WATER=3 &
TRUE-COMPS=YES / PENG-ROB FREE-WATER=STEAM-TA &
SOLU-WATER=3 TRUE-COMPS=YES
HOT-SIDE DP-OPTION=CONSTANT DPPARMOPT=NO
COLD-SIDE DP-OPTION=CONSTANT DPPARMOPT=NO
TQ-PARAM CURVE=YES
BLOCK GEOPRE HEATX
PARAM DECR-HOT=0. PRES-HOT=0.
FEEDS HOT=WELL-PRE COLD=2-HPA
OUTLETS-HOT WELL-INJ
OUTLETS-COLD S1
PROPERTIES REFPROP FREE-WATER=STEAM-TA SOLU-WATER=3
TRUE-COMPS=YES / REFPROP FREE-WATER=STEAM-TA &
SOLU-WATER=3 TRUE-COMPS=YES
HOT-SIDE DPPARMOPT=NO
COLD-SIDE DPPARMOPT=NO
TQ-PARAM CURVE=YES

&

BLOCK GEORES HEATX
PARAM DECR-HOT=43. CALC-TYPE=DESIGN PRES-HOT=0. &
U-OPTION=PHASE F-OPTION=CONSTANT CALC-METHOD=SHORTCUT
FEEDS HOT=WELL-PRO COLD=3-LIQ
OUTLETS-HOT WELL-PRE
OUTLETS-COLD 4-MIX
HEAT-TR-COEF
PROPERTIES REFPROP FREE-WATER=STEAM-TA SOLU-WATER=3 &
TRUE-COMPS=YES / REFPROP FREE-WATER=STEAM-TA &
SOLU-WATER=3 TRUE-COMPS=YES
HOT-SIDE DP-OPTION=CONSTANT DPPARMOPT=NO
COLD-SIDE DP-OPTION=CONSTANT DPPARMOPT=NO
TQ-PARAM CURVE=YES
BLOCK RECUP HEATX
PARAM DECR-HOT=8. CALC-TYPE=DESIGN U-OPTION=CONSTANT
F-OPTION=CONSTANT CALC-METHOD=SHORTCUT
FEEDS HOT=5-LP COLD=1-LIQ-B
OUTLETS-HOT 6-LTVAP
OUTLETS-COLD 2-HPA

&
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PROPERTIES REFPROP FREE-WATER=STEAM-TA SOLU-WATER=3
TRUE-COMPS=YES / REFPROP FREE-WATER=STEAM-TA &
SOLU-WATER=3 TRUE-COMPS=YES
HOT-SIDE DP-OPTION=CONSTANT DPPARMOPT=NO
COLD-SIDE DP-OPTION=CONSTANT DPPARMOPT=NO
TQ-PARAM CURVE=YES

&

BLOCK B1 PUMP
PARAM PRES=19. EFF=0.7
BLOCK PUMP PUMP
PARAM PRES=19. EFF=0.7
PROPERTIES REFPROP FREE-WATER=STEAM-TA SOLU-WATER=3
TRUE-COMPS=YES
BLOCK TURB-HP COMPR
PARAM TYPE=ISENTROPIC PRES=15. SEFF=0.8 SB-MAXIT=30
SB-TOL=0.0001 MAXIT=50 MODEL-TYPE=TURBINE
PROPERTIES REFPROP FREE-WATER=STEAM-TA SOLU-WATER=3
TRUE-COMPS=YES
BLOCK-OPTION FREE-WATER=NO
BLOCK TURB-LP COMPR
PARAM TYPE=ISENTROPIC PRES=1.7 SEFF=0.8 SB-MAXIT=30
SB-TOL=0.0001 MODEL-TYPE=TURBINE
PROPERTIES REFPROP FREE-WATER=STEAM-TA SOLU-WATER=3
TRUE-COMPS=YES

&

&
&

&
&

EO-CONV-OPTI
SENSITIVITY S-1
DEFINE POWER INFO-VAR INFO=WORK VARIABLE=POWER STREAM=WORK
UOM="kW"
TABULATE 1 "POWER"
TABULATE 2 "1"
VARY STREAM-VAR STREAM=2-IN SUBSTREAM=MIXED &
VARIABLE=MASS-FLOW UOM="kg/sec"
RANGE OPT-LIST=RANGE LOWER="20" UPPER="40" INCR="1"
SENSITIVITY S-2
DEFINE TOUT STREAM-VAR STREAM=5-HP SUBSTREAM=MIXED &
VARIABLE=TEMP UOM="C"
TABULATE 1 "TOUT"
VARY BLOCK-VAR BLOCK=TURB-HP VARIABLE=PRES SENTENCE=PARAM
UOM="bar"
RANGE OPT-LIST=RANGE LOWER="1" UPPER="15" NPOINT="29"

&

&

CONV-OPTIONS
PARAM TEAR-VAR=YES
WEGSTEIN MAXIT=50
STREAM-REPOR MOLEFLOW
PROPERTY-REP PCES
PROP-TABLE PURE-1 PROPS
IN-UNITS MET PRESSURE=bar TEMPERATURE=C DELTA-T=C PDROP=bar
INVERSE-PRES='1/bar' SHORT-LENGTH=mm
MOLE-FLOW CO2 1
PROPERTIES REFPROP FREE-WATER=STEAM-TA SOLU-WATER=3 &
TRUE-COMPS=YES
VARY TEMP

&
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RANGE VARVALUE=RANGE LOWER=0 UPPER=200. NPOINT=100
VARY PRES
RANGE LIST=24.
PARAM
TABULATE PROPERTIES=PS-1
BALANCE B-1
M-BAL 1 INLETS=4-LIQ OUTLETS=3-LIQ
CALCULATE 3-LIQ
DISABLE
SENSITIVITY S-1 S-2
BALANCE B-1
;

