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Abstract 

 

An Energy Return on Investment for a Geothermal Power Plant on 

the Texas Gulf Coast 

 

Kyle Benjamin Kampa, M.A. 

The University of Texas at Austin, 2013 

 

Supervisor:  Carey King 

 

This thesis examines the energy return on investment (EROI) of a model 3 MW hybrid 

gas-geothermal plant on the Texas Gulf Coast. The model plant uses a design similar to the DOE 

Pleasant Bayou No. 2 test geothermal plant, and uses a gas engine to harness entrained methane 

and an Organic Rankine Cycle turbine to harness thermal energy from hot brines. The indirect 

energy cost was calculated using the Carnegie Mellon University Economic Input-Output Life 

Environmental Life Cycle Analysis (EIO-LCA) model. The EROI of the plant using the 1997 

EIO-LCA energy data is 12.40, and the EROI of the plant using 2002 EIO-LCA energy data is 

14.18. Sensitivity analysis was run to determine how the plant parameters affect the EROI. A 

literature review of the EROI of different power sources shows that the EROI of the hybrid 

geothermal plant is greater than the EROI of flash steam geothermal and solar, but is lower than 

the EROI of dry steam geothermal, wind power, nuclear, coal, gas, and hydroelectric plants. An 

analysis of the EROI to financial return on investment (FROI) shows that the FROI for a hybrid 

geothermal plant could be competitive with wind and solar as a viable renewable resource in the 

Texas electricity market. 
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1.0 Introduction 
 

 The concept of an energy return on investment (EROI) has been used since the 1970s to 

quantify and compare the relative efficiency of one energy source against another. EROI is a 

straightforward concept; the output of an energy system divided by the energy input required to 

produce the energy (Bullard et al. 1978). EROI has been used to study a diverse range of topics, 

such as the sustainability of biofuels, the diminishing returns from oil and gas extraction, and the 

net energy output of renewable energy sources (Beal et al. 2010; Cleveland 2005; Kubiszewski 

et al. 2010). There are only a handful of studies covering the EROI of geothermal energy 

production, however. Herendeen and Plant (1981) summarized several early studies of various 

geothermal technologies from the 1970s. Most recently, Frick et al. (2010) have studied the 

energy cost of a low temperature binary plant, and Atlason and Unnthorsson (2013) have studied 

the EROI of the Nesjavellir geothermal plant in Iceland.  

The geothermal resource base of Texas was first studied in the late 1970s as a 

Department of Energy (DOE) effort to find alternatives to oil power generation (Blackwell et al. 

2010 p 8). Research funded by the DOE showed a large geopressured region in East Texas and 

the Texas Gulf Coast that could potentially produce thermal energy from deep sedimentary 

reservoirs. In 1989, a test hybrid gas-geothermal power plant on the Texas Gulf Coast 

successfully used thermal energy and natural gas from the geopressured zone to produce 

electricity. The plant was named Pleasant Bayou No. 2, after its location on the Pleasant Bayou 

in Brazoria County. Interest in geothermal energy fell during the late 1980’s and early 2000’s 

due to low energy prices (Blackwell et al. 2010 p 8). Today, geothermal energy is once again 

being studied as an energy option due to rising electricity demands, concerns about climate 
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change, and recent breakthroughs in the technology which allows geothermal plants to be sited in 

areas previously deemed unqualified for production (Blackwell et al. 2010 p 9). A geothermal 

plant is capable of providing clean base-load power, unlike wind or solar (Blackwell et al. 2010 p 

iii). 

This paper examines the energy return on investment for a hypothetical 3 megawatt 

commercial hybrid gas-geothermal power plant on the Pleasant Bayou site. The engineering and 

financial parameters for the plant are based on a simple engineering and cost model created by a 

startup green energy company (referred to in this paper as the P. B. No. 2 Report) (Cutright Mar. 

2012). The Carnegie Mellon Green Design Institute Economic Input-Output Environmental Life 

Cycle Analysis model is used to calculate indirect energy cost. The results are then compared to 

the EROI of other power systems. The relationship between the EROI and financial return on 

investment is also explored.  
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2.0 Energy Return on Investment 

2.1 Deriving Energy Return on Investment 

 

All production of goods and services requires a mix of material and energy inputs. 

Energy inputs can be either direct or indirect to the production process. Direct energy is the 

energy used in the production process, derived from a fuel such as petroleum or electricity that is 

produced from primary fuels. Indirect energy is the energy required to extract or create the 

materials or services used in the production process. The sum of energy inputs used in the 

production process is the energy cost (Bullard 1978, p 268). This process can be used to calculate 

the energy cost of a single product such as a smart phone to the energy cost of an entire economy 

(Hendrickson et al. 2006).  

The concept of energy cost can be applied to energy producers to find an energy return on 

investment. An energy producer can be any machine or firm that produces energy, such as a 

single oil well, a power plant, or an energy company. The general equation for an energy return 

on investment is given in Equation 1 (King and Hall 2011, p 1814): 

Equation 1         
    

   
 

Eout is the summation all energy produced for a given timeframe. For instance, gas and oil may 

be produced from a single field, in which case the energy outputs could be in units of thousand 

cubic feet (mcf) and barrels of oil (bbl), converted to a standard unit such as BTU. Ein is the sum 

of direct and indirect energy costs (King and Hall 2011, p 1815). Both energy inputs and energy 

produced must be converted to a single unit, such as joules, to allow the EROI to be a unit-less 

ratio. EROI is typically calculated without discounting for time. Discounting the EROI for time 
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usually leads to a lower EROI, since infrastructure-related costs are front loaded while energy 

production occurs over time (King and Hall 2011, p 1826). 

  The EROI of an energy production system can give valuable insights into the efficacy 

and sustainability of that system. For example, the EROI of oil extraction is about 10:1 to 20:1, 

while the EROI of corn based ethanol is only 2:1, showing that oil extraction is more efficient in 

terms of energy used than corn based ethanol (Cleveland 2005; Hammerschlag 2006; Murphy et 

al. 2011, p 89). EROI can help determine which fuels are the best energy investments. The EROI 

of an energy producer can be transformed to the financial return on investment (FROI), serving 

as another metric to measure the economic viability of a fuel source (King and Hall 2011). The 

connection between EROI and FROI are discussed in Section 8.0. 

Energy cost is the sum of the direct and indirect energy costs. Direct energy cost is 

calculated by simply measuring the amount of physical energy used in a process, e.g. the amount 

of electricity or fuel used to run an engine for a period of time. Indirect, or embodied energy 

cost, is calculated using input-output (IO) tables that measure energy flows through the 

economy. Energy data for each sector of the economy and the supplier relationship between each 

sector is inputted into the model. The model uses these data to calculate the energy cost per 

dollar (MJ/$) of output from a given sector. This value is referred to as the energy intensity. A 

full explanation of the mechanics of the IO model can be found in Bullard et al. (1978) and 

Hendrickson et al. (2006).  

 The Carnegie Mellon University Green Design Institute Economic Input-Output Life 

Cycle Assessment Model (EIO-LCA) is the most comprehensive IO database of energy 

intensities, and was used as the source of energy intensity data for this paper. The EIO-LCA 
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model is an online resource that allows the user to choose a sector of the economy (as defined by 

the North American Industrial Classification) and input a monetary value of output for that sector 

(Weber et al. p 1). The model then calculates the embodied energy in terajoules consumed to 

produce the monetary value inputted by the user (CMU Green Design Institute). The EIO-LCA 

is a measure of the average energy intensity of an entire sector, and the actual energy use to 

manufacture a particular item or provide a specific service will be different than the sector 

average. The uncertainty in the EIO-LCA is discussed in section 2.3.  

The CMU EIO-LCA model has energy intensity data for the years 1997 and 2002. Data 

from both years were used in this paper. The economic IO data for the 1997 and 2002 models 

were compiled by the U.S. Bureau of Economic Analysis (BEA 2002; BEA 2008). Energy use 

for the 1997 model was derived from the EIA’s 1998 Manufacturing Energy Consumption 

Survey, the 1997 U.S. Census Bureau’s Economic Census, and analysis of the BEA 2002 IO 

table (Hendrickson et al. 2006, p 58). Energy use for the 2002 model was supplied by the EIA’s 

2002 Manufacturing Energy Consumption Survey, the U.S. Census Bureau’s 2002 Fuel and 

Electric Energy Report, and analysis of the BEA 2008 IO Table (Weber et al. 2009, p 2 – 5). The 

EIO-LCA data, although outdated, is the most current and comprehensive energy intensity 

database available. 

2.2 Uncertainty in Calculating Energy Cost 
 

 The CMU model greatly simplifies the process of calculating indirect energy cost at an 

aggregate level. However, uncertainty exists in the model due to the nature of the aggregation 

process. Hendrickson et al. (2006) and Lenzen (2001) find five general sources of error: survey 

error, outdated data, allocation and aggregation, proportionality assumption, and imports. These 
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are discussed in turn. Survey error is from inaccurate responses on the surveys from which the 

IO model derives its data. Because it can take several years to assemble the information for an IO 

database, the database will be outdated by a few years. Allocation and aggregation error refers to 

the difficulty in classifying businesses in multiple sectors of the economy, as well as the 

heterogeneous nature of certain sectors. The proportionality assumption holds that all increases 

in a dollar of output leads to a proportional increase in energy consumed. The model does not 

differentiate between imports and domestically produced goods, which may have different 

energy intensities (Lenzen 2001; Hendrickson et al. 2006).  

Lenzen (2001) calculates total error of an IO coefficient ranges from 20 to 80 percent. 

However, because energy intensity is derived from taking a series of uncertain coefficients, the 

uncertainty of these coefficients cancel out, leaving a final uncertainty in energy intensity of 

about 10 to 20 percent (p 142). While it would be desirable to have energy intensity data that was 

more disaggregated and recent, the EIO-LCA is the most comprehensive energy input-output 

database available. 
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3.0 Geothermal Energy in Texas  

3.1 Background on Geothermal Energy 

 

Geothermal energy is the naturally occurring heat produced by the Earth’s crust and 

interior (Barbier 2002 p 6). Although the resource potential of geothermal energy is about four 

times the world’s current annual energy consumption, its energy can only be tapped in areas with 

an especially high crustal temperature gradient (Barbier 2002 p 6, 12). Geothermal plants create 

electricity by extracting hot subsurface water that can be used to spin a turbine. The water then is 

either injected into a shallow disposal zone or injected back into the reservoir for reuse.  

Geothermal energy originates from convection and conduction of magmatic heat through 

the crust and from the heat given off by radioactive isotopes (Barbier 2002 p 11, 12). Depending 

on the temperature gradient, currently operating geothermal plants extract fluids (brine) from 

depths of 600 to 10,000 feet (Duffield and Sass 2003 p 14; Tester et al. 2006 p 1.18). The total 

worldwide installed geothermal electricity capacity in 2009 was 10.7 gigawatts (GW), while the 

U.S. installed geothermal capacity in 2010 was about 3 GW (IEA 2010 p 1; Holm et al. 2010 p 

47). Geothermal energy can also be used for space and water heating, as well as agriculture. 

Direct geothermal energy (i.e. not converted to electricity) use worldwide was about 50 GW in 

2009 (IEA 2010 p 1).  

Nearly all existing or present geothermal electricity plants have been constructed on 

divergent plate boundaries (plants in California, Japan, and New Zealand use waters heated by 

the divergent Pacific plate margin) or naturally occurring hotspots with abnormally shallow 

magma plumes (such as Iceland) (IEA 2010 p 24, 25). Although most geothermal plants have 

been constructed in areas of shallow magmatic activity, any area with a suitably high 
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temperature gradient and appropriate reservoir characteristics can be used for geothermal energy. 

A temperature of 200° F to 300° F is suitable for the operation of a binary turbine geothermal 

power plant. A temperature of 300° F or above is suitable for dry steam and flash geothermal 

power plants (SECO 2008 p 2). The main difference between binary power plants and dry 

steam/flash plants is that the hot water from binary plants is used to vaporize a secondary fluid to 

spin a turbine, whereas dry steam and flash plants use the vapor from the hot water to spin a 

turbine (Chamorro et al. 2011 p 1). In addition to a high fluid temperature, a geothermal 

reservoir must have a high fluid saturation and an appropriately high permeability and porosity to 

allow fluid flow (Tester et al. 2006, 1-1).   

3.2 Geothermal Energy on the Texas Gulf Coast 
 

The geothermal resource along the Texas Gulf Coast consists of deep geopressured 

sedimentary basins, heated by the Earth’s normal thermal flows (Uddenberg 2012, p 1). Trapped 

within these sediments are hot brines (> 200 °F) saturated with methane gas. In addition, the 

sediments are geopressured, allowing the fluids to flow artesian to the surface. Geopressure 

refers to pore-spaces at pressures greater than hydrostatic (0.465 psi/foot). Thermal energy from 

the brines, chemical energy from dissolved methane, and hydraulic energy from the overpressure 

can be utilized for power production (Blackwell et al., p 12). 

The strata of interest on the Texas Gulf Coast is the lower Tertiary, which extends 

approximately 100 miles inland and approximately the same distance out onto the continental 

shelf (Loucks et al. 1979; Wallace et al. 1979). A map of the salient formations of the lower 

Tertiary is shown in Figure 1.  
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Figure 1: Map of Major Outcrop Areas of the Texas Gulf Coast Tertiary Formations. Source: 

Blackwell et al. 2010 p 13 

The geology of the lower Tertiary is composed of successive bands of sediments which 

parallel the Gulf Coast in strike and thicken seaward. The downdip section is towards the central 

Gulf Coast (Figure 2; Loucks et al. 1979 p 12).  
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Figure 2: Idealized Cross-section of Lower Tertiary Sandstone and Shale Deposits along the Texas 

Gulf Coast. Source: Bebout et al. 1982 p 2 

These thick sedimentary wedge-shaped deposits were formed over the last 65 million 

years by the rapid deposition of sediments by prograding deltas on top of wet muddy shales as 

the Gulf Coast subsided (Blackwell et al. 2010 p 12; Loucks et al. 1979 p 12). The weight of the 

deposited sands formed growth faults parallel to the coast, causing sediments to fall downdip of 

the fault, thickening the sediments in the downdip zones. This “slumping” of sands in the 

downdip section caused the permeable sands to be surrounded by low permeability shales, 

hydraulically isolating the thermal water. Over time, as more layers continued to be deposited on 

top, pressure within the sandstone reservoir increased above hydrostatic pressure (0.465 psi/ft) to 

a little less than lithostatic pressure (1.0 psi/ft). Because of this increase in pressure, the sands 

have high relative porosity and permeability. This high pressure area is referred to as the 
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geopressured zone. The formation water temperature ranges from 200 to 400° F, depending on 

both depth and local conditions (Blackwell et al. 2010 p 12). 

Blackwell et al. (2010) conducted a comprehensive study of the geothermal temperature 

flow of the Texas Gulf Coast and East Texas using corrected temperature data from 

approximately 8,400 wells (p 15 – 26). These data were used to create maps of the subsurface 

temperature at various depths (p 28 – 30). A map from Blackwell et al. (2010) of the geothermal 

temperature at a depth of 12,000 feet for the Gulf Coast is shown in Figure 3.  

 

Figure 3: Map of Corrected Temperature at 12,000 feet. Data points are dots. Source: Blackwell et 

al. 2010, p 32 

Wallace et al. (1979) have calculated that over 2,000 exajoules of energy are recoverable from 

thermal energy and methane in the Texas Gulf Coast.  
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4.0 The Pleasant Bayou No. 2 Test Geothermal Plant 
 

 The Pleasant Bayou No. 2 test geothermal well was a designed well drilled under the 

Department of Energy geopressured-geothermal energy program (John et al. 1998, p 355). 

Initially drilled as a geothermal test well in 1979, Pleasant Bayou (P. B.) No. 2 was the first 

successful deep well drilled in a sedimentary basin to produce electricity from methane gas and 

geothermal brine (Erdlac 2007, p 24). P. B. No. 2 was operational for 121 days, from November 

1989 to May 1990, and sold a total of 3,445 MWh of electricity. The model reservoir is assumed 

to occupy the same location and produce from the same formation as the P. B. No. 2 did, in order 

to use the performance parameters developed from the P. B. No. 2 test well and generation 

experience (Cutright Apr. 4, 2013).  

The Pleasant Bayou is located about 40 miles south of Houston, along the Texas Gulf 

Coast in Brazoria County (Figure 4).  
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Figure 4: Map of Pleasant Bayou No. 2 Location. Source: John et al. 1998, p 365 

The Pleasant Bayou area occurs within the Brazoria Fairway, a geothermal-geopressured 

zone identified by Loucks et al. (1979) that produces from the Frio formation (p 5). A potential 

sandstone reservoir within the fairway was identified by Loucks et al. (1979) at 14,000 feet in 

depth and 660 feet thick (John et al. 1988, p 367, 377). The reservoir is located in the 

geopressured zone and below the 300° F isotherm (John et al. 1998, p 375).  

 The P. B. No. 2 well was perforated within the sandstone layer at 14,650 to 14,710 feet 

(John et al. 1998, p 377). This reservoir is a fluvial sandstone channel with high permeability, 

and an aerial extent of 36,000 acres (p 388). Reservoir parameters for P. B. No. 2 are listed in 
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Table 1. Maximum flowing temperature refers to the maximum brine temperature at the 

wellhead.  

Table 1: Pleasant Bayou No. 2 Reservoir Parameters 

Property  Value  Units 

Initial Reservoir Temperature 309.2 °F 

Maximum Flowing Temperature 277 °F 

Permeability 159.8 md 

Porosity 18 % 

Initial Pressure (at 14,100 ft) 10,716 psia 

Water in Place 6.4E+09 bbls 

Entrained Gas 22 scf/bbl 

Total Dissolved Solids 130,000 mg/l 

Source: Griggs 2004, p 24; John et al. 1998, p 388; Shook 1992, p 9 

P. B. No. 2 was a hybrid gas binary geothermal plant, drawing thermal energy from the 

brine and fuel energy from the dissolved gas. Both the brine and gas fed separate turbines that 

produced electricity. A full engineering summary of a hybrid gas binary geothermal plant is 

given in section 5.2. The output summary of the plant is listed in Table 2. 

Table 2: Pleasant Bayou No. 2 Output Summary 

Property  Value  Units 

Net Total Capacity 982 kW 

Geothermal Turbine Capacity 541 kW 

Gas Engine Capacity 650 kW 

Parasitic Load 209 kW 

Brine Production 
18,000 – 
27,000 bbls/day 

Entrained Gas 22 scf/bbl 

Methane Gas Content 87 % 

Plant Capacity Factor 80.2 % 

Plant Availability 97.5 % 

Source: Erdlac et al. 2007, p 24 – 25; John et al. 1998, p 388 – 406 

 P. B. No. 2 was a test plant meant to examine the feasibility of producing geothermal 

energy from the geopressured zone. The plant was not designed to produce electricity 
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commercially. The financial model P. B. No. 2 Report uses the P. B. No. 2 plant as a template for 

an analysis of what a viable commercial hybrid plant would be.  
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5.0 Model Geothermal Plant 

5.1 Background on Geothermal Plant Model 

 

 In order to calculate the EROI of a geothermal plant on the Texas Gulf Coast, a simple 

engineering and cost model of a 3.32 MW commercial hybrid gas-geothermal plant was 

analyzed. The model was created by a startup green energy company (Cutright Mar. 2012), and 

incorporates the reservoir and production parameters of the P. B. No. 2 test plant into its cost and 

engineering parameters. Cost and engineering parameters for the model are taken from 

correspondence with industry and are generalized values (Ikonnikova 2012). Before discussing 

the specifics of the model, an engineering overview of a hybrid gas-geothermal system is 

presented in section 5.2.  

5.2 Basic Design of a Hybrid Gas-geothermal Plant 
 

 A simplified flow chart for a hybrid gas-geothermal plan is presented in Figure 5. 
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Figure 5: Simplified Hybrid Gas Binary Geothermal Power Plant. Source: Campbell and Hattar 

1991, p 24 

Brine with entrained methane flows from the reservoir to the wellhead. From the 

wellhead, the brine flows to the separator, which separates the methane from the brine. The 

methane is then burned in a gas engine, producing electricity (Campbell and Hattar 1991, p 24). 

Brine flows from the separator to the Organic Rankine Cycle Generator (ORC). A pressure 

reduction valve decreases the brine pressure before entering the ORC. The ORC uses the brine to 

vaporize a secondary fluid, such as isobutane, and this secondary vapor spins the ORC turbine to 

produce electricity. After the brine has passed through the ORC, it is pumped into a shallow 

injection zone for the first three years of production. From the fourth year onwards, it is pumped 

back into the reservoir to maintain reservoir pressure (Cutright 2013). Electricity from the 

turbines is connected to a transformer and then to the grid. A cooling tower pumps surface water 

into a condenser within the ORC to convert the isobutane back to a liquid to be used again (p 

44). Electrical efficiency for the gas engine is about 40 percent, while the efficiency for an ORC 

ranges from 7 to 12 percent depending on brine temperature and local conditions (Clarke Energy; 
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Griggs 2004, p 43). Because the resource is geopressured, a hydraulic recovery unit could be 

added to produce electricity from the excess pressure available at the wellhead. The model does 

not add a hydraulic recovery unit, in order to use the hydraulic energy to reduce injection costs 

(Griggs 2004, 41).  

 The Organic Rankine Cycle is the closed loop in which the secondary fluid (isbutane) is 

vaporized in order to spin the turbine, and then cooled down to be recycled (Ormat). A simplified 

diagram of an ORC is shown in Figure 6.  

 

Figure 6: Simplified Organic Rankine Cycle. Source: Ormat 

The secondary fluid is pumped to the pre-heater, a “shell and tube” heat exchanger in 

which the secondary fluid is heated to its bubble point. The fluid is then vaporized in a vaporizer 

heated by the brine (Campbell and Hattar 1991, p 26). Once vaporized, the fluid spins the 

geothermal turbine to create electricity (p 27). The fluid is then cooled back into a liquid in a 
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condenser. The condenser is cooled by surface water from the cooling tower. The fluid is then 

pumped back through the system (p 26).  

The model presented above is a simplified overview of a hybrid gas binary geothermal 

power plant, with each component containing many subcomponents. The exact specification for 

each component and subcomponents is dependent on the manufacturer and the reservoir and 

engineering parameters (Campbell and Hattar 1991, p 23 – 69).  

5.3 Parameters for the Baseline Model 
 

 Critical engineering and reservoir specifications for the baseline model plant are listed in   
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Table 3: Base Case Plant Engineering Specifications 

. The data in the table are taken from either the P. B. No. 2 Report or calculated using a 

geothermal output model developed by Turbine and Air Systems, Inc. (TAS) (Dickey 2011). The 

values are considered reasonable approximations, given engineering capabilities and the 

reservoir parameters of Pleasant Bayou (see Table 1 in section 4.0).  
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Table 3: Base Case Plant Engineering Specifications 

Property Value Units 

Gross Total Capacity (MWTot) 3.44 MW 

Geothermal Turbine Capacity (MWORC) 1.06 MW 

Gas Engine Capacity (MWGas) 2.38 MW 

Parasitic Load (MWPar) 0.12 MW 

Production Lifetime (T) 20 Years 

Plant Capacity Factor (Cap) 95.1 % 

Gas Engine Efficiency (EffGas) 40 % 

ORC Efficiency (EffORC) 9.5 % 

Daily Brine Production (BWPD) 25,000 bbl/day 

Entrained Gas (Gbbl) 22 scf/bbl 

Wellhead Temperature (ti) 290 °F 

Outlet Temperature (to) 186 °F 

Outlet Temp. / Wellhead Temp. (Δt) 64.14 % 

Gas Flow per Day (Gday) 550 MCF 

Gas Used for Injection per Day (Ginj) 71.1 MCF 

Gas Available for Engine per Day (Gav) 478.9 MCF 

Source: Cutright Mar. 2011; Dickey 2011 

 All of the data in the table are derived from the performance data in the P. B. No. 2 

Report, except for the years of production, the ORC efficiency and the outlet brine temperature. 

The P. B. No. 2 Report assumed eleven years of production, after which the plant would be sold. 

The plant lifetime for this model is set to twenty years, which is considered appropriate given the 

size of the reservoir (Shook 1992; Cutright 2012). The ORC efficiency and outlet brine 

temperature were both calculated using the TAS geothermal output model, and the values are 

considered average, given the parameters of the reservoir (Dickey 2011; DiPippo 2004, Griggs 

2004, p 43). Temperature decline of the reservoir is not taken into account for the base case 

because the P. B. No. 2 test plant did not show a temperature decline (Cutright Apr. 2013). 

Temperature decline changes lifetime output by a few percentage points, and so does not 

contribute significantly to the EROI. How temperature decline effects the EROI is discussed in 

section 6.4.  
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Some of the key parameters in the model are functions of other model parameters. The 

geothermal turbine capacity is a function of wellhead and outlet temperature, daily water 

production, and turbine efficiency. The equation for the ORC nameplate capacity is defined in 

Equation 2:  

Equation 2                                

where α is a constant equal to 4.274E-06. The other variables are described in Table 3. The 

constant α is a transformation of the units to MW (Dickey 2011). The equation for the nameplate 

capacity of the gas engine is a function of available gas and the efficiency of the gas engine, 

given in Equation 3. 

Equation 3                       

where β is equal to 1.245E-02. The constant β is a transformation of the units to MW. The 

equation for the gas required for injection is a function of the flow rate (BWPD):  

Equation 4                

where θ is a constant equal to 2.843E-03, derived from parameters of the injection pump given in 

the P. B. No. 2 Report.  

Each of these equations is a simplified version of more complex equations. They have 

been simplified to fit the data available and for ease of use. These equations will be utilized in 

section 6.3 for sensitivity analysis.  

5.4 Calculating the EROI for Geothermal Plant Model 
 

The energy return on investment for the model geothermal plant was calculated by 

dividing the total lifetime energy output over the total direct and indirect energy cost of the plant. 
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The total energy output of the plant is the total megawatt hours of electricity produced by the 

plant over its lifetime, given in Equation 5: 

Equation 5                       

where γ is the number of hours in a year. The direct energy cost was calculated by finding the 

total parasitic load over the plant’s lifetime. This was done using Equation 6. Both the energy 

output and direct energy cost were converted into terajoules. 

Equation 6                       

 Indirect energy costs were calculated using the Carnegie Mellon Green Design Institute 

Life Cycle Analysis model (EIO-LCA). For each cost category listed in the P. B. No. 2 Report, a 

corresponding NAICS sector of the economy was chosen from the EIO-LCA that best fit that 

category. For example, the NAICS category that best fits the cost category “gas engine” is 

333611: Turbine and Turbine Generator Set Units. The EIO-LCA contains energy intensity data 

(joules/$) for each sector for the years 1997 and 2002. The costs in the P. B. No. 2 Report are 

reported in $2011 and were corrected to $1997 and $2002. The discounted values were 

multiplied by the energy intensities and then summed together to find the total indirect energy 

cost. Equation 7 shows this operation mathematically: 

Equation 7                      
 
    

where δ is a term to correct for inflation, ci is accounting category i, and ei is the energy intensity 

for the NAICS sector corresponding with ci. As discussed in section 2.3, this method of 

aggregation leads to a standard error of about 20 percent.  
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The cost to decommission and deconstruct the geothermal plant after its lifetime was not 

calculated, because Frick et al. (2010) found that the energy cost of decommissioning a 

geothermal plant is inconsequential to its total energy cost (p 2289).  
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6.0 Results 

6.1 Base Case Results 

 

The gross energy output for the twenty year base model was calculated to be 573.10 

GWh. Converting this value to TJ (3600 MJ/KWh) yielded 2063.14 TJ. The direct energy cost or 

parasitic load was calculated to be 19.67 GWh, or 70.83 TJ. The indirect energy cost using 2002 

EIO-LCA energy intensity data was calculated to be 95.60 TJ, while the indirect energy cost 

using 1997 EIO-LCA energy intensity data was calculated to be 74.73 TJ, about 22 percent less 

than the 2002 indirect cost. The base model EROI using the 2002 EIO-LCA data was 12.40, and 

the base model EROI using the 1997 EIO-LCA data was 14.18, about 13 percent higher than the 

2002 EROI. Table 4 lists these results.  

Table 4: Base Case Results 

Item Value Units 

Gross Energy Output 2063.14 TJ 

Direct Energy Cost 70.83 TJ 

Indirect Energy Cost (EIO-LCA 2002) 95.6 TJ 

Indirect Energy Cost (EIO-LCA 1997) 74.73 TJ 

Indirect Ein/Direct Ein (EIO-LCA 2002) 1.35 Ratio 

Indirect Ein/Direct Ein (EIO-LCA 1997) 1.06 Ratio 

EROI (EIO-LCA 2002) 12.40 Ratio 

EROI (EIO-LCA 1997) 14.18 Ratio 

Energy Payback (EIO-LCA 2002) 1.46 Years 

Energy Payback (EIO-LCA 1997) 1.32 Years 

 

Energy payback refers to the length of time necessary for the EROI to equal 1. The 

breakdown of the indirect energy costs is shown in Figure 7.  
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Figure 7: Indirect Energy Cost Breakdown 

The Appendix lists the full indirect energy cost breakdown. The activities associated with 

the work-over of the geothermal well have the greatest monetary and energy cost of all the cost 

categories. The ORC system is the second most energy expensive category, at about 9 TJ for 

both EIO-LCA 2002 and 1997. The gas generator has an energy intensity of about one third of 

the ORC system at 3 TJ.  

The EROI for the ORC and gas engine can be calculated by dividing the output from 

each turbine by its respective indirect energy cost. The results show that the gas engine has an 

EROI about 6.5 times higher than the ORC geothermal system. However, this does not take into 

account the necessary ancillary equipment or parasitic load. Finding the exact EROI difference 

between the gas engine and the ORC is difficult, because both generators rely on the same 
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ancillary system. Carlson and Underhill (1976) suggest that including methane in the EROI of a 

geopressured-geothermal plant increases the EROI of the plant by about a factor of four 

(Herendeen and Plant 1981, p 43). 

The difference between the EIO-LCA energy intensity data for the years 1997 and 2002 

is surprisingly large, given the short span of time. This disparity may be due to the uncertainty 

factors discussed in section 2.3. Other factors, such as changes in the price of energy between 

1997 and 2002, may be a reason (Sue-Wing 2008). These possibilities will be discussed in 

section 6.3.  

A graph of the lifetime energy cost and output for the (2002) model is shown in Figure 8. 

About 40 percent (70 TJ) of all energy costs over the lifetime of the plant are consumed during 

the construction phase, which in this model is assumed to be the first year. During production, 

the output is about 103 TJ per year. The gas output is about 71 TJ a year, and the ORC output is 

about 32 TJ a year. The operating cost is 1.6 TJ per year, and the parasitic load is about 3.5 TJ 

per year.  
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Figure 8: Graph of Energy Production and Consumption for Model (2002) Geothermal Plant 

 While this analysis includes parasitic load, it does not include transmission losses. 

Transmission loss is not normally counted as an energy cost, but examining the EROI with 

transmission loss helps illustrate the significance of transmission loss on the net energy output of 

an electricity producer. The EIA estimates that about 7 percent of energy produced by a power 

source is lost in transmission (EIA “Frequently Asked Questions”). When transmission loss is 

factored in, the EROI is reduced by 7 percent. The results are shown in Table 5. 
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Table 5: EROI with Transmission Loss 

Item  Value  Units 

Total Energy Output 2063.14 TJ 

Annual Energy Output 103.16 TJ 

Transmission Loss 7 % 

Total Transmission Loss 144.42 TJ 

Annual Transmission Loss 7.22 TJ 

EROI (EIO-LCA 2002) 11.53 Ratio 

EROI (EIO-LCA 1997) 13.18 Ratio 

 

6.2 Indirect Energy Cost Uncertainty 

 

As mentioned in section 2.3, a standard error of 20 percent can be applied to the indirect 

energy costs. The formula for the EROI can be modified to include this uncertainty, as shown in 

Equations Equation 8 and Equation 9: 

Equation 8         
    

               
 

Equation 9                 

where ε is the standard error for the indirect energy cost. The standard error is assumed to be 

normally distributed (Lenzen 2000, p 142). The results of the standard error analysis are shown 

in Table 6.  

Table 6: EROI Uncertainty Analysis  

Item Value 
Standard 
Error 

Standard Error 
95% CI 

EROI Standard 
Error EROI 95% CI 

Indirect Energy Cost 

(1997) 74.73 14.95 29.29 12.85 - 15.80 11.80 - 17.75 
Indirect Energy Cost 

(2002) 95.60 19.12 37.47 11.12 - 14.04 10.12 - 16.00 

 

The standard error analysis gives the range of probable values each EROI can take. The 

upper standard error for both EROI is about 1.60 units above the calculated value (EROI + 1.60), 
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and the lower standard error is about 1.30 units below the calculated value (EROI – 1.30). The 

upper 95 percent confidence interval is about 3.60 above the mean, and the lower 95 percent 

confidence interval is about 2.35 below the mean.  

Given the large standard errors of the indirect costs, it is possible that the indirect costs 

are not statistically different. This can be investigated using a difference in means test, shown in 

Equation 10: 

Equation 10    
     

    
     

 
         

where μ1 and μ2 are the indirect costs, and SE1 and SE1 are the standard errors. The two sided p-

score is about 0.39, so the hypothesis that the indirect costs, and therefore the EROIs, are equal 

cannot be rejected. If the true indirect costs are approximately equal, then the reason for the 

apparent differences would be the uncertainty factors discussed in section 2.3. It is also possible 

that the energy intensity did in fact change between the years 1997 and 2002. The reasons for 

how this could have happened are discussed below. In further analysis, this paper continues to 

distinguish between the two EROIs.  

It is difficult to determine how close the 1997 and 2002 energy intensity data is to current 

intensity data. Trying to predict how the energy intensities of different sectors of the economy 

change is a difficult undertaking, since a large number of interacting factors determine energy 

intensity of sector of the economy, as well as the overall economy (Sue-Wing 2008). Sue-Wing 

(2008) points out that energy intensity has been on a downward trend from the mid-1970s to 

2000 (p 43). The energy intensity of the sectors examined in this paper would seem to buck that 

trend, since the 2002 IO data is more energy intensive than the 1997 data. The increase in energy 

intensity in those factors may be due to a decrease in energy price, spurring an increase in energy 
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use. However, EIA historic price data shows electricity prices remaining stagnant from 1997 to 

2002, and the prices of oil and natural gas increasing (Annual Energy Outlook Figures 1949 - 

2010). This seems to suggest that the change in energy intensity may be due to error in 

calculation, and not due to a real change in energy intensity.  

The EIA calculates that energy per dollar GDP fell by 16 percent from 2000 to 2010 

(Annual Energy Outlook Figures 1949 - 2010). Therefore, current energy intensity data for the 

sectors used in this paper would have probably decreased from the “real” 1997 and 2002 levels. 

Therefore, if current and accurate sectoral energy intensity data could be used, it would probably 

yield a higher EROI than the ones presented in this paper.   

This uncertainty analysis illustrates how closely tied an EROI is to the energy 

consumption of the economy as a whole. Because energy intensities are always fluctuating, and 

technology is always changing, an absolute EROI value by itself does not reveal very much 

about the desirability of an energy source. It is only in comparing the EROI of one energy source 

to another that conclusions can be drawn about how effective one power source is compared to 

another. Section 7.0 compares the EROI calculated in this paper to the EROI of other geothermal 

plants and power sources.  

This model assumes that the engineering and cost parameters are not probabilistic, and so 

do not have an associated error. Conducting sensitivity analyses on the engineering and cost 

parameters is helpful in discovering how these parameters affect the EROI. This is done in 

section   
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6.3 Sensitivity Analysis below.  
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6.3 Sensitivity Analysis 
 

 Sensitivity analysis was conducted to measure how the changes in the parameters affect 

the EROI. The change in EROI over time is shown in Figure 9.  

 

Figure 9: Graph of Change in EROI Base Case Over Time 

As time increases, the EROI increases at a decreasing rate. This is because the energy 

produced during the operation of the plant is far greater than the energy consumed, as shown in 

Figure 8 in section 6.1 Base Case Results. The total EROI asymptotes at the annual EROI during 

the production phase, which is 20.12 for the 2002 model and 22.89 for the 1997 model. Note that 

Figure 9 assumes that no capital items need to be replaced, operating costs do not rise and output 

does not decrease. In actuality, it is very likely that modifications and replacements will need to 

be made as the plant ages. The EROI time function should be viewed as an ideal situation. The 

importance of time in maximizing a plant’s EROI mirrors the importance of payback time when 

planning to invest in a power plant: maximizing the EROI and financial return on investment 

require that the plant operate for a certain amount of time to recoup energy and financial costs.  
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Figures 10 through 19 summarize the sensitivity analysis for other parameters. For each 

parameter, a graph of the change in EROI and parameter was created. Note that for the 

temperature versus EROI figures, the outlet temperature changed with the wellhead temperature, 

remaining at 64 percent of wellhead temperature. For all other sensitivity analyses, only the 

parameter being measured was changed. 

 

Figure 10: Graph of Gross Output vs. EROI 

 

Figure 11: Graph of ORC Capacity vs. EROI 
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Figure 12: Graph of Gas Engine Capacity vs. EROI 

 

Figure 13: Graph of Parasitic Load vs. EROI 

 

Figure 14: Graph of Indirect Energy Cost vs. EROI 
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Figure 15: Graph of ORC Efficiency vs. EROI 

 

Figure 16: Graph of Gas Engine Efficiency vs. EROI 

 

Figure 17: Graph of Plant Capacity Factor vs. EROI 



37 

 

 

Figure 18: Graph of Wellhead Temperature vs. EROI 

 

Figure 19: Graph of Thousand BWPD vs. EROI 

An increase in plant capacity, turbine efficiency, capacity factor, wellhead temperature and 

BWPD all increase the EROI. An increase in parasitic load or indirect energy cost caused the 

EROI to decrease.  

The percent rate of change between the parameters and EROI is listed in Table 7. The 

parameter with the highest impact on the EROI is a change in the brine flow rate (BWPD). This 

is because the flow rate affects both the gas engine and ORC turbine. A percent change in the 

ORC capacity or efficiency equates to about a 0.3 percent change in the EROI, since 30 percent 

of the plant’s power is provided from the ORC. A percent change in the gas engine capacity or 
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efficiency equates to about a 0.7 percent change in the EROI, since the gas engine provides about 

70 percent of the plant’s power output. Because the temperature only affects the ORC output, a 

percent change in temperature lowers the EROI by about 0.3 percent. The affect that a change in 

parasitic load or indirect energy cost have on the EROI are both nonlinear, because they affect 

the denominator of the EROI function. The effect of the plant capacity factor is also nonlinear 

because it affects both the numerator and denominator of the EROI function (the output and 

parasitic load). The relative values of the effects of the parasitic load and indirect energy cost on 

an EROI reflect the ratio of the parasitic load to indirect energy cost for that EROI. For instance, 

the ratio of the direct to indirect energy costs for EROI (1997) is 70.83:74.73, which is equal to 

the ratio of the relative effects of the indirect and direct energy costs, which is about 0.49:0.52. 

Table 7: Percent Change in EROI with 

One Percent Change in Parameter 

Parameter 

EROI % 
Change 
(1997) 

EROI % 
Change 
(2002) 

Gross Output (MW) 1.00 1.00 

ORC Capacity (MW) 0.31 0.31 

Gas Engine Capacity (MW) 0.69 0.69 

Parasitic Load  (MW) -0.49* -0.43* 

Indirect Energy Cost (TJ) -0.52* -0.58* 

ORC Efficiency (%) 0.31 0.31 

Gas Engine Efficiency (%) 0.69 0.69 

Plant Capacity Factor (%) 0.59* 0.64* 

Wellhead Temperature (°F) 0.31 0.31 

Barrels of Water Per Day 1.00 1.00 
* Linear approximation of nonlinear function 

6.4 Incorporating Reservoir Temperature Decline 
 

The base model does not incorporate the temperature decline of the reservoir. Because 

spent brine is being injected back into the reservoir at a temperature lower than the reservoir 
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temperature, some temperature decline can be expected (Entingh 2006, p 55). A simplified 

equation for the change in wellhead temperature from Entingh (2006) is shown in Equation 11: 

 Equation 11:                  

where ti is the wellhead temperature in year i, t0 is the initial wellhead temperature, D is the rate 

of temperature decline (%/year), and i is the number of years the reservoir has been injected (p 

55). A declining wellhead temperature also causes a decrease in the efficiency of the ORC. An 

equation derived from Dickey 2011 for the change in ORC efficiency is shown in Equation 12: 

Equation 12:          
                   

where eff is the efficiency of the ORC in year i. Combining Equations 11 and 12 with Equation 2 

gives the annual decline in maximum ORC capacity. Table 8 shows how EROI changes with 

three levels of temperature decline (D). Entingh (2006) gives an average annual rate of 

temperature decline of 0.5 percent, which equates to an EROI decrease of about 2.7 percent over 

a 20 year period.  

Table 8: Thermal Drawdown and EROI 

Thermal 
Drawdown (%/yr) 

EROI 
(1997) 

EROI 
(2002) 

Change in 
EROI (%) 

0.3% 13.93 12.19 -1.69% 

0.5% 13.79 12.06 -2.72% 

0.7% 13.65 11.94 -3.68% 

 

 Figure 20 shows the decline in wellhead temperature for each decline rate D. Although 

the temperature decline appears steep, the total thermal enthalpy declines at a slower rate 

because the outflow temperature also declines with the wellhead temperature (Equation 2). The 

decline in gross nameplate capacity is shown in Figure 21. The decrease in temperature does not 
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cause a decrease in output for the gas engine (some evidence suggests that gas output might 

actually increase) (Cutright Apr. 2011). Therefore the overall power decline is limited.  

 

Figure 20: Graph of Decline in Wellhead Temperature per Annual Temperature Decline Rate 

 

Figure 21: Graph of Decline in Gross Output per Annual Temperature Decline Rate 

 As the figures and table above illustrate, the decline in reservoir temperature does not 

have a large impact on the EROI of the plant. This is largely due to the gas engine output 

continuing to produce at a constant rate, because it is unaffected by the decline in reservoir 

temperature (Cutright Mar. 2011).  
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7.0 Comparison of Model EROI with EROI Literature 
 

 Studies on the EROI of geothermal plants are quite limited in number, in comparison to 

other power sources such as wind and coal. Herendeen and Plant (1981) summarize four 

previous studies which examine the EROI of steam, flash, and binary system geothermal plants. 

The studies however are more than thirty years old, and it is possible that the results found in 

them would not represent the EROI of new geothermal plants. As Sue-Wing (2008) has shown, 

energy intensity 40 years ago was greater than present energy intensity. This means the 

embodied energy per dollar spent for the economy as a whole would have been higher in the 

studies examined by Herendeen and Plant (1981) than in studies conducted today (Sue Wing 

2008, p 43). Applying current energy intensity data to the studies examined in Herendeen and 

Plant (1981) would likely give a lower overall energy cost (p 80).  

Recently, Atlason and Unnthorsson (2013) calculated the EROI of the Nesjavellir 

geothermal plant in Iceland. Frick et al. (2010) conducted a life cycle assessment of a geothermal 

binary turbine plant that calculated the total material and energy requirements over the plant’s 

lifetime, as well as pollution emitted. For many materials, such as steel, the energy cost is well 

known. This allows the indirect energy cost to be calculated by tabulating the energy costs of the 

materials used (Venkatarama Reddy and Jagadish 2003). The EROI of other power systems are 

calculated by Kubiszewski et al. (2010), Raugei et al. (2012), Murphy and Hall (2010), and 

Weißbach et al. (2013). A summary of the literature on the EROI of geothermal plants and other 

power types is tabulated in Table 9. For most power sources, a large range of values for the 

EROI is calculated. This range of values is attributable to different methods of calculating the 

EROI, different system boundaries, and disagreement over the embodied energy cost. In 
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addition, researchers will make different assumptions about the plant engineering and cost 

parameters, such as capacity factor. 

 Table 9: Summary of EROI Studies 

Study Technology Size (MW) 
Capacity 
Factor (%) 

Lifetime 
(Years) EROI Comments 

Results From This Study 

Kampa EIO-
LCA 1997 

Hybrid Gas/ 
Binary 3.44 95 20 (25) 

14.18 
(15.37) 

Figure in parenthesis is for a 
lifetime of 25 years. 

Kampa EIO-
LCA 2002 

Hybrid Gas/ 
Binary 3.44 95 20 (25) 

12.40 
(13.54) 

Figure in parenthesis is for a 
lifetime of 25 years. 

Studies Summarized by Herendeen and Plant (1981) 

Carlson and 
Underhill 
(1976) 

Geopressure 
Flash Steam 
Plant 25 87 25 17.6 (5.0) 

Figure in parenthesis excludes 
methane. Energy intensities 
based on 1963 IO data. 

Carlson and 
Underhill 
(1976) 

Geopressure 
Binary 
Turbine Plant 33 92 25 14.0 (3.7) 

Figure in parenthesis excludes 
methane. Energy intensities 
based on 1963 IO data. 

Icerman 
(1976) 

Liquid 
Dominated 
Steam 100 70 25 7.0 - 11.3 

Based on net electric output, 25% 
less than gross output. Energy 
intensities based on 1963 IO 
data. 

Icerman 
(1976) 

Vapor 
Dominated 
Steam 100 77.5 25 22.6 

Based on net electric output, 4% 
less than gross output. Energy 
intensities based on 1963 IO 
data. 

Other Geothermal Studies 

Atlason and 
Unnthorsson 
(2013) 

Flash Steam 
Plant 420 (120) 99.9 20 31.9 (9.3) 

Nesjavellir plant in Iceland. 
Includes energy from electricity 
and hot water. Figure in 
parenthesis excludes hot water. 

Frick et al. 
(2010) 

Enhanced 
Binary 1.75 80 30 4.5 

Model based on synthesis of 
European data. Based on net 
electricity analysis, 10% less than 
gross.  

Other Power Systems 

Weißbach et 
al. (2013)  Coal 719 85.6 50 30 

Data taken from Spath et al. 
(1999) and Hoffmeyer et al. 
(1996). 

Murphy and 
Hall (2010) Coal Various Various Various 80 Mine to mouth coal plant. 

Weißbach et 
al. (2013) Gas Plant 820 85.6 35 

 
28 Data taken from Parthey (2009).  

Murphy and 
Hall (2010) 

Gas 
Extraction Various Various Various 10 

Results from meta-analysis of 
EROI literature. 

Weißbach et 
al. (2013)  Hydro 90 34.2 100 50 (35) 

Data taken from Fernando 
(2010). Figure in parenthesis 
includes pumped storage. 
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Table 9: Summary of EROI Studies (Continued) 

Murphy and 
Hall (2010) Hydro Various Various Various 100 

Results from meta-analysis of 
EROI literature. 

Weißbach et 
al. (2013)  Nuclear 1340 91.3 60 75 

Data taken from Hoffmeyer et al. 
(1996)  

Murphy and 
Hall (2010) Nuclear Various Various Various 5 - 15 

Results from meta-analysis of 
EROI literature. 

Raugei et al. 
(2012) Oil Plant Various N/A N/A 7 

Data taken from Ecoinvent (2011) 
and Jungbluth (2007). 

Murphy and 
Hall (2010) Solar PV Various N/A N/A 6.8 

Data taken from Battisti and 
Corrado (2005).  

Kubiszewski 
et al. (2010) Wind 0.5 – 2.5 22 – 50 20 – 30 19.8 

Results from meta-analysis of 
EROI literature. Standard 
deviation of 13.7. 

 

 Table 9 presents EROI values for a geothermal plant ranging from 4.5 to 32. The study of 

a geopressured binary plant presented in Carlson and Underhill (1976) is closest in parameters to 

the plant model presented in this paper. The result they obtain is fairly close to the EROI 

calculated in this paper using 1997 EIO-LCA data. However, Carlson and Underhill use 1963 IO 

data, which is likely to produce a greater embodied energy cost than more recent data. The study 

noted a large decrease in the EROI when methane was excluded. This result confirms the 

importance of methane production to increasing the viability of a relatively low temperature 

geopressured geothermal resource.  

Frick et al. (2010) used existing data from European geothermal plants to calculate an 

average EROI of about 4.5 for low temperature binary geothermal plants. The low fluid 

temperature used in the model (260 °F), as well as the need for fracking to enhance the reservoir, 

are two key reasons for the low EROI (p 2285). The study also looked at the best and worst case 

scenarios for geothermal development based on parameters such as reservoir heat and plant 

lifetime. The model gave a best case scenario EROI of 36 and a worst case scenario of 3 (p 

2290). The Frick et al. (2006) model, along with the Carlson and Underhill (1976) model present 
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EROI values for low temperature plants without methane co-production. These studies 

emphasize the importance of co-production in raising the EROI of a low temperature plant to a 

level competitive with other energy sources.  

 Icerman (1976) calculates an EROI of 7.0 to 11.3 for a flashed steam geothermal plant, 

and an EROI of 22.6 for a dry steam plant. The high EROI for the dry steam plant relative to the 

geopressured-geothermal plant presented in Carlson and Underhill (1976) and this study reflects 

the higher reservoir temperature of the dry steam plant relative to geothermal reservoirs in deep 

sediments. The EROI of the wet steam plant is lower than both the dry steam and hybrid plant. 

This is probably due to both the lower temperature resource of the wet steam flash plant and the 

direct and indirect energy expended to separate the water and steam.  

 The Atlason and Unnthorsson (2013) study of the Nesjavellir plant in Iceland is the most 

recent study of the EROI of a geothermal resource. The plant produces 120 MW of gross 

electricity and 300 MW of hot water for space heating. The plant began operation in 1990, and 

produces from a depth interval of 3280 feet to 7220 feet with a maximum temperature of 716 °F 

(p 2). The total EROI of the plant for 30 years is 31.9. However, the EROI of the electricity 

producing portion of the Nesjavellir plant is only 9.3 (p 4). This value falls into the range given 

by Icerman (1976) for wet steam plants (Reykjavik Energy 2006, p 10).  

 Recent EROI analyses for other power sources are listed in Table 9: Summary of EROI 

Studies. Of the traditional sources of energy, coal and hydropower definitely have a greater 

EROI than the hybrid geothermal plant. The meta-analysis presented by Murphy and Hall (2010) 

does not take into account recent innovations in hydraulic fracturing, and so probably 

underestimates the EROI of extraction. The value given by Weißbach et al. (2013) is likely to be 
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more representative of the current technology. The EROI of nuclear power is quite contentious, 

and studies have calculated an EROI range from 5 to 75. Therefore it is not at all clear how the 

EROI of nuclear energy compares to other energy sources. Of the traditional sources, oil plants 

definitely have an EROI lower than the geothermal EROI. It should be noted that all of the 

analyses of the EROI of fossil fuels include the extraction cost. Uncertainty over the energy 

intensity of extraction is a reason for the differences in EROI for fossil fuels.  

The EROI of the hybrid plant is greater than the average photovoltaic (PV) solar EROI. 

Wind energy appears to have a slightly higher EROI than the model plant, but well within the 

range of uncertainty for both sources. The EROI for wind does not include energy storage 

however, and Weißbach et al. (2013) calculate that the EROI of a wind plant is reduced by 75 

percent if pumped air storage is included, lowering the EROI to below the model EROI (p 8).  

King and Hall (2011) have shown that the EROI of a power generation source has a 

positive relationship with financial return on investment (FROI). This means that higher EROI 

sources are more profitable than lower EROI sources, and that sources with a similar EROI 

should have relatively similar FROIs. This result suggests that hybrid geothermal might be cost 

competitive with wind power in Texas. Moreover, since the EROI does not take into account 

intermittency of a power source, hybrid geothermal may be more desirable than wind and solar 

because of its ability to provide base-load power on demand. The relationship between EROI and 

FROI is explored in section 8 below.  
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8.0 Relating EROI and FROI 

8.1 Transforming EROI Into FROI 

 

 King and Hall (2011) show that the EROI can be transformed into a non-discounted 

financial return on investment (FROI)
1
. The formula for the FROI is shown in Equation 13: 

Equation 13         
    

   
 

       

   
 

where $out and $in is total revenue and cost over the plant’s lifetime, pi is the wholesale price of 

the electricity ($/MWh), and Eout is the total energy output over the plant’s lifetime (TJ).  

 Before transforming the EROI, the EROI has to be modified to reflect how monetary 

costs are accounted for. The EROI presented in this paper considers the parasitic load of a plant 

as an input cost. The parasitic load however does not have an explicit accounting cost, and is 

classified in accounting terms as a reduction in revenue. Therefore, a ‘net energy’ EROI that fits 

accounting convention can be rewritten as:  

Equation 14            
         

      
      

                      

                   
 

 

where Edir is the parasitic load and Eindir is the indirect energy cost. If Edir is equal to zero, then 

EROInet is equal to EROI. The relationship between EROI and EROInet is positive linear with a 

change in Eout, but is positive nonlinear with a change in Edir or EIndir. Equation 15 shows the 

FROI in terms of the net EROI and other key variables: 

Equation 15         
              

  
 

         
      

    
      

   

  
 

                                                 
1
 An EROI analysis can incorporate discounting. If so, the FROI transformation would be discounted as well.  
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where ein is the energy intensity of the cost (MJ/$), ei is the conversion of power to energy 

(MJ/MWh), and Ein is the total direct and indirect energy cost over the plant’s lifetime (TJ) (King 

and Hall 2011, p 1817). There are several points to note: first, that ein covers all costs, including 

costs that have no associated energy intensity in this model, such as a land purchase. Second, a 

change in the indirect energy cost Eindir does not affect the FROI, since it cancels out in the 

numerator. However, a change in the EROI or energy intensity of the investment ein can change 

the FROI. This is possible if the energy output Eout, parasitic load Edir, or monetary cost $in 

change.  

8.2 Comparing FROI and EROI for the Model Plant 
 

 Table 10 shows the base case values for the plant EROI/FROI analysis.  

Table 10: Base Case Values 

FROI 1.22 Ratio 

p 62.00 $/MWh 

EROInet (1997) 26.66 Ratio 

EROInet (2002) 20.84 Ratio 

ein (1997) 2.65 MJ/$ 

ein (2002) 3.39 MJ/$ 

ei 3600.00 MJ/MWh 

  

The price of electricity is an average long run price calculated by Uddenberg (2012, p 

49). The FROI for this analysis does not incorporate the income tax or the production tax credit. 

Addition of the income tax and PTC would raise the FROI, since the PTC earned would be 

higher than the income tax owed (the PTC would subsidize electricity production from both the 

ORC and gas engine) (Cutright Mar. 2011).  
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Figure 22 shows the net EROI necessary for a given FROI for the model, assuming all 

other variables stay constant. Figure 22 also shows the minimum net EROI necessary to have a 

breakeven FROI. Using this relationship to analyze the EROIs of different power systems listed 

in section 7.0 illustrates why higher EROI sources such as coal are more profitable than lower 

EROI sources such as solar. While hybrid geothermal would not be as profitable as coal, it could 

have a profit on par with wind power.  

 

Figure 22: Graph of Net EROI vs. FROI for a Modeled Power Plant 

 A complementary pattern to the net EROI-FROI relationship in Figure 22 is seen in 

Figure 23 between net EROI and the price of electricity. Figure 23 shows how the net EROI 

would have to change with a change in price in order to maintain a constant FROI. As the price 

of electricity goes up, the EROI required for a level of profit decreases. As the price of electricity 

decreases, only firms with a high EROI can remain profitable.  
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Figure 23: Graph of Price vs. Net EROI for a Modeled Power Plant 
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9.0 Discussion 

9.1 EROI and Geothermal Development in Texas 

 

The primary goal of an EROI analysis is to determine the efficiency of a given power 

source as measured against the energy necessary to create and operate that power source. This 

paper has shown that a hybrid geothermal plant in Texas has a sufficient EROI to compete with 

solar and wind power. However, not all sites in Texas have the attractive reservoir characteristics 

of the Pleasant Bayou site. Because of this, the EROI for plants located in other parts of Texas 

may be lower than the value given in this study. The main issues are reservoir depth, the 

suboptimal permeability, porosity, and/or connected reservoir volume (Bebout et al. 1982; 1983; 

Kosters et al. 1989). All of these factors raise the cost of extracting geothermal energy and lower 

the potential EROI of a geothermal plant. However, several factors boost the EROI of 

geothermal power in Texas: Texas has many deep oil and gas wells that can be converted into 

geothermal wells at a cost of approximately 25 percent of drilling a new well, as well as the 

necessary infrastructure already in place for geothermal plants (e.g. well pads) (Blackwell et al. 

2010, p 40). Recycling oil and gas infrastructure for geothermal power would decrease capital 

expenditures, which would decrease the amount of energy used during the development phase of 

the project and raise the EROI.  

The EROI is a powerful tool for assessing the desirability of an energy source. Several 

key factors however are not factored into the EROI analysis that ought to be included in order to 

holistically compare energy sources. First, the EROI does not address the problem of 

intermittency of a power source. While the EROI for wind and hybrid geothermal are close, 

hybrid geothermal has the ability to provide power on demand, which wind does not. One way to 

incorporate this into an EROI analysis is to weight the power produced based on when it is 
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produced, and give a higher rating to electricity produced during peak hours. Second, the EROI 

does not explicitly take into account economic factors such as taxes and financing. A large tax 

(such as a carbon tax) could give a high EROI fossil fuel generating source a low FROI. 

Accounting for taxes and subsidies in the EROI analysis is possible, but it is unclear what energy 

value they would take, and most EROI analyses do not include them. Third, the EROI does not 

account for externalities, such as pollution and water consumption. A full environmental life 

cycle assessment would address externalities not included in the EROI.  

9.2 Improvements to the Study and Additional Research 
 

 The most apparent area for improvement of this study would be to use more recent IO 

energy intensity data. The most recent energy intensity table, the CMU EIO-LCA 2002, is more 

than a decade old. More accurate indirect energy cost data could be acquired by creating an 

energy IO model, similar to the CMU EIO-LCA model but with updated BEA and EIA sectoral 

energy use data. A second method of calculating the indirect cost would be to find the total 

material requirements for a given plant (steel, concrete, etc.) and to cross reference this data with 

a database of energy costs of materials, such as the Ecoinvent database (Ecoinvent 2011). This 

method would still contain uncertainty, but it may be less than the uncertainty of IO tables (Frick 

et al. 2010). 

Several areas of additional research could enhance the study. One extension of the study 

could be to compare the EROI of using the co-produced methane for electricity production 

versus piping it to market. Another area to research would be a detailed energy cost of an ORC 

system. The NAICS lumps all generating turbines into a single industrial sector, and so assumes 

that all generator turbines have the same energy intensity. A detailed energy analysis of a 
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geothermal well would increase the accuracy of the energy cost of the plant, and could be 

compared to the energy cost of drilling a hydrocarbon well.  

Energy cost is part of a larger life cycle assessment. Frick et al. (2010) gives a complete 

environmental life cycle assessment of a geothermal plant, calculating the lifetime consumption 

of materials, water, and energy as well as the level of pollutants emitted. A fuller life cycle 

analysis could be completed for the hybrid model plant. Besides energy consumption, the EIO-

LCA database also contains economic intensity data for pollutants and water withdrawal. A full 

environmental LCA of the hybrid plant could be compared to the environmental impact of other 

power sources in order to more fully gauge the desirability of hybrid-geothermal power.   
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10.0 Conclusion 
 

 This paper presents an EROI of a model hybrid gas-geothermal electricity plant at 

Pleasant Bayou producing from deep sediments. The EROI is 14.18 when using the 1997 CMU 

EIO-LCA model, and 12.40 when using the 2002 model. The paper shows that the inclusion of 

natural gas production can greatly increase the EROI of a binary plant producing from low 

temperatures. In comparison to other power sources, the hybrid plant has a greater EROI than 

solar, but is about 30 to 40 percent less than EROI of a wind turbine, and is much less than the 

EROI of gas, coal, hydroelectric, and nuclear. Because the EROI is a determinant of the financial 

return on investment, the lower EROI value for the model indicates that geothermal power plants 

will definitely require the production tax credit to be profitable. Even so, the EROI is great 

enough to indicate that hybrid-geothermal power may be able to provide clean base-load power 

at competitive rates with wind and solar.  
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Appendix: Indirect Energy Cost Tables 
 

Table 11: Energy Cost for Capital Expenses 

Line Item Cost ($) EIO-LCA Category 

Energy 
Cost 
1997 
EIO-LCA 
(TJ) 

Energy 
Cost 
1997 
EIO-LCA 
(MJ/$) 

Energy 
Cost 
2002 
EIO-LCA 
(TJ) 

Energy 
Cost 
2002 
EIO-LCA 
(MJ/$) 

ORC  System with Controls 2,000,000 

333611 Turbine and turbine 
generator set units 
manufacturing 9.233 6.470 9.421 5.890 

Cooling Tower with ancillary 
equipment  450,000 

221300 Water, sewage and 
other systems 4.752 14.800 6.694 18.600 

2.38 MW Reciprocating Gas 
Generator 650,000 

333611 Turbine and turbine 
generator set units 
manufacturing 3.001 6.470 3.062 5.890 

Desander 45,000 
333132 Oil and gas field 
machinery and equipment 0.250 7.790 0.335 9.320 

Injection System           

     Primary Injection Pumps 700,000 
333911 Pump and pumping 
equipment manufacturing 3.247 6.500 4.462 7.970 

     Transfer Pump 35,000 
333911 Pump and pumping 
equipment manufacturing 0.162 6.500 0.223 7.970 

     Transfer Tanks 150,000 
332420 Metal tank, heavy 
gauge, manufacturing 1.048 9.790 1.512 12.600 

     Piping and Valves 174,800 

331210 Iron, steel pipe and 
tube manufacturing from 
purchased steel 1.871 15.000 3.104 22.200 

Gas Separation   
 

      

Horizontal or Vertical 
Separator 100,000 

333132 Oil and gas field 
machinery and equipment 0.556 7.790 0.745 9.320 

Gas Dehydrator 30,000 
333132 Oil and gas field 
machinery and equipment 0.167 7.790 0.224 9.320 

Gas Compressor Package 50,000 
333132 Oil and gas field 
machinery and equipment 0.278 7.790 0.373 9.320 

Equipment Installation  275,000 
230210 Manufacturing and 
industrial buildings 1.497 7.630 1.370 6.230 

Civil Site work 200,000 
230210 Manufacturing and 
industrial buildings 1.089 7.630 0.997 6.230 

Consulting Geologist 25,000 
541700 Scientific Research 
and Development Services 0.062 3.490 0.098 4.910 

Well cost, workover,Testing, 
Eval, Design 3,010,127 213111 Drilling O/G Wells 20.941 9.750 27.445 11.40 

Permitting, lease payments, 
other 25,000 541100 Legal services 0.031 1.720 0.030 1.520 
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Table 11: Energy Cost for Capital Expenses (Continued) 

Sys Design (elect, mech, 
civil, petro eng, etc.)  215,000 

541300 Architectural and 
Engineering Services 0.285 1.860 0.464 2.700 

Control Systems 150,000 
334513 Industrial Process 
Control Instruments 0.465 4.340 0.801 6.680 

Grid Integration 400,000 

335311 Electric power and 
specialty transformer 
manufacturing 2.631 9.220 3.327 10.400 

Subtotal Plant Cost  8,684,927  None 51.565  64.687  

Contingency (5%) 434,246  None 2.578  3.234  

Subtotal with Plant Cost w/ 
Contingency   9,119,173  None 54.144  67.922  

Project Management (5%) 455,959 
550000 Management of 
companies and enterprises 1.080 3.320 0.977 2.680 

G&A and Overhead (4%) 364,767 
561100 Office 
administrative services 0.479 1.840 0.712 2.440 

Bonus Payment for acreage 250,000  None 0.000  0.000  

Broker Fee  0  None 0.000   0.000  

Total Capital Cost (before 
interest) 10,189,899  None 55.703  69.611  

Construction Interest 
Expense 352,753 

522A00  Non-depository 
credit intermediation 0.702 2.790 0.480 1.700 

Total Capital Cost 10,542,652   56.405  70.090  

Source: Carnegie Mellon Green Design Institute 

Table 12: Operation Costs for 20 Year Lifetime 

Line Item Cost ($) EIO-LCA Category 

Energy 
Cost 
1997 
EIO-LCA 
(TJ) 

Energy 
Cost 
1997 
EIO-LCA 
(MJ/$) 

Energy 
Cost 
2002 
EIO-LCA 
(TJ) 

Energy 
Cost 
2002 
EIO-LCA 
(MJ/$) 

Royalty - Geothermal 
    
3,553,191  None 0.000  0.000  

Fee - Surface Owners 
       
355,319  None 0.000  0.000  

Royalty - NG for Pumps 
       
463,705  None 0.000  0.000  

Maintenance and Labor 
    
3,500,000  

561200 Facilities 
support services 5.744 1.840 8.762 3.130 

Water Make-up 
         
60,000  

221300 Water, sewage 
and other systems 0.634 14.800 0.893 18.600 

Disposal 
         
96,000  

213112 Support 
activities for Oil and Gas 0.478 6.980 0.598 7.790 

Parts Reserve 
         
43,940  

[Average capital 
equipment cost] 0.263 8.403 0.349 9.920 
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Table 12: Operation Costs for 20 Year Lifetime (Continued) 

Gen. Liab. & Prop. Insur. 
    
1,200,000  

524100 Insurance 
Carriers 0.882 1.030 1.027 1.070 

Land Lease 
       
498,000  None 0.000  0.000  

License Fee 
                   
-    None 0.000  0.000  

Mngmt/admin exp 
(wages/benefits) 

    
4,800,000  

561100 Office 
administrative services 6.302 1.840 9.367 2.440 

Miscellaneous Expenses 
    
2,490,000  

[Average of Operating 
Expenses] 2.980 1.678 3.167 1.590 

Professional Fees 
       
373,500  

[Average of white collar 
intensities] 0.533 2.000 0.597 2.000 

Rent and Office Expense 
       
384,000  

561100 Office 
administrative services 0.504 1.840 0.749 2.440 

Total Operation Cost 
 
17,817,656  None 18.721  24.516  

Source: Carnegie Mellon Green Design Institute 

Transfer payments in the form of government taxes and leasing fees are not considered in the 

analysis because the energy intensity of transferring money is considered too small to measure 

nor have any impact on the EROI.  
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