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ABSTRACT

Geothermal plant performance is bounded by the second law efficiency, which accounts for the
quantity of exergy that can be converted into useful work. This, in turn, is dependent on the
geothermal resource temperature and the temperature of the heat sink (i.e., the ambient
temperature). In this study, we show that ambient temperature variability on a diurnal and seasonal
basis can affect performance and cost estimations for geothermal plants. We have utilized the
updated System Advisor Model (SAM) to assess nine geothermal sites with existing resource
capacities across three climate zones. Our analysis shows that both evaporatively-cooled flash and
air-cooled binary cycle plants are affected by temperature, with a slightly higher effect in enhanced
geothermal system binary sites. By assuming an ambient (wet bulb) temperature baseline of 15.6°C
(60°F) and comparing baseline results to those from site-specific data, we observe up to 15%
underestimation of plant performance and up to 20% overestimation of cost. These results make a
case for the inclusion of location-based weather data as inputs to supply curves that are used in
capacity expansion models for the prediction of future geothermal deployment scenarios.

1. Introduction

Geothermal energy for electricity generation is a growing market in the United States. With
intensifying research, development, and demonstration, and enabling policies around enhanced
geothermal systems (EGS) as well as closed-loop and superhot rock technologies, there is an
anticipated upsurge in geothermal energy utilization for both electricity generation and direct-use
applications (Robins et al., 2021; Augustine et al., 2023). Like all thermo-electric power cycles,
the performance of a geothermal power cycle is limited by the first and second laws of
thermodynamics. The first law determines how much thermal energy can be extracted from the
subsurface. The first law does not account for the interaction of the system with the external
environment, which can limit energy conversion reversibility. The second law efficiency accounts
for this interaction via the entropy term, and further constrains how much convertible energy (i.e.,
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exergy) can be extracted from a geothermal fluid to drive a turbine generator for a given resource
temperature and the sink temperature (Mines, 2016). This, in turn, defines the gross plant power
output per unit mass flow of produced geothermal fluid, i.e., the brine effectiveness, an important
parameter in geothermal plant design. In many thermodynamic and thermoeconomic analyses, the
sink temperature of the cycle (i.e., the ambient temperature) is assumed to be a constant. Although
this could be valid if a single location is assumed, it does not hold for regional- and national-scale
analyses, nor does it account for daily and seasonal changes in ambient temperature. In the western
United States, where existing geothermal power plants are situated, ambient temperatures vary
diurnally and seasonally due to climatic differences and topography. Ambient temperatures
changes have a more pronounced impact on air-cooled power systems than on wet or evaporatively
cooled plants.

Previous studies that investigated the effect of ambient temperature dynamics on plant
performance have been exergoeconomic studies and power cycle optimization modeling for a
single plant and two-plant comparisons (e.g., Michaelides and Michaelides, 2010; Sohel et al.,
2011; Kahraman et al., 2019; Pons, 2019; Sukra et al., 2023). Michaclides and Michaelides (2010)
performed an exergy analysis of plants running on flash-based cycles. They reported that
temperature variations could lead to power output fluctuations between 24% in single-flash and
22% in dual-flash cycles, respectively (Michaelides and Michaelides, 2010). Kahraman et al.
(2019) determined from a single-plant (binary cycle) analysis that an ambient temperature increase
from 5°C to 35°C causes a 6.8-MW decrease in power generation resulting from a drop (54.9% to
36.7%) in second law efficiency (Kahraman et al., 2019). These studies reveal that ambient
temperature variation affects plant performance. However, they do not make comparisons across
technologies and multiple sites.

In this work, we use the updated “Geothermal” model in the System Advisor Model (SAM) to
determine the effect of diurnal and seasonal variability in ambient temperature on geothermal plant
performance and costs. This updated model incorporates the legacy cost and performance
calculations in the Microsoft Excel-based Geothermal Electricity Technology Evaluation Model
(GETEM) with the unique capabilities of SAM to create a more robust bottom-up model. We apply
this model to both flash and air-cooled binary plants driven by geothermal fluids from
hydrothermal and EGS resources. We make case study runs for nine locations in California,
Nevada, and Oregon for each resource-technology pair within different climate zones in western
United States. SAM is used to access the historical multiyear weather data from the National Solar
Radiation Database (NSRDB) for each location. The multiyear hourly temperatures are averaged
to a single-year time series and then used to calculate the hourly brine effectiveness and generated
power. These parameters are used to determine the location-adjusted annual power generation, net
capacity factor, capital cost, and levelized cost of electricity (LCOE) for the selected sites. The
results derived from this analysis will inform whether location-based weather data needs to be
accounted for in the supply (cost versus capacity) curves that are used as inputs to capacity
expansion models for the prediction of future geothermal deployment scenarios. This will, in turn,
support stakeholders in the decision-making process for future investments in geothermal projects.
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2. Methodology

We used SAM, developed by the National Renewable Energy Laboratory (NREL), to perform
bottom-up estimations of the system performance and costs for selected geothermal sites. The
Geothermal model in SAM has recently undergone significant improvements to better match the
outputs from the legacy GETEM used widely by industry. These changes were discussed in a
webinar held on January 19, 2023 (https://sam.nrel.gov/geothermal.html). In addition, existing
capabilities in SAM are being harnessed to further increase the accuracy and representativeness of
simulation results. One of these capabilities is the inclusion of ambient weather conditions that
affect modeling outcomes. Originally, in the GETEM model, users could only use the default 10°C
ambient temperature for binary systems and the 15.6°C (60°F) wet bulb temperature for flash
systems. In the next SAM release, users will be able to apply the ambient temperatures from actual
weather files in their simulations.

In this work, we used the updated Geothermal model in SAM to determine the effect of diurnal
and seasonal variability in ambient temperature on geothermal plant performance and costs. We
applied the updated SAM model to both flash and air-cooled binary plants driven by geothermal
brine from hydrothermal and near-field EGS resources. To assess this, we have selected nine sites
with existing geothermal resource capacity. Table 1 shows the site descriptors including the site
number, name, geolocation (i.e., latitude and longitude), resource temperature, depth, and other
properties. All sites are located within western United States—California, Nevada, and Oregon—
where significant geothermal development has occurred over time.
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Table 1. Site Characteristics for the Selected Geothermal Resources in the Western United States

. . Annual Avg. Annual Avg.
Site . . . Koppen Site Reservoir | p o cervoir | Resource- Ambient Wet Bulb
Site Name | State | Latitude | Longitude . Elevation, | Temperature, Technology
Code Climate Zone o Depth, m . Temperature, | Temperature,
m C Pair oC oC
BWh-
Subtropical
EM East Mesa CA 32.78 -115.25 | desert -19 170 2,000 | EGS Binary 23.2 13.8
Long Csb- Warm-
Valley summer
LVM | (Mammoth) | CA 37.64 -118.91 | Mediterranean, 1,258 175 2,000 | EGS Binary 6.1 1.4
Blue BSk-Mid-
BM Mountain NV 41.00 -118.13 | latitude steppe 1,258 175 2,000 | EGS Binary 10.5 4.7
BSk-Mid-
COSO | Coso Area | CA 36.05 -117.77 | latitude steppe 1,322 250 2,500 | EGS Flash 14.4 6.6
BWh-
Salton Sea Subtropical
SS Area CA 33.20 -115.60 | desert -67 250 2,500 | EGS Flash 23.6 14.1
BWh-
Subtropical Hydrothermal
HI Heber | CA 32.72 -115.53 | desert 0 170 1,219 | Binary 233 13.6
BWh-
Subtropical Hydrothermal
HII Heber II CA 32.72 -115.53 | desert 0 205 1,219 | Flash 233 13.6
Mickey Hot BSk-Mid- Hydrothermal
MHS | Springs OR 42.35 -118.35 | latitude steppe 1,492 170 1,067 | Binary 7.9 34
Fish Lake BSk-Mid- Hydrothermal
FLV Valley NV 37.86 -118.05 | latitude steppe 1,306 205 1,524 | Flash 14.2 6.5
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Koppen climate type
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I:l Dfb (Warm-summer humid continental) - Dsa (Hot-summer mediterranean continental)
I:l Dfa (Hot-summer humid continental) - Cfc (Subpolar oceanic)
B o susarctic) [ o (Oceanic)

- Dwb (Warm-summer humid continental ) D Cfa (Humid subtropical)
[ cwo (subtropical highiand) [T Bwk (Cold desert)
‘:| Cwa (Humid subtropical) - BWh (Hot desert)
- Csc (Cold-summer mediterranean) - Aw (Savanna)

|:| Csb (Warm-summer mediterranean) - Am (Monsoon)
\:I Csa (Hot-summer mediterranean) - Af (Rainforest)

[ | esk(cold semi-aria)

[ Bsh (Hot semi-aria)

0 500 1,000 km
[ —

Figure 1: Geospatial map of western U.S. locations of selected sites and their Koppen-Geiger climate zones.

Figure 1 reveals the geolocation of the selected sites on a spatial map of the western United States.
The sites cut across three Koppen-Geiger climate zones, including BWh - Subtropical desert, Csb
- warm-summer Mediterranean, and BSk - Mid-latitude steppe. Each climate zone is characterized
by distinct surface mean temperatures and precipitation patterns that vary diurnally and seasonally
during the course of a year. For example, as illustrated in the time series in Figure 2, the hourly
temperatures experienced at Salton Sea with a subtropical desert climate (at -67-meter elevation)
are on average more than 15°C higher than those in the Mediterranean-climate Long Valley site.
Five of the sites have been identified as having resources for both hydrothermal and near-field
EGS. Only Fish Lake Valley and Mickey Hot Springs are strictly hydrothermal.

We have classified the surface power blocks as either flash steam cycles or binary cycles. Flash
plants typically run on either wet steam or saturated water. During flashing, the inlet geofluid
undergoes a pressure drop, which results in a two-phase (steam and saturated water) system. The
saturated water at the bottom of the vessel can undergo multiple flash stages to increase the amount
of latent heat that can be extracted from the geofluid to drive the turbine. However, practically no
more than three flashing stages are implemented in geothermal plants. This is because of a
diminishing returns effect of cost versus efficiency gain (Harvey & Wallace, 2016; Fallah et al.,
2018). In this work, we compared the performance and cost for single and dual flashing stages.
We also applied the flash-to-binary threshold at a resource temperature of 200°C, just as in the
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NREL Annual Technology Baseline (NREL, 2023). Therefore, a geothermal (hydrothermal or
EGS) resource at a temperature below 200°C is tied to a binary cycle at the surface, while one with
a resource temperature at or above this threshold is paired with a flash technology-based steam
cycle.

50

® | ong Valley
40 @ Salton Sea
30

20
10
0

Ambient Temperature, °C

0 2000 4000 6000 8000
Average Hours

Figure 2: An annual time series showing ambient temperature variation for Long Valley and Salton Sea.

An overview of the methodology applied to this study is shown in Figure 3. As a first step, we
used the “Ambient Conditions” module in SAM to download weather files from 1998-2020 from
the NSRDB for each site using their latitudes and longitudes. Each weather file (in .CSV file
format) contains the ambient (dry bulb) temperature, relative humidity, and dew point, among
other variables for each hour in a single year. The multiyear hourly data was averaged to a single-
year time series in Excel and then uploaded back into SAM. Examples of ambient temperature
time series from the multiyear hourly data are shown in Figure 2. Afterward, the SAM input file
was initialized by specifying the input variables for each site. Input variables are categorized as
those that define (1) the geothermal resource (e.g., resource temperature, depth, resource
potential), (2) plant operations (e.g., net power output/power sales, plant type—flash or binary,
geofluid production rate, ambient weather conditions), (3) field installation costs (e.g., number of
exploration wells, pump unit cost, drilling success rate), (4) operating cost, and (5) financial
parameters (e.g., discount rate, tax rate, depreciation). A list of the input variables and their values
can be found in Table 2. The model was then simulated for each site-resource-technology pair.
Two simulations were implemented per site-plant technology pairs. The first uses a baseline wet
bulb temperature of 15.6°C, while the second simulation uses the site-specific wet bulb
temperature calculated from the weather data.
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Figure 3: An overview of the methodology applied in this study.

Table 2: Input variables used in the SAM simulations for the four resource and plant technology pairs.

Hydrothermal EGS
Plant technology Flash Binary Flash Binary
Cooling technology Evaporative Air-cooled Evaporative | Air-cooled
(Wet-cooled) | (Dry-cooled) | (Wet-cooled) | (Dry-cooled)
Power output (power sales), MW 30 30 30 30
Production rate per well, kg/s 80 110 40 40
Pressure drawdown, psi/1,000 Ib/h 0.4 0.4 4 4
Annual temperature decline 0.5% 0.5% 0.5% 0.5%
Drilling cost curve (U.S. DOE, 2019) Baseline Baseline Baseline Baseline
. Horizontal - . Horizontal -
Well/Completion type (Lowry et al., 2017) X;ﬁ%ﬂlé ?eoviatzd ) X[)e:;f;l; deviated
iner liner
Well diameter (Lowry et al., 2017) Small Large Small Large
Number of successful exploration wells 3 3 5 5
Fixed operating cost, $/kW-yr (NREL, 2023) 113.62 151.06 202.55 452.52
Discount rate (nominal) 7% 7% 7% 7%
Federal income tax rate 20.1% 20.1% 20.1% 20.1%
State income tax rate 7% 7% 7% 7%
Property tax rate (% of total installed cost) 1% 1% 1% 1%
Insurance rate (% of total installed cost) 0.50% 0.50% 0.50% 0.50%
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The results of the SAM runs for each site are shown in Table 3. All sites are compared to a baseline
that assumes a constant wet bulb temperature of 15.6°C (i.e., 60°F) as used in the GETEM model.
The results reveal that the second law efficiency—defined by the brine effectiveness—is a strong
function of the wet bulb temperature for both flash and binary systems. The significance of this
effect differs by power cycle type (flash versus binary and single versus dual flash) and location
(i.e., climate zone and topography) of the resource. In the following subsections, we discuss the

impact of each factor in detail.

Table 3: Results from the SAM simulations for all nine sites.

Brine Net Capital
Site Calculation Effectiveness | Pump Work Gross Output | Cost per LCOE
Code Site Name Classification Type (w-h/1b) (MW) From (MW) Watt ($/kW) ($MWh)
. Baseline 8.79 37.55 67.55 6023 462
EM | East Mesa EGS Binary Actual Site
Data 8.93 36.31 66.31 5967 437
Long Valley . Baseline 8.94 36.23 66.23 5962 444
LVM (Mammoth) EGS Blnary Actual Site
Data 9.86 29.51 59.51 5594 344
Blue . Baseline 8.94 36.23 66.23 5962 444
BM Mountain EGS Binary Actual Site
Data 9.66 30.77 60.77 5665 360
EGS (Single) Baseline 11.68 13.37 43.37 5062 149
Flash Actual Site
COSO | Coso Arca Data 12.77 11.72 41.73 4802 136
EGS (Dual) Baseline 13.77 10.32 40.32 4598 128
Flash Actual Site
Data 14.80 9.33 39.33 4425 120
EGS (Single) Baseline 11.68 13.37 43.37 5062 149
Flash Actual Site
sS Salton Sea Data 11.86 13.06 43.07 5017 146
Area
EGS (Dual) Baseline 13.77 10.32 40.32 4598 128
Flash Actual Site
Data 13.94 10.14 40.14 4568 127
Hydrothermal Baseline 5.97 6.44 36.44 2437 70
HI | Heber Binary Actual Site
Data 6.07 6.32 36.32 2418 69
Hydrothermal Baseline 6.63 2.18 32.18 2203 50
(Single) Flash Actual Site
ai | Heber 11 Data 6.86 2.11 32.11 2170 49
Hydrothermal Baseline 8.87 1.56 31.56 1939 46
(Dual) Flash Actual Site
Data 9.09 1.53 31.53 1921 45
Mickey Hot Hydrothermal Baseline 5.90 6.67 36.67 2272 68
MHS . : 1si
Springs Binary Actual Site
Data 6.47 6.04 36.04 2182 64
Hydrothermal Baseline 6.63 2.24 32.24 2496 54
(Single) Flash Actual Site
Fish Lake Data 7.63 1.99 31.99 2342 51
FLV Valley
Hydrothermal Baseline 8.87 1.61 31.61 2180 49
(Dual) Flash Actual Site
Data 9.84 1.49 31.49 2083 47

673




Akindipe et al.

3.1 Flash Power Cycle

The results for the sites with flash steam cycles (Table 3) show that the brine effectiveness is better
optimized in the dual flash than in the single flash systems. The move from single to dual reduces
the parasitic load required for geofluid pumping, thereby decreasing the capital cost and LCOE.
The degree of cost reduction is more prominent in EGS flash systems than in hydrothermal flash
due to the significant decrease in the number of pumped production wells required for flow and
pressure sustenance and heat transfer within the power cycle. Figure 4 compares the performance
and cost parameters for the actual temperature data to the baseline inputs for hydrothermal flash
sites—Heber II (HII-A and HII-B) and Fish Lake Valley (FLV-A and FLV-B) and EGS flash -
Coso (COSO-A and COSO-B) and Salton Sea (SS-A and SS-B). The letters “A” and “B” represent
“single” and “dual” flash, respectively. Generally, the percentage difference from the baseline is
more prominent in the single flash case than in the dual flash. This suggests that the single flash
system is more sensitive to changes in the ambient temperature compared to the dual flash system.
By comparing across geothermal resources, it is evident that sensitivities to ambient weather
conditions do not vary based on resource type (EGS versus hydrothermal) but on-site location. For
example, the Salton Sea EGS flash experienced similar sensitivities to ambient temperature as the
Heber II hydrothermal flash.

0
20.0% = Brine Effectiveness (w-h/lb)
= Pump work (MW)
15.0% 4 ™ Gross output from (MW)
Net capital cost per watt ($/kW)
uLCOE ($/MWh)
10.0% -
5.0% -
0.0% - = B
-5.0% A
-10.0% A
-15.0%

COS0O-A COSO-B SS-A SS-B HIil-A Hil-B FLV-A FLV-B

Figure 4: Percentage difference of performance and cost outputs between the baseline and actual data for
flash-based power cycles.
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3.2 Binary Power Cycle

The majority of binary cycle plants in operation in the United States have an air-cooled condenser
system. These condensers operate on the principle of forced convection of ambient air to cool the
turbine outlet working fluid. GETEM and SAM assume an air-cooled binary cycle consisting of a
turbine generator, an air-cooled condenser, heat exchangers, and working fluid pump. In this study,
we have paired lower temperature geothermal resources (<200°C) with binary cycles. Hence, the
available energy (i.e., exergy), which is a strong function of the reservoir temperature (and the
ambient temperature), is less than in the flash case. Therefore, for the same net power output (30
MW), a binary plant will require a higher wellfield flow rate into the heat exchanger unit to
maximize conversion (first law) efficiency. On the other hand, higher brine effectiveness (and
second law efficiencies) can be achieved compared to flash systems. However, this must be
optimized against cost. This is because at high brine effectiveness, the cost of installed plant
equipment increases (Mines, 2016). Each SAM simulation is preceded by a binary plant
optimization simulation to determine the brine effectiveness that minimizes cost. Therefore, binary
systems may be cost-optimized to lower brine effectiveness compared to the unconstrained flash
systems. These factors together with significant parasitic pumping requirements cause binary plant
costs to be significantly higher than those of flash plants. A typical example is the comparison of
Heber I hydrothermal-binary and Heber II hydrothermal-dual flash, at the same location and
resource depth, with a baseline LCOE of 70 $/MWh and 46 $/MWh, respectively. For the same
location, the binary system seems to be characterized by similar levels of sensitivities to changes
in ambient temperature compared to the flash system. This is shown in Figure 5, for Heber I
hydrothermal-binary (HI) and Heber II hydrothermal-flash (HII-B). Although there is a higher
sensitivity on the performance results for flash, there is a corresponding higher sensitivity on
LCOE results in the binary case.

3.0%

m Brine Effectiveness (w-h/lb)
2.5% A = Pump work (MW)

= Gross output from (MW)
2.0% A Net capital cost per watt ($/kW)

u LCOE (S/MWh)

1.5% A
1.0% -
0.5% -

0.0% -

-0.5% A
-1.0% A
-1.5% 1
-2.0% A

-2.5%
HI HIl-B

Figure 5: Percentage difference of performance and cost outputs between the baseline and actual data for the
Heber I hydrothermal-binary power cycle (HI) and Heber II hydrothermal-dual flash cycle (HII-B).
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3.3 Climate Zone Effect

We have established three climate zones among the selected sites: (a) BWh - Subtropical desert,
(b) BSk - Mid-latitude steppe, and (c) Csb - Warm-summer Mediterranean. The subtropical desert
climate sites are described by high average temperatures (~ 23°C) compared to sites in the other
zones. Therefore, coupled with their low relative humidity, the wet bulb temperatures for BWh
sites are close to the baseline wet bulb temperature (15.6°C) used in this study. Therefore, as shown
in Figure 6, they appear to be less sensitive to the change in the baseline temperature irrespective
of resource type or conversion technology. To understand the effect of location and climate zone,
we discuss the results for the EGS-binary and hydrothermal-flash cases. For the EGS-binary case,
we assess results from the East Mesa (Subtropical desert climate), Long Valley (Warm-summer
Mediterranean climate), and Blue Mountain (Mid-latitude steppe climate) sites. These sites are
characterized by similar resource temperatures and depth but with varying ambient temperatures.
From Table 3, it is evident that the Long Valley site has the least LCOE (344 $/MWh) compared
to Blue Mountain and East Mesa. This is because the Long Valley EGS-binary cycle is
characterized by a higher brine effectiveness and less parasitic pumping needed at lower ambient
temperatures, resulting in the lowest gross power output among the three sites. Also, as shown in
Figure 6, the use of the baseline temperature assumption instead of the actual site data can result
in more than 20% overestimation of the LCOE in the Long Valley EGS-binary case. Similar
observations are also made for hydrothermal-binary and hydrothermal-flash plants. For example,
by looking at Mickey Hot Springs (BSk - Mid-latitude steppe) with a comparable resource
temperature and depth as the Heber I site (BWh - Subtropical desert), there is a more significant
overestimation of the pump work and LCOE in the former than in the latter. Thus, not accounting
for site-specific ambient temperatures and their variability could propagate errors in large-scale
models.
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15.0%
10.0% A
5.0% A
0.0% -
-5.0% A
-10.0% A
. m Brine Effectiveness (w-h/lb)
-15.0% - ® Pump work (MW)
= Gross output from (MW)
-20.0% - Net capital cost per watt ($/kW)
m LCOE ($/MWh)
-25.0%

EM LM BM COSO-B SS-B HI HIil-B MHS FLV-B

Figure 6: Percentage difference of performance and cost outputs between the baseline and actual data for sites
across multiple climate zones.

4. Conclusion

In this study, we assessed the effect of ambient temperature variability on geothermal performance
and cost estimations. Nine geothermal sites with existing resource capacities were selected based
on type of resource (hydrothermal versus EGS), conversion technology (flash versus binary),
geolocation, and climate zone. The results show that temperature variability from a constant
baseline wet bulb temperature of 15.6°C typically assumed for geothermal systems can result in
close to 15% underestimation of plant performance and up to 20% overestimation of cost, within
the context of the case study sites. The severity of this error propagation may be more significant
in larger-scale studies. Therefore, it is necessary that future regional and national geothermal cost
estimations and projections account for site-specific ambient temperatures and their variability.
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