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ABSTRACT

Historically, power generation from two-phase and liquid-dominated geothermal resources has been confined to direct steam cycles and
binary cycles, respectively. Binary cycles tend to providea number of operational advantages over direct steam cycles, particularly with
regard tothe surface handling and reinjection of co-produced high Global Warming Potential non-condensable gases.

However, the design of geothermal power plants for two-phase resources is a demanding task; different technologies, plant configurations
and working fluids must be considered, and the optimum plant design is strongly dependent on the geofluid conditions and composition.
M oreover, the impact and cost of handling and reinjecting non-condensable gases must be accounted for.

This study investigates the thermodynamic and economic performance of novel binary ORC power plant configurations specifically for
two-phase geothermal resources to establish benchmarks against the more commonly adopted flash power plants. A parametric study on
the geofluid inlet conditions and NCG content, as well as considering different NCG handling scenarios is conducted to compare their
performance and define the optimum application envelope of the different technologies.

1. INTRODUCTION

Geothermal energy is an attractiveand versatile option for grid-scale renewable and dispatchable electricity and heat. Direct steam cycles
(DSCs) currently represent the majority of geothermal electricity generation capacity (3.67 GW in the US in 2021, representing 67.3% of
installed nameplate capacity (Robins et al., 2021)), however binary organic Rankine cycles (ORCs) have allowed the industry to exploit
lower enthalpy and otherwise uneconomic geothermal resources (DiPippo, 2016).

The presence of non-condensable gases (NCG) in the geofluid posesa particular challenge in the operation of direct steam cycle power
plants. This is because the re-pressurization to atmospheric pressure, as well as processing to remove harmful substances, like hydrogen
sulfide and mercury, to make them save to be vented to the atmosphere, is both energy -intensive and expensive. M oreover, carbon dioxide
and methane, common constituents of NCG, are potent greenhouse gases with high global warming potential and should ideally not be
released to the atmosphere, however the costs of reinjecting NCG are currently prohibitive.

On the other hand, binary ORCs could improve the exploitation of such NCG-rich geothermal resources, as the difference in geothermal
fluid pressure across the binary plant is negligible compared to direct steam cycle power plants. Additionally, binary ORCs also provide
several other operational advantages over direct steam cycles, such as smaller, cheaper, and more durable turbines as well as a closed loop
cycle configuration, which minimize contact of critical plant equipment with the potentially corrosive geofluid. In this respect, extending
theapplication envelope of ORCs is not only of commercial interest but also has the potential to accelerate geothermal energy utilization,
contributing to the decarbonization of the energy sector.

2. OBJECTIVES
This study aims to:

o Investigate the exploitation of two-phase geothermal resources using DSC and binary ORC power plants.
e Assess their thermodynamic and techno-economic performance for a range of inlet temperatures and vapor qualities.
e  Evaluate how the performance is impacted by the CO> content of the geofluid.

3. PLANT CONFIGURATIONS

Two geothermal power plant technologies are considered in this work: direct steam cycles and binary organic Rankine cycles. Irrespective
of the power plant technology, for s sound comparison, the system boundaries are defined as the production wellhead and the reinjection
facilities inlet. Unless otherwise specified, all geofluid streams are delivered to the reinjection facilities at a pressure equal to that at the
production wellhead (i.e., geofluid inlet pressure).
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3.1 Direct Steam Cycle

The hot geofluid is “flashed” (i.e., expanded via an expansion valve) to increase its vapor content and then passed through a separator to
split the liquid brine and vapor phases (Figure 1) into streams. The vapor is then expanded in a turbine connected to an electrical generator,
producing electricity, before being cooled in the condenser, yielding a water-rich condensate stream and an NCG-rich gas stream. The
brine and condensate streams are re-pressurized, by means of pumps, and sent to the reinjection facilities. Meanwhile, the NCG stream is
re-pressurized by means of acompressor and, depending on the scenario, either vented to the atmosphere or sent to the reinjection facilities.
Venting NCG to the atmosphere is evaluated as the reference case.

3.2 Binary Organic Rankine Cycle

The hot geofluid heats and evaporates a secondary high-pressure low-boiling point fluid (Figure 2), the cycle working fluid — typically a
hydrocarbon like n-butane or n-pentane or hydrofluorocarbon (HFC) as R134a or R245fa, although the latter are currently being phased
out due to concerns over their Ozone Depleting Potential. The resulting high-pressure vapor is expanded in a turbine which drives an
alternator, generating electricity. Theexpanded vapor is then condensed, re-pressurized and returned to the pre-heater. The cold geofluid
is re-pressurized and sent to the reinjection facilities. For the purposes of this study the working fluid is assumed to be n-butane.
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Figure 1 Geothermal DS C geothermal power plant. Figure 2 Geothermal binary ORC geothermal power plant

4. MODEL DESCRIPTION

To analyze the performance of these different power plant configurations, an optimization model of the geothermal power plant was
created:
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Figure 3 Architecture of the model usedto analyze the performance of direct steam cycle and binary ORCs.

4.1 Fluid Descriptions

The thermophysical properties of pure fluids, such as water (i.e., aproxy for geofluids without any NCG content) or n-butane in the binary
ORC power plant are modelled using the open-source thermophysical property modelling library CoolProp (Bell et al., 2014).

2
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The thermophysical properties of NCG-rich geofluids (assuming that NCG is 100% carbon dioxide) are modelled using a novel, yet to be
published, thermophysical property modelling framework, GeoProp. In essence, the phase partitioning (i.e. the amount and composition
of the equilibrium phases) is calculated viaa model by Spycher & Pruess (2009) and the thermophysical properties of the water-rich and
carbon dioxide-rich phases are then calculated using ThermoFun (Mironet al., 2021) and CoolProp respectively.

4.2 Thermodynamic Performance
Tomodel the two power plant configurations, models for the various plant components were defined.

4.2.1 Turbomachinery

The power output (turbine) or consumption (pumps, compressors) of the plant turbomachinery, W, is calculated through equation (1),
where m is the mass rate, while h;, and h,,, as well are the specific enthalpy of the fluid at the inlet and outlet of the component,
respectively. The outlet enthalpy h,,,, is computed with either equation (2) or (3), depending on the type of equipment. Essentially, an
isentropic expansion/compression is simulated down/up to kg, the isentropic outlet enthalpy, and then corrected using the corresponding
definition of the isentropic efficiency, 7;,.

W=m- (hin - hout) 1)
m _ hin = houe _ houe = hin
Turbine: PR AT ) Pump/Compressor:  Mispump/comp =3 "~ (3)

In the case of steam turbines, the Baumann Rule (Baumann, 1921; DiPippo, 2016) is used to correct 7;; ,,,,-, for the formation of liquid

droplets within the turbine, (4). Where ng%m is theisentropic efficiency of a dry expansion, assumed to be 85 %, while x;,, and x,,,, are

the vapor quality at the turbine inlet and outlet respectively.

_ _dry . Xin + Xout
Nis,turb = Nis,turp 2 4)

The re-pressurization of NCG in the DSC power plant requires large compression ratios (e.g., 200 for a compression from 0.1 bar to 20
bar), which would lead to excessive heating of the NCG. To prevent over-heating, the compression is split into N stages with equal
compression ratio, with inter-stage cooling. The number of stages is determined iteratively to avoid outlet temperatures above 473 K
(200°C).

4.2.2 Heat Exchangers

The thermal duty of each heat exchanger (i.e. preheater, evaporator, superheater, recuperator and condenser) is calculated by performing
amass and an energy balance (5), while ensuring that the temperature difference between the hot and cold fluid is positive and larger than
a pre-defined minimum (i.e. the pinch temperature difference). m"° and m°°' are the mass rates of the hot and cold fluid, A1 and Aot
as well as h§°'4 and hS°4%are the specific enthalpy of the hot and cold fluids at the inlet and outlet of the heat exchanger.

> hot hot hot\ _ .. cold cold cold
m-- (hin - hout) =m ! (hout —hiy

®)

4.2.3 Other Equipment
All other equipment such as separators and stream mixers perform a mass and energy balance on the inlet and outlet streams.

4.3 Equipment Costs

The plant costs were split into two categories, the primary equipment cost (i.e., the main components of the direct and binary cycle) and
the secondary equipment (i.e., minor components like mixers and separators as well as pipping, wiring, control systemand construction).
The primary equip ment costs are evaluated from equipment specific cost correlations, outlined below, while the secondary equipment and
construction costs are estimated to represent between 60 — 70% of the total plant cost (Astolfiet al., 2014). For this study, X;.c & constr
takes a value of 2.1.

Ctotal = (1 + Xsec &constr) : Cprimary (6)

The primary equipment cost is calculated as the sum of the primary equipment in the reference year (assumed to be 2019 in this study)
and currency (assumed to be USD), (7). As the individual cost correlations have been developed at different points in time and in
currencies, the calculated cost must be corrected to the reference year and currency. By convention, the currency is converted to the
reference currency in the year of publication of the correlation (8) and then corrected for inflation using the ratio of the Producer Price
Index (PPI) of the corresponding equipment in the reference and publication year (9). The USD-EUR exchange rate and PPI values are
shownin Figure 4 and Figure 5.

N
Cprima‘ry = Z COTrTppr* COTTcyrrency C; (7
i=1
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Figure 4 the USD-EUR exchanger rate between 2002 and 2023 Figure 5 the PPI for turbines (WPU1197), heat exchangers
(Macrotrends LLC, 2024) (WPU1075) and pumps/compressors (PCU33391-
33391) between 2002 and 2023 (U.S. Bureau of Labor

Statistics, 2024)

2.3.1 ORC Turbine

To capture the effect of different working fluids on the cost of the ORC turbine a correlation by Astolfiet al. (2014) was used (10), which
correlates the cost, Cyy,yp,, t0 the number of stages, ngq ges (11) and the size parameter, SP, (12) of the turbine — representative of the
turbine length and width, respectively. The cost of the associated generator, C,.,,, Was calculated using equation (7), (Astolfiet al., 2014).

Where ARS! is the isentropic enthalpy change across the turbine, Ahgigge is the maximum allowable enthalpy change per stage, AN

the ratio of inlet and isentropic outlet volume rate, V57 is themaximum allowable isentropic volume rate ratio for a given stage, Vi is
the isentropic volume rate at the turbine outlet, and W, is the electrical power generated by the turbine.

1.1
_ 6 (Mstages 03/ sp
Courp = 1.23-10 (T) (m) €2013 (10)
htot Vrt?st SP = L
o e v ) Y A 42
Nstages
. w. . 0.67
_ e
Cyen= 0210 -(5.106) €2013 (13)

2.3.2 Steam Turbine:
A cost model fora wet expansion steam turbine (including generator), Cyypp gen, Was developed (14) from simulated cost data generated

with THERMOFLEX v31 (Thermoflow Inc., 2021) for a wet expansion steam turbine and associated generator (Figure 6) by changing the
inlet temperature and mass flow rate of saturated steam, the condensation pressurewas fixed at 10000 Pa.

W, . water+NCGy 055
LS
Crurb+gen = 1000 *exp(al -In? 1000 +a,- lnlOOO a > * (W) €2021
s

(14)
a; = —0.0408229, a, = 1303859, a; = —0.158304

Where the geofluid vapor contains NCG, an additional correction is applied to capture the effect of the increased volume rate when
compared to pure water. The correction follows the definition of the Size Parameter (12), assuming that the isentropic enthalpy change,
and number of stages remain constant. In practice, the ratio of the volumetric rate of water and NCG to the volumetric rate of pure water,

is approximated asT—— , based on the assumption that the two fluids approach ideal gas behaviour at the turbine outlet.
Zcoy
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Figure 6 Matched Steam Turbine cost model against cost data generatedin THERMOFLEX as a function of total turbine power.

2.3.3 Pumps, Fans and Compressors:
The cost of circulation and re-pressurization pumps, Cp,ymy, fans, Crap, and NCG compressors, Cy g comp @€ estimated based on the
component power, W, using equations (15), (16) and (17) respectively.

0.767
Cpump =1185- (1 34 - 1000) €2002 (Miles, 2016) (15)
; 0.76
_ 4 w
Cran=131-10%: (m) €2005 (Smith, 2005) (16)
W\
Cneg comp = 6950~ (1 34 1000) €2002 (Ducet al., 2007)  (17)

2.3.4 Heat Exchangers

The cost of the recuperator, C,..., where used, is approximated based on the UA of the recuperator (18), with a correction factor for the
fluid pressure, fp, (19) to account for the high wall thickness required (Astolfi et al., 2014). The correction is calculated based on the
maximum pressure in the heat exchanger.

0.9

5 UA 5
Crec= 2.60-10°- (m) -10/7 €2013 (18)
P p (Astolfiet al., 2014)
fp=a;+a,-logy—= 105 +as- logw? (19)

To determine the UA required, the heat exchanger was discretized into N + 1 points, yielding N segments of equal duty Q*, and the fluid
temperature on the hot and cold side were calculated at each point — this allows the log-mean temperature for each of the N intervals to
be determined (20), where AT}, and AT}, are the differences in temperature between the hot and cold side at the inlet and outlet of interval
i respectively. Note, where AT}, = AT,,, AT}, is assumed to be AT},. Subsequently, the UA is calculated using (21), where Q' is the heat
transferred in interval i.

ATE, — ATE,,
ATE, = —l"u ; Ql
| UA = UA) =
in 2T (20) 2( ' = 2, 21)
ATout

For the remaining heat exchangers, the cost is estimated based on the heat transfer area, A. The cost of pre-heaters, evaporators and super-
heaters, Cp,o—p eva su» IS €valuated using equation (22) while the cost of air-cooled condensers, .4, is calculated from equation (23).

fr . . 4
Cpre-n, e, sy =239-A+1.34-107 €2002 (Peterset al., 2003)  (22)

089
Coong = 1.67-10° - (m) €2013 (Smith, 2005) (23)
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Similarly to above, the heat exchanger was discretized into N + 1 points, yielding N segments of equal duty, and the temperature and
vapor quality on the hot and cold side as well as the log-mean temperature difference (20) were calculated for each point. The vapor
qualities, x}, and x/,,, at the inlet and outlet of interval i, were used to detect any phase changes as well as determine the dominant phase
on the hot and cold side of the heat exchanger (24), allowing the appropriate heat transfer coefficient, U*, to be selected from Table 1 and
Table 2. The heat transfer area is then calculated using equation (25).

I( Boiling  x%,, —xk, >0 . .
. _ ] Condensing xf,ut —xiin <0 _ i_ Qi
Fluldtype—4 Liowid % =0 (24) A_ZA _Z L (25)
l iquid  xj, i=0 =0 ATimU
Vapour xj, =1

Table 1 Estimated overall heat transfer coefficients U, W/m?/K, in the primary heat exchanger (PHE) for different combinations
of fluids and states.

COLD SIDE Organic
HOT SIDE Liquid | Boiling | Vapor
Liquid 1038 1038 1323
Water Condensing 1193 1193 1584
Vapor 936 936 1161
Table 2 Estimated owverall heat transfer coefficients U, Wim?/K, in the air-cooled condenser for different combination of fluids
and states.
HOT SIDE Organic Water
COLD SIDE Liquid Condensing Vapor Liquid Condensing Vapor
Air Vapor 1048 1089 322 1355 1372 333

4.4 Optimization

The plant performance was optimized usingthe open-source optimization library pymoo (Blank & Deb, 2020) using a genetic optimization
algorithm. For the thermodynamic optimization, the net power was selected as the objective function to be optimized, subject to the
constraints that the minimum approach temperature difference, AT,,;,,, in all heat exchangers is not exceeded (Table 3).

Where W, is the net power, AT, ATPTeH ATEYE ATSH and ATTSC are the minimum approach temperature differences in the
condenser, pre-heater, evaporator, super-heater and recuperator respectively, Poﬁj’g‘d is the condenser outlet pressure, X¢,q¢, is the degree

of geofluid “flashing”, TS is the condenser outlet temperature, P?'"™ is the circulation pumps outlet pressure, P, is the critical

pressure of the working fluid and ATy is the degree of working fluid superheating.

Table 3 The optimization parameters for the direct steam cycle and binary ORC power plant

Direct Steam Cycle Binary ORC
Objective Function Wier Woer
AT 25K ATy 25K
Constraints AT > 5 K ATqin 210K ATy 2 10K
ATTEC > 10K
1-10*Pa< P <5-10°Pa 303K < TS < 400 K
_ ppump
Variables 03 <& <08
0.3 <Xpgep < 1 Perit
3K < ATgy < 15K

5. RESULTS

The above model was used to simulate the performance of the direct steam cycle and binary ORC power plants for two cases: 1) the
geofluid is assumed to be pure water and 2) the geofluid is assumed to be a mixture of waterand CO2.
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5.1 Case 1: Pure Water

The performance of the two power plants was evaluated for geofluid inlet temperatures of 448 K (175 °C), 473 K (200 °C) and 523 K
(250 °C) and vapor qualities ranging between 0 to 100 % (i.e., saturated liquid to saturated vapor). The mass flow rate of geofluid was
fixed at 50 kg/s. For each set of inlet conditions, the performance of the power plants was optimized for maximum net power.

5.1.1 Thermodynamic Analysis

Comparing the net power produced (Figure 7), it can be seen that while the binary ORC outperforms the direct steam cycle at low vapor
qualities, at high vapor qualities the direct steam cycle dominates. The break-even vapor quality, yielding equal net power decreases with

increasing temperature. For example, at 448 K the break-even vapor quality is around 45%, it reduces to around 35% at 473 K and 30%
at 523K.

35
Direct Steam Cycle
30 ====-Binary ORC
= 25 523K
473K
=
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o —
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Vapor Quality, %

Figure 7 The net power of the direct steam cycle and binary ORC for an inlet mass flow rate of 50 kg/s of pure water as a function
of itsinlettemperature andsteam quality.

The dependence of net power of the binary ORC on the geofluid inlet temperature decrease with increasing vapor quality, as indicated by
the convergence on 17.8 MW (for an inlet mass rate of 50 kg/s) for saturated vapor (Figure 7). This can be explained by: a) the specific
enthalpy of saturated steam being only weakly dependent on temperature in the range of 200 °C and 250 °C, b) the optimized cycle
parameters being virtually identical for all three cases, and c) the pinch-point occurring at the pre-heater hot fluid outlet, as opposed to a
the evaporator cold fluid inlet (Figure 8, Figure 9). Consequently, the geofluid outlet temperature and thus the thermal power transferred
are fixed in all three cases. As the specific enthalpy change of the working fluid and the PHE thermal power are the same for all three
cases, the working fluid mass flow rate is fixed, and in turn the cycle power output.
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Figure 8 T-Q diagram of binary ORC for 50 kg/s of geofluidat ~ Figure 9 T-Q diagram of binary ORC for 50 kg/s of geofluidat
473 K and vapor quality of 0% (saturatedliquid) 473 K and vapor quality of 100% (saturated vapor)

5.1.2 Economic_Analysis

The specific cost of the primary equipment was calculated for the thermodynamically optimized power plants assuming a geofluid mass
rate of 50 kg/s, and it can be noted that the direct steam cycle has a lower specific cost for all geofluid inlet temperatures and vapor
qualities considered (Figure 10).
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Similarly, the specific cost was also calculated for a range of geofluid mass rates (1 kg/s to 200 kg/s) and all geofluid inlet temperature
and vapor quality cases, Figure 11. This allows the specific cost of the power plant to be compared based on the plant capacity instead of
on a case-by-case basis, as for each set of geofluid inlet temperature and vapor quality, there exists a combination of mass rates that yield
equal net power. Figure 11 shows that there are only a few cases where the binary ORC has a lower specific cost than the DSC.
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Figure 10 The specific cost of primary plant equipment for ~ Figure 11 The specific cost of primary plant equipment for
direct steam cycle and a binary ORC power plant as a direct steam cycle and a binary ORC power plant as a
function of geofluidinlet temperature and vapor quality function of plant capacity — for different geofluid inlet

temperatures, vapor quality and mass rate

When looking at the breakdown of the primary equipment cost, it can be seen that the turbine and condenser correspond to 80-85% and
<95% of the total primary equipment cost for the binary ORC and DSC respectively. The consistently higher condenser cost for the binary
ORC can be attributed to the lower heat transfer coefficient compared to pure water (Table 2).

Here it should be noted that the power plants were optimized based on maximum net power, with no regard to the cost of the power plant.
Particularly for thebinary ORC it could be beneficial (from a cost perspective) to increase the minimum approach temperature difference
in the condenser, thus increasing the temperature difference, reducing the heat transfer area required and hence its cost. However, this
potentially comes at the cost of turbine power as the condensation pressure (and thus turbine backpressure) would have to be increased.
An alternative would be to trial a different cycle working fluid that is better suited to the operating conditions and can thus improve the
thermodynamic and techno-economic performance of n-butane.
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Figure 12 Breakdown of the absolute primary equipment costs  Figure 13 Breakdown of the relative primary equipment costs

for a direct steam cycle and binary ORC power plant as for a direct steam cycle and binary ORC power plant as
a function of inlet geofluid vapor quality, for a a function of inlet geofluid vapor quality, for a
temperature of 473 K (200°C) and a mass rate of 50 kg/s. temperature of 473 K (200°C) and a mass rate of 50 kg/s.
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5.2 Case 2: Effect of NCG

To investigate the impact of NCG on the two power plants, their performance was evaluated for geofluids comprised of water and CO2,
CO:2 content between 0 mol% to 12 mol% (0 mass% to 25 mass%). The geofluid inlet temperature was fixed at 473 K (200 °C) and the
inlet pressure and vapor quality were determined by ensuring 35% of the water is in the vapor phase, see equation (26) — hereinafter this
ratio is referred to as steam quality, where « is the ratio of the amount of species in the vapor phaseto the total amount across all phases,
Yu,0 is the mole fraction of water in the vapor phaseand z,_,, is the mole fraction of water in fluid.

To ensure the same thermal power at the power plant inlet for each case, the geofluid mass rate was adjusted to ensure the same thermal
power as a mass flow rate of 50 kg/s of pure water entering the plant at a temperature of 473 K and vapor quality of 35%, (27. The
superscript refindicates the reference state, corresponding to a pressure of 101325 Pa (atmospheric pressure) and a temperature of 298 K.

T=473K, X,q,=0.35 ref
a- vap —
x = —yHZO (26) m =m hwater hwater 27
steam Zy o geo — ""‘water hT:473 K, P=Py, _ href
2 geo geo

For the direct steam cycle, two scenarios for the NCG handling were considered: 1) venting the NCG to the atmosphere and 2) reinjecting
the NCG into thereservoir. Forscenario 1) the vapor is re-pressurized to atmospheric pressure (101325 Pa), while for scenario 2) it is re-
pressurized to the geofluid inlet pressure. For the binary ORC, re-pressurization is not required as there are no significant pressure losses
in the primary heat exchanger — as such the geofluid outlet pressureis essentially equal to the inlet pressure.

While the reinjection of fluids is not investigated in this study, in reality the geofluid inlet pressure is insufficient to reinject the NCG into
the reservoir, as it has a significantly lower density than geofluid in the production wellbore. Nevertheless, Scenario 2 allows for a fairer
comparison between the DSCs and binary ORCs, as the subsequent NCG compression (i.e. from P, t0 Pgtom Hote) fOr complete
reinjection into the reservoir follows the same compression ratio. The actual power requirement (and thus cost of compressor) may still
be different for the two power plants, due to the difference in mass rate of free NCG between the two cases (i.e., CO2 liberation in flash
separator versus cooling of geofluid in primary heat exchangers). This will be investigated in a future study.

5.2.1 Thermody namic Analysis

Comparing the net power produced by either power plant (Figure 14), it can be seen that the net power of the binary ORC is unaffected
by CO: content. This is a result of the geofluid inlet and outlet temperature as well as the thermal power carried by the geofluid being
constant for all cases, Figure 15. Onthe other hand, the performance of the direct steam cycle is more strongly dependent on the NCG re-
pressurization scenario.

For Scenario 1, where NCG is vented to the atmosphere, the net power can be seen to increase with increasing CO2 content (about 10%
at a CO2 content of 12 mol% compared to pure water).This increase can be attributed to a) the increased turbine power due to the increasing
geofluid inlet pressure with CO2 content and b) the reduced power requirement for re-pressurizing NCG to atmosp heric conditions due to
the increasing condensation pressure and thus lower compression ratio.

For Scenario 2, where the NCG is re-pressurized to the geofluid inlet pressure, the net power can be seen to decrease significantly with
increasing CO2 content (about 40% reduction at a CO2 content of 12 mol% compared to pure water and a 45% reduction when compared
to Scenario 1). This can be attributed to the increasing power requirement to re-pressurize the NCG.
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Figure 14 The net power of a DSC and a binary ORC power  Figure 15 T-Q diagram of binary ORC for geofluids of different

plantas a function of geofluid CO; content for the same CO: contents for the same inlettemperature and thermal
inlettemperature andthermal power as 50 kg/s of pure power as 50 kg/s of pure water at473 K and vapor quality
water at 473 K (200 °C) and a vapor quality of 35% of 35%.
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5.2.2 Economic_Analysis

Comparing the primary equipment costs, it can be seen that while the cost of the binary ORC is almost constant, the cost of the direct
steam cycle increases significantly for either NCG handling scenario, more than 90% increase for Scenario 1 and 190% increase for
Scenario 2. The additional costs can almost entirely be attributed to the cost of the NCG compressor (Figure 17, Figure 18). In terms of
primary equipment cost, break-even against the binary ORC is reached for a COz content as low as 1 mol% (2.5 mass%) in Scenario 2
and just over 2 mol% (4.8 mass%) for Scenario 1.
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Figure 16 The primary equipment cost of a direct steam cycle power plant and a binary ORC power plant as a function of CO>
contentfor a geofluidinlettemperature of 473 K (200 °C), a steam quality of 35% and heat contentequivalent of 50 kg/s
of pure water at the aforementionedinlet conditions
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Figure 17 Breakdown of the absolute primary equipmentcosts Figure 18 Breakdown of the relative primary equipment costs
for a direct steam cycle and binary ORC power plantas for a direct steam cycle and binary ORC power plantas
a function of inletgeofluid CO; content. a function of inlet geofluid CO content.

The specific primary equipment cost was calculated for a range of geofluid mass rates each power plant, re-pressurization scenario and
geofluid CO:z content (Figure 19). The specific cost of the binary ORC can be seen to be insensitive to geofluid CO2 content (Figure 19b),
while the specific cost of the direct steam cycle increase with CO2content and more demanding NCG handling (Figure 19c¢,d). For CO2
contents of 2 mol% or higher, the binary ORC can obtain an equivalent or lower specific cost than direct steam cycles with either CO»
venting or reinject (Figure 19a), for plant capacities between 1 and 20 MW.
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Figure 19 The specific cost of primary plant equipment for direct steam cycle and a binary ORC power plant as a function of
plant capacity and geofluid CO2 contents. Geofluid inlet temperature is 473 K, steam quality is 35% and mass rate is
calculated to give equal heat flow relative to pure water at the aforementioned conditions. b, ¢, d show the plots for the
binary ORC, the direct steam cycle with CO2ventingand COzreinjection, respectively.aisacombination of b, ¢, and d.

6. CONCLUSIONS

Optimizing net power, simulations of geothermal power plants for a range of two-phase sources showed that binary ORCs operating on
n-butane can thermodynamically outperform direct steam cycles, particularly at low to medium vapor quality. However, from a cost
perspective the direct steam cycle power plants were seen to provide power at a lower specific cost for all power plant capacities

considered. Optimization of the power plant performance based on specific cost or the levelized cost of electricity (LCOE) would be
required to identify the optimal techno-economic configuration.

The presence of NCG, in this case CO», in the geofluid and its handling has a significant effect on both the thermodynamic and techno-
economic performance of the direct steam cycles. While in the case of partial NCG recompression to vent the gases to atmosphere a slight
increase in net power is observed, in the case of recompression to the geofluid inlet pressureto have the gas subsequently reinjected into
the reservoir, the net power reduces significantly. M oreover, the need for an NCG compressor significantly increases the specific cost of
the direct steam cycle power plant in all scenarios studied. For ORCs, the thermodynamic and techno-economic performance are only

marginally affected, resulting in thebinary cycle outperforming the direct steam cycles on a specific cost basis for geofluid CO2 contents
higher than 2 mol% for a wide range of power plant capacities.

6.1 Future Work

The current results are obtained for a thermodynamically optimized system, which may not correspond to the techno-economic optimum.
In this respect, the study should be continued, optimizing the specific investment cost or LCOE. Moreover, the role of other cycle working
fluids, such as n-pentane or cyclo-pentane, more complex plant configurations, such as dual-pressure, supercritical, and superheated as
well as novel configuration should be investigated. Increasing the range of inlet conditions studied, for example to lower temperature or
subcooled conditions will aid in solidifying the application envelope of the two competing technologies.
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