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ABSTRACT

Supercritical carbon dioxide (sCO,) power cycles have been studied for a wide range of energy
applications, including oxy-combustion, waste heat recovery, energy storage, and geothermal
power production. This work examines the impact of interstage cooling on a low-temperature
geothermal sCO, system with a 200 °C heat source. Two cycle architectures were analyzed: (1)
a simple non-recuperated cycle, and (2) a simple recuperated cycle. For each configuration, one
or two stages of intercooling were considered to assess impacts on net power output and
economic viability. Results show that introducing a single intercooling stage increased net power
output by approximately 5%, while two stages yielded an improvement of about 9% compared
to the baseline. These performance gains were achieved with minimal changes to overall capital
cost; however, cooling system performance itself had a significant effect, with potential variations
in cost on the order of 10-20%. Based on the combined performance and economic results, a
single stage of intercooling appears to offer the most practical balance, delivering a meaningful
efficiency gain without increasing capital costs, while also improving operational flexibility in
geothermal sCO, cycles.

INTRODUCTION

The U.S. is projected to increase its electricity consumption by 30-40% over the next two
decades according to the EIA [1]. In order to meet this demand renewable energy is expected
to increase by over 400% in that time span. To meet this rising demand, technologies such as
geothermal power need to increase dramatically.

Current geothermal power plants often operate for 20 or 30 years and are expected to provide
constant reliable renewable energy but require specific site conditions to make the projects
economically feasible. These systems often require easily accessible hot-water such as the
Beowawe Plant in Nevada [2] or steam such as The Geysers in California [3]. Recent advances
in new power cycles (such as supercritical carbon dioxide, sCO) and drilling techniques have
allowed for the performance potential of geothermal power plants over a much wider subsurface
and geographical range than the current state-of-the-art geothermal power plants. The most
common type of novel cycle is the ORC power cycle utilizing common fluids such as R-134a, R-
600, R-600a, etc. [4]. The problem is struggle with the large temperature variations between the
initial well conditions and the final temperatures at the end of the well life, as well as elevated



ambient temperatures resulting in significant reductions in the power output. To overcome these
limitations, alternative working fluids and cycle architecture are being investigated.

Supercritical carbon dioxide is another working fluid that has been explored for geothermal
systems that may be able to mitigate some of these concerns [8]. This paper investigates the
addition of inter-stage cooling on the impact of a geothermal power cycle in terms of both cost
and performance of the cycle. Cost correlations were taken from the literature for the capital
costs of the cycle.

MODEL DESCRIPTION

The system was modeled using NPSS [1] in conjunction with thermodynamic properties from
NIST Standard Reference Database 23 (REFPROP) [12]. Previous works have shown that
NPSS is able to accurately model sCO2 power cycles, energy storage systems and other cycles
accurately for closed cycle models [13]. Preliminary analysis indicated that its performance gains
were marginal compared to the recuperated cycle, and it added complexity without clear
economic advantage. This work focused on a model with five main process components to
extract power from a geothermal reservoir over time as shown in Figure 1.
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Figure 1. Process Flow Diagram of the Geothermal Cycle Model

The intercooled compressor (A) was modeled using a series of simple compressors with a
counterflow heat exchanger between each consecutive compressor stages with air as the
secondary fluid. The recuperator (B) and the primary heater (C) were modeled as a single
counter-flow heat exchanger each. The primary heater used water as the secondary fluid inside
the heat exchanger. The turbine (D) was modeled as a single expansion stage with a fixed
efficiency at the design point. The process cooler (E) was modeled as a counterflow heat
exchanger with air as the secondary fluid. Additional components including the gearboxes,
motor, generator and the fan power for the process cooler were included in the model. Table 1
shows the main assumptions of the model for the various components. The number of stages
for the compressor varied between 1-3 stages for all simulations.

Table 1. Key Component Assumptions for Cycle Model

Parameter Value

Geothermal Source Mass Flow 100 kg/s




Parameter Value
Compressor Isentropic Efficiency 84%
Turbine Isentropic Efficiency 92%
Primary Heater Approach Temperature 10°C
Recuperator Minimum Approach Temperature 5°C
Process Cooler Approach Temperature 5°C
Intercooler Approach Temperature 5°C
Motor Efficiency 95%
Generator Efficiency 95%
Gearbox Efficiency 98%
Dry Cooler COP 70

The process conditions were varied for all cycle configurations. The sCO2 flow rate varied
between 150-250 kg/s while the turbine inlet pressure varied between 120-250 bar. The
compressor inlet pressure was held constant at 80 bar for all simulations. An example of the
parameterized cycle sweeps can be seen in Figure 2. On the left, the mass flow is shown on the
x-axis while the pressure variation is displayed using the color scale (blue is lower pressures,
red is higher pressures). The right figure shows the turbine inlet pressure on the x-axis, and the

mass flow rate is shown via the color scale (blue is low mass flow rates, red is high mass flow
rates).
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Figure 2. Example of Gross Shaft Power Parameterized Sweeps

Geothermal cycles have large variations in their boundary conditions over the course of the
cycle. Four different sets of boundary conditions were modeled to represent the range of



geothermal source temperatures and boundary conditions. These four conditions represent the
expected operating range over a 20-30 year well lifetime, with 200°C representing initial
conditions and 145°C representing expected thermal degradation. Table 2 shows the boundary
conditions below.

Table 2. Geothermal Boundary Conditions

Case Number Case Ambient Temperature Source Temperature
1 Design Point 25°C 200°C
2 High Ambient Temperatures 50°C 200°C
3 Low Heat Source Temperature 25°C 145°C
4 Worst Conditions 50°C 145°C

The costs for the cycle were modeled from Weiland et al. [16]. The specific costs for each
component can be found in Table 3. Each component was scaled from these equations based
on the results from the cycle model. It should be noted that the Weiland Correlations were
originally for a natural gas oxy-fuel sCO2 cycle which is significantly hotter than the temperatures
found in a geothermal cycle. As such, the geothermal cycle costs would most likely be
conservative due to the lower temperatures. The compressor was modeled as a single body with
multiple stages. The intercoolers were modeled as individual heat exchangers due to the
pressure difference between each stage exit.

Table 3. Cost correlations for major components.
Specific cost correlations were taken from Weiland et al. [16].

Component Unit Equation Weiland Component
Compressor MWsh C = 1,230,000 - p9-3992 Radial IG Compressor
Turbine MWsh C = 406,200 - P08 Radial Turbine
Primary Heater MWth C = 632,900 - Q%6 Recuperator
Recuperator W/K C = 49.45 - UA®7544 Recuperator
Process Cooler W/K C =32.88-UA%7S Direct Air Cooler
Intercooler W/K C =32.88-UA%7S Direct Air Cooler
Generator MWe C = 108,900 - p0-5463 Generator
Motor MWe C = 399,400 - p0-6062 Motor
Gearbox MWsh C = 177,200 - p0-2434 Gearbox

RESULTS AND DISCUSSION

Different trade studies were undertaken to understand the costs and performance of the cycle.
The first trade study was to understand the impact of the different boundary conditions (Table 2)
on the ability of the system to produce power. The design point is able to produce over 6 MW of
net power regardless of the number of stages for the compressor at a compressor inlet
temperature of 30 °C. Figure 3 shows the gross shaft power for the different boundary conditions
and Figure 4 shows the net power. The sCO2 at the inlet is considered a supercritical liquid and
therefore does not have a significant temperature increase from the compressor which leads to



the interstage cooling having only a small impact on the results. When the ambient temperature
is significantly higher, the power is significantly reduced due to the elevated compression power
needed for the system. The interstage cooling is also shown to have a slightly negative impact
at elevated ambient conditions on the power output as the stage count increases due to the high
temperatures out of the compressor also allowing for a slightly higher flow rate of CO2 for all of
the results. The lower heat source temperature had a major impact on the results for the
recuperated cycle. With only a single stage, the lower heat source results in the recuperator
pinching the allowable expansion from 135C. With the addition of more stages and the lower
compressor outlet temperature, the system is able to produce almost 3MW of gross shaft power
and around 2.5 MW of electric power. The combination of the low heat source and elevated
ambient conditions resulted in the two-stage compressor barely having positive shaft power and
the three-stage system being less than 500 kW. Adding in the losses from the motor, gearbox,
generator and the dry air cooler, none of the systems were able to produce positive net power.
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Figure 3. Comparison of the gross shaft power for three different compressor stage counts at
different cycle conditions for a system without a recuperator.
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Figure 4. Comparison of the net power for three different compressor stage counts at different cycle
conditions for a system without a recuperator.

For the remaining sweeps, two different cycle points were analyzed to understand the power
output and costs of the surface equipment. The first point was the maximum net power output
of the cycle sweeps after all parasitic losses were accounted for. The second point was the
minimum specific capital costs of the entire system. The minimum specific capital costs were
calculated by dividing the net power output of the cycle by the total capital costs based on the
equations from Table 3. Figure 5 shows the maximum power output at the design point while
Figure 6 shows the net power output at the minimum specific capital costs. Minimizing the
specific costs resulted in a drop of around 1500 kW from the maximum gross shaft power and a
1000 kW from the net power output. Comparing end-of-life conditions, intercooled compression
produces approximately 4-5 times more power than single-stage compression.
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Figure 5. Comparison of the gross shaft power to the net power for a system that maximizes the net
power output at the design point



10000

8000
S 6000
=
o @ Gross Shaft Power
=

Net Power

S 4000 a

2000

Single Stage Two Stage Three Stage

Figure 6. Comparison of the gross shaft power to the net power for a system that minimizes specific
capital costs at the design point

The next trade study that was explored was the elimination of the recuperator from the cycle. As
noted previously, the recuperator can become a detriment to the cycle as the ambient
temperatures or the source temperature change. The impact on the net power was relatively
small as shown in Figure 7. Removing the recuperator resulted in a loss of 500 kW for the
intercooled systems while having almost no impact on the cycle without intercooling. For the
non-intercooled system, the temperature difference between the high- and low-pressure sides
of the heat exchanger become very small resulting on little heat being transferred from the fluid
after expansion. The addition of intercooling allows for a slight increase in the power output of
the cycle but not enough to justify the addition of an extra component to the costs.
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Figure 7. Impact of the recuperator on the net power output while maximizing the net power output
at the design point of the system.



When minimizing the costs, the recuperator adds around 700 kW to the net power output of the
cycle for all three configurations as shown in Figure 8.
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Figure 8. Impact of the recuperator on the net power output while minimizing the specific capital
costs at the design point of the system.

The specific capital costs of each component are shown in Figure 9 when the system is designed
to maximize the power output and Figure 10 for the minimal specific costs of the system. When
maximizing the net power, the specific costs of the system decrease initially when adding
intercooling to the system. This result is from the reduction in the primary heater needed for the
cycle and the recuperator increasing the heat recovered from the expanded process. The heater
decreases from a specific cost of $1500/kWe to less than $1000/kWe at the cost of additional
cooling. Since the intercoolers are modeled as individual heat exchangers, the costs increase
with the additional cooling outstrip the heater cost reductions for the three-stage compressor.
The minimal costs show that a single compression stage is ideal while the costs increase by
around $500/kWe for a three-stage compressor.
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Figure 9. Specific capital costs for the system while maximizing the net power output of the cycle.
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Figure 10. Minimum specific capital costs at the design point.

Adding the recuperator to the cycle was shown to result in around $400/kWe increase in the
costs despite the significant increase in the power output of the cycle as shown in Figure 11 and
Figure 12. The three main heat exchangers in the system are the cost, a combined $1700-2500
per kWe with the recuperator in place for the minimum cost cases but are reduced to $1200-
$1600 without the recuperator.
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Figure 11. Specific capital costs for the system while maximizing the net power output for cycle

without the recuperator.
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Figure 12. Minimum specific capital costs for the system for cycle without the recuperator.

CONCLUSIONS

A single stage of intercooling offers the best balance of efficiency, cost, and operational flexibility.
Inter-stage cooling has the potential to improve the performance of geothermal power cycles
and help minimize the fall-off in power production that results from the lower temperature outputs
near the end of the cycle. With the addition of one stage with intercooling between the stage, the
design point only had a slight increase in power production but by the end of the lifespan of the
well, it is assumed that the system could extract four times the amount of power from the same
source. Additionally, the recuperator, often a necessary component for sCO; power cycles, was
able to be removed, which had a moderate impact on the performance of the cycle. Cost



estimates were made based on correlations from the literature which show that costs for the
system are 10 to 20% higher with the addition of one or two stages compared to the results.
Future work aims to refine the costs of the sCO; cycle for geothermal applications and determine
if there is a feasible pathway to inter-stage cooling between compressor stages.
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