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Abstract 

There is potential to utilize oilfield infrastructure to produce geothermal electricity 
profitably, in a process called coproduction. Although many oil reservoirs represent only 
a low-to-mid temperature resource, utilizing oil infrastructure sidesteps the initial capital 
investment for exploration and development making these low temperature resourced 
profitable. Power generation from coproduced fluids using binary-cycle power plants has 
been demonstrated at the Rocky Mountain Oilfield Testing Center in Wyoming, and at 
Huabei Oilfield near Beijing, China. This research investigated the feasibility and 
profitability of implementing coproduction at the oilfields of the Los Angeles Basin.  The 
Los Angeles Basin was selected because of the region’s promising combination of giant 
oilfields, including Wilmington Oilfield, high water cut, 97% water in 2011, and elevated 
geothermal gradient, over 2.0°F/100ft. The feasibility and profitability of coproduction in 
the Los Angeles Basin was evaluated in three steps. First, a STARS simulation model for 
each promising oilfield in the Los Angeles Basin forecasted reservoir and production 
conditions over the lifetime of the coproduction project. Second, the produced fluid flow 
rate and temperature, as predicted by the STARS model, was converted to an electricity 
output by a specific power correlation curve created by consulting the literature on 
current and past coproduction pilot test and low-temperature geothermal projects. Third, 
economic analysis was performed to determine the net present value of these 
coproduction projects considering the profits from avoided electricity purchase, initial 
capital cost of the power plant and gathering system, continued costs for operation and 
maintenance, and lost profits from the decrease in oil production due to increases in oil 
viscosity with decreasing reservoir temperature.  From the nine oilfields in the Los 
Angeles Basin with sufficient production rates and reservoir temperatures for 
coproduction, four coproduction projects were found to be both feasible and profitable, 
one was deemed feasible but uneconomic due to lost oil production, and four were not 
feasible due to wellbore heat losses. The four successful projects represented a combined 
power generation potential of over 3 MW and a net present value exceeding $14 million.  
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Chapter 1 

1. Introduction 

There is an enormous untapped geothermal energy resource associated with coproduced 
hot water from oil and gas operations that can be exploited profitably today. Large 
quantities of water are produced with the extraction of oil and gas, either because water 
was present in the reservoir before drilling or because water was injected into the 
formation to force oil and gas to the surface in a practice known as waterflooding. It is 
not uncommon for mature oilfields practicing waterflooding to produce up to 98% water. 
The temperature of fluids produced from such oil and gas reservoirs are sometimes hot 
enough to be used to generate electricity through binary power plant technology. Costs 
for exploiting such geothermal resources are much reduced compared to traditional 
geothermal projects because the exploration and much of the development drilling and 
production costs can be avoided by piggybacking on existing oilfield operations. 
Geothermal energy from coproduction is a low-hanging fruit considering the more than 
823,000 oil and gas wells in the United States alone.  

1.1. Current Coproduction Projects 

Electricity generation from coproduced fluids from oilfields has been piloted successfully 
at locations in the US and abroad. The first pilot demonstration began in September 2008 
and took place at the Rocky Mountain Oilfield Testing Center (RMOTC) located in 
Wyoming.  The first phase of piloting lasted 4.5 months and used an air-cooled Organic 
Rankine Cylce (ORC) unit manufactured by Ormat Nevada Inc.  that used isopentane as 
the working fluid. The unit took in an average of 40 kg/s of 92°C coproduced fluid to 
generate an average net power output of 207 kW. The second phase of testing showed 
improved and more consistent results; beginning in May 2009 the unit has taken in an 
average of 26 kg/s of 92°C coproduced fluid to generate an average net power output of 
216 kW. Additional infrastructure at this site has been prepared for the installation of a 
second testing unit, a water-cooled 250 kW Pratt & Whitney unit, to compare the 
performance of water and air cooled systems (Reinhardt, Johnson, & Popovich, 2011). 

More recently, a six month pilot test, concluded in November 2011, was conducted by 
ElectraTherm at Denbury’s Laurel Oilfield in Mississippi, demonstrating ElectraTherm’s 
Green Machine.  The Green Machine is an air-cooled Organic Rankine Cycle Twin 
Screw unit that uses R245FA as the working fluid. During this test the unit took in only 
an average of 8 kg/s of 96°C coproduced fluid from a single well to generate an average 
net power output of 19 kW. ElectraTherm is in the process of preparing for a second 
demonstration of the Green Machine at Florida Canyon mine in Nevada (ElectraTherm, 
2012). 
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A third entity, the University of North Dakota, has received grants to install and test 
Organic Rankine Cycle systems at oilfields. The research project is planned to begin 
energy production by the end of 2012 (Richter, 2012).    

Coproduction is being used internationally as well. China built a low temperature 
geothermal plant using coproduced fluids from Huabei Oilfield near Beijing. The pilot 
unit, a water-cooled screw expander unit manufactured by Jiujiang Power that uses R123 
as the working fluid, intakes 33 kg/s of 110°C coproduced fluids pulled from eight 
production wells to generate a net power output of 310 kW (Xin, Liang, Hu, & Li, 2012).  
This pilot test, operating since April 2011, has been so successful that preparation for 
installing additional units at this location is currently underway for a combined 
generation capacity of 5 MW.   

1.2. US Coproduction Potential 

1.2.1. Gulf Coast States 

The Gulf Coast States, including Alabama, Arkansas, Florida, Louisiana, Mississippi, 
Oklahoma, and Texas, show great potential for implementation of coproduction due to 
the high concentration of deep and mature oil and gas fields, where bottom hole 
temperatures often exceed 150°C (300°F), and where thick sedimentary formations allow 
for sufficient fluid flow. Analysis by Sanyal & Butler (2010) estimated that between 
2,300 MW and 11,000 MW might be obtained today using currently available binary 
power plant technology and hot water from operating oil and gas fields in these Gulf 
Coast States.  

1.2.2. California 

California is another promising area for coproduction put forth by Tester, et al. (2006). 
As much attention has been focused on the Gulf Coast States, analysis of the potential in 
California is less robust and different sources tended to disagree on the estimated 
potential.  Figure 1-1 highlights the disparity in estimates for California from various 
sources juxtaposed to the more consistent assessments of the Gulf Coast States.  
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Figure 1-1. Power generation potential estimates for eight states from three sources assuming an 
inlet temperature of 140C and an outlet temperature of 40C (Division of Oil, Gas, and 
Geothermal Resources (DOGGR), 2011) (Green & Nix, 2006) (Tester, et al., 2006).  

One of the most promising regions in California for potentially implementing 
coproduction is the Los Angeles Basin.  A study by Sanyal, Robertson-Tait, Kraemer, & 
Buening (1993) revealed that the Los Angeles Basin has an elevated geothermal gradient 
of 2.0F/100ft, one of the highest geothermal gradients in the state for oilfield locations. 
The Los Angeles Basin is also home to many giant oilfields that have been under 
production since the 1930s or earlier and are now undergoing waterflooding. Data 
collected by the State of California Department of Conservation Division of Oil, Gas and 
Geothermal Resources (DOGGR) showed that production in the Los Angeles Basin was 
97% water in 2010.  

1.3. Research Objective 

The objective of this research was to investigate the feasibility and profitability of 
incorporating electricity generation from coproduced fluids in operating oilfields using 
the Los Angeles Basin as a case study. California was selected for this case study because 
of the inconsistent estimates of California’s coproduction potential from earlier sources 
and the Los Angeles Basin in particular because of the region’s promising combination of 
large oilfields, high water cut, and elevated geothermal gradient. The feasibility of 
coproduction was evaluated by analyzing production and temperature data from oilfields 
in the Los Angeles Basin, forecasting reservoir conditions through simulation, and 
comparing to the lower limits of power generation capabilities. The profitability of 
coproduction was evaluated by calculating the net present value of profits from avoided 
electricity purchase, costs for constructing, operating, and maintaining the power plant, 
and lost profits from changes in oil production.  
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Chapter 2 

2.  Los Angeles Basin Data 

2.1. Background 

2.1.1. Geology 

The Lost Angeles Basin is an extensive sedimentary basin comprised of a Mesozoic 
crystalline basement overlain by a substantial thickness of predominantly marine 
Cretaceous and Cenozoic sedimentary rocks. Each zone is typically several hundred feet 
thick and consists of alternating sandstone and shale in about equal volumes.  

The basin has been extensively folded and faulted. The dominant structure is a northwest 
trending syncline, known as the Downey syncline. An active right-lateral wrench zone, 
the Newport-Inglewood fault zone, interrupts this syncline to the west.  Further west, and 
also northwest trending, is the Torrance-Wilmington anticline.  

There are few known convective geothermal anomalies in the basin; the youngest known 
volcanic rocks are Miocene and thus more than six million years old which is too old to 
produce modern day geothermal anomalies. Thus the flow of heat in the region is 
dominated by conduction and estimated by Higgins & Chapman (1984) to be around 
70mW/m2, just slightly higher than the world average of around 63mW/m2.  

2.1.2. History of Oil Production 

 

Figure 2-1. Oilfield of the Los Angeles Basin (Gamache & Frost, 2003) 
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The oilfield of the Los Angeles Basin is shown in Figure 2-1. The region includes many 
giant oilfields, listed in Table 2-1.  Wilmington Oilfield is the largest oilfield in the Los 
Angeles Basin and the third largest oilfield in the United States in terms of cumulative oil 
production.     

Table 2-1. Giant Oilfield in the Los Angeles Basin (Los Anglels Almanac, 2009) 

 

Oil Production in the Los Angeles Basin began in earnest in the 1890s and by 1900 there 
were over 500 wells drilled in the area. Waterflooding became a widespread practice 
beginning in the 1950s and 1960s. Waterflooding had two purposes for the oilfields of 
this region: (1) to force additional oil to the surface, and (2) to maintain reservoir pressure 
to prevent additional land subsidence.  By the 1950s the ground level in some areas had 
fallen by up to 27 feet due to uncontrolled production.  The famed Press-Telegram photo 
taken by Roger Coar capturing this subsidence is shown in Figure 2-2. Due to 
waterflooding, additional subsidence has been nearly halted, and in 2010 production in 
the Los Angeles Basin was 97% water (Division of Oil, Gas, and Geothermal Resources 
(DOGGR), 2011).  

 

Figure 2-2. Press-Telegram photo taken by Roger Coar showing the subsidence of the 1950s 
caused by uncontrolled oil production (Archbold, 2011).  

Oilfield Year Discovered
Cumulative Production 

(thousand barrels)

Estimated Reserves 2009 

(thousand barrels)

Wilmington 1932 2,687,674 296,682

Long Beach 1921 942,727 3,469

Santa Fe Springs 1919 628,264 5,490

Brea-Olinda 1880 412,116 19,175

Inglewood 1924 396,467 33,081

Dominguez 1923 274,030 60

Coyote, West 1909 252,960 0

Torrance 1922 255,944 5,595

Seal Beach 1924 214,289 6,649

Montebello 1917 203,935 5,839

Beverly Hills 1900 149,082 10,129
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As of 2012, Los Angeles is still a major oil producing region, although production is now 
mostly hidden from view and residents are often unaware of the activity beneath their 
feet. Surface equipment and oil rigs are carefully disguised in plain sight around the city.  
A few examples are shown in Figure 2-3.  

 

Figure 2-3. Disguised oil operations in Los Angeles. From left to right, Breitburn Energy’s well 
site at Sawtelle Oilfield, Plains Exploration & Production Co.’s well site near 
Inglewood Oilfield, and Occidental Petroleum’s Island White at Wilmington Oilfield 
(Levinson, 2009).  

While much of the original oil in place has been recovered there is still oil available.  The 
CEO of Signal Hill Petroleum predicts that the region has the potential to produce for at 
least another 50 years or more (Patel, 2010).  Today there are 49 active oilfields and over 
30,000 producing wells in the Los Angeles Basin.  

2.2. Data 

2.2.1. Temperature  

Temperature data from oilfields in the Los Angeles basin were acquired from the State of 
California Department of Conservation, Division of Oil, Gas, and Geothermal Resources 
databases. Out of the 365 producing reservoirs in the Los Angeles basin, 189 had initial 
temperature data. Figure 2-4 shows the temperature versus depth for these reservoirs 
identifying the oilfields within which the four hottest individual reservoirs were found. A 
geothermal gradient of approximately 33°C/km (1.8°F/100ft) was determined which 
resembles the 36.5°C/km (2.0°F/100ft) geothermal gradient found previously by Sanyal, 
Robertson-Tait, Kraemer, & Buening (1993). The data scatter was in part caused by 
inaccuracies inherent in the database. One reason for this inaccuracy was that 
temperatures were usually recorded in wells during logging runs where the temperature 
may or may not have recovered from the cooling effect of mud circulation, thus 
temperature records often underestimated the actual reservoir temperature (Sanyal, 
Robertson-Tait, Kraemer, & Buening, 1993).  
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Figure 2-4. Reservoir temperature verses depth for oil reservoirs in the Los Angeles Basin. 

Of the 189 reservoirs with initial temperature data, 11% recorded temperatures exceeding 
100°C and 46% recorded temperatures above 70°C. Reservoirs with depths exceeding 
2500 meters accounted for 12% of all the reservoirs which, by following the geothermal 
gradient, indicated temperatures exceeding 100°C. Reservoirs with depths exceeding 
1500 meters accounted for 47% of all reservoirs which, again by following the 
geothermal gradient, indicated temperatures exceeding 70°C. Overall, the Los Angeles 
basin contained a significant number of reservoirs with temperatures within the limits of 
binary technology to be exploitable through coproduction.  

2.2.2. Production and Injection Rates 

Production and injection rates for March 2011 for each field and reservoir were also 
acquired from the State of California Department of Conservation, Division of Oil, Gas, 
and Geothermal Resources databases. In March 2011, the 49 oilfields of the Los Angeles 
Basin had a total oil production rate of 82,133 bbl/d (151 kg/s) and total fluid production 
rate of 2,576,962 bbl/d (4,742 kg/s).   

Due to strict antisubsidence laws in the region, the injection rate at these oilfields usually 
equals or exceeds the production rate.  The excess water is either reclaimed city water or 
produced from shallow wells where seawater has replaced the receding aquifer.   
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2.2.3. Viscosity  

Oil viscosity has an impact on oil production rates as less viscous oil moves more easily 
through the reservoir and is more readily produced. Oil viscosity is temperature-
dependent so removing heat from the reservoir to generate electricity has an impact on oil 
production rates. The Modified Beggs and Robinson equation was used to define the 
temperature dependence of oil viscosity, given in Eq. (2-1):  

      (   )                                (    )  (2-1) 

where μ is the oil viscosity in centipoise, Tres is the reservoir temperature in Fahrenheit, 
and °API is the dimensionless API gravity of the oil. The modified Beggs and Robinson 
equation is accurate to about an order of magnitude (Egbogah & Ng, 1990). For this 
research, the temperature dependence of oil viscosity was found using Equation 2-1 and 
assuming 17 °API oil gravity and an overall factor of 5 to match the given data point of 
oil viscosity for Wilmington Oilfield.  The relationship is shown in Figure 2-5.  

 

Figure 2-5. Temperature dependence of oil viscosity using the modified Beggs and Robinson 
equation fit to a data point from Wilmington Oilfield.  

2.2.4. Relative Permeability 

The relative permeability curves used for this research came from the Brooks-Corey 
correlation, given in Eqs. (2-2) and (2-3): 

    (  
 )  (2-2) (2-2) 

       (   )(    
 ) (  (  

 )  ) (2-3) 
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where krw is the relative permeability of the water, kro is the relative permeability of the 
oil, kro(Swi) is the relative permeability of the oil at the irreducible water saturation, nw is 
the coefficient for the water phase, no is the coefficient for the oil phase, and     is the 
effective saturation given in Eq. (2-4): 

  
  

       

     
 (2-4) 

where Sw is the water saturation and Swi is the irreducible water saturation (Brooks & 
Corey, 1966). For this research, typical relative permeability curves for Brea sandstone 
were slightly adjusted so that the actual water cut for Wilmington Oilfield matched the 
simulated water cut. The resulting permeability curves and the parameters used are 
shown in Figure 2-6.  

 

Figure 2-6. Relative permeability curves using the Brooks-Corey correlation.  

2.2.5. Other Data 

Other reservoir parameters were gleaned from documents on the DOGGR website 
including porosity, initial pressure, reservoir depth, reservoir thickness, oil °API, field 
size, number of injectors/producer, and in some cases oil viscosity at a reference 
temperature.  The complete information for select fields is given in Appendix A.  
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Chapter 3 

3.  STARS Simulation 

The purpose of the STARS simulation was to forecast reservoir and production 
conditions over the lifetime of the power plant, assumed to be 30 years.  Specifically, the 
model was designed to inform about: (1) thermal breakthrough, (2) produced fluid 
temperature considering wellbore heat loss, and (3) changes in oil production.  

3.1. Model Overview 

The Steam, Thermal, and Advanced Processes Reservoir Simulator (STARS) is part of 
the Computer Modeling Group (CMG) software package and was selected for this 
research because of its ability to handle and model effects of temperature. 

The model was designed as a simple two-well model to simulate a single 
injector/producer pair in a quarter 5-spot pattern, as illustrated in Figure 3-1. The findings 
at the single well pair level were then scaled to represent the entire field.   

 

Figure 3-1. STARS modeled a single injector/producer well pair as part of a quarter 5-spot 
pattern. 

The STARS model was designed to represent a homogeneous reservoir with a closed 
boundary, no aquifer, no recharge, and included only water and dead oil. 

3.2. Sensitivity Analysis 

Sensitivity analysis on reservoir parameters was performed to determine which 
parameters needed accurate information specific to the Los Angeles Basin, and perhaps 
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specific to the particular field in question, and which parameters could be approximated 
from typical sandstone reservoirs. Overall, the sensitivity analysis demonstrated that 
while model parameters could greatly influence the oil production rate, the reservoir 
temperature was much less susceptible to change.  

3.2.1. Initial Water Saturation 

All other variables equal, the water saturation at the start of the simulation greatly 
influenced the oil production and slightly affected the reservoir temperature measured 
near the production well.  Figure 3-2 demonstrates the variation comparing the simulation 
outputs when the starting water saturation is 0.4 and when it is 0.6.  The oil production 
was much higher for the case with the lower initial water saturation because there was 
more oil in the reservoir to produce and also the oil was more mobile at that water 
saturation.  

The reservoir temperature is slightly affected due to the fact that oil has a lower heat 
capacity than water.  When the starting water saturation was lower, there was more oil 
compared to water in the reservoir thus although the reservoir was at the same 
temperature in each case, there were not equal amounts of energy.  The scenario with the 
lower initial water saturation had less total energy in the reservoir which explained the 
slight difference in reservoir temperature over time as energy was removed from the 
reservoir.  

As an input variable, starting water saturation was customized for each oilfield and used 
to match the water cut.  

 

Figure 3-2. Sensitivity of starting water saturation on reservoir temperature and oil production.  
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3.2.2. Porosity 

Adjusting the porosity had minimal effects on reservoir temperature measured near the 
production well but significant effects on the oil production, as shown in Figure 3-3.  
With a higher porosity, there was more oil in the reservoir and thus more to produce, 
hence the higher oil production rate.  However, the oil production rates for the two 
scenarios began the same and then diverged. Thus, porosity could not be inferred in the 
way initial water saturation was determined from water cut.  Porosity was customized for 
each field from explicit data given in DOGGR publications.    

 

Figure 3-3. Sensitivity of porosity on reservoir temperature and oil production.  

3.2.3. Reservoir Pressure 

Varying reservoir pressure within a reasonable range had no effect on either reservoir 
temperature near the production well or oil production rate.  However, reservoir pressure 
data was readily available from DOGGR publications and thus customized for each field.  
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Figure 3-4. Sensitivity of reservoir pressure on reservoir temperature and oil production.  

3.2.4. Permeability 

Varying the horizontal permeability had no effect on the reservoir temperature measured 
near the production well or the oil production rate. As permeability data were not readily 
available, a middle-of-the-road value, 300 md, was used for all fields.  

 

Figure 3-5. Sensitivity of horizontal permeability on reservoir temperature and oil production.  
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3.2.5. Oil Molecular Weight 

Varying the oil molecular weight had no effect on the reservoir temperature measured 
near the production well but greatly influenced the oil production rate, as shown in Figure 
3-6. However, because the oil production was the same at the start of the simulation 
regardless of the oil molecular weight, this variable could not be inferred from water cut.  
Oil molecular weight data was not available for each field, so a single value, 300 
lb/lbmole, was used for all fields.  This value was selected in consideration of the high 
°API gravity of the oil consistent throughout the basin.   

 

Figure 3-6. Sensitivity of oil molecular weight on reservoir temperature and oil production.  

3.2.6. Liquid Compressibility 

Varying the liquid compressibility did not affect the reservoir temperature measured near 
the production well and only very subtly affected the oil production.  A single value, a 
typical 5×10-6 /psi, was shared among all field models.  
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Figure 3-7. Sensitivity of liquid compressibility on reservoir temperature and oil production.  

3.2.7. Coefficient of Thermal Expansion 

Varying the coefficient of thermal expansion did not influence the reservoir temperature 
measured near the production well but did influence the oil production. However, the 
shape of the decline in production was not affected, only the initial production rate.  
Because the initial oil production rate was already matched by custom initial saturation 
values for each field, the coefficient of thermal expansion had no influence on the results.  
Thus, a typical value, 3.8×10-4, was shared among all the field models.  

 

Figure 3-8. Sensitivity of the first coefficient of thermal expansion on reservoir temperature and 
oil production.  
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3.2.8. Coefficient of Liquid Phase Heat Capacity 

Varying the first coefficient of liquid phase heat capacity slightly affected the reservoir 
temperature measured near the production well but did not significantly alter the oil 
production.  The heat capacity of the fluids in the reservoir determined how much energy 
was present in the reservoir at a given temperature and thus the how soon the temperature 
began to decline when energy was removed. The first coefficient of liquid phase heat 
capacity was not available for each field, so a single value, 300, was used for all field 
models. This value was borrowed from another reservoir model.   

 

Figure 3-9. Sensitivity of the first coefficient of liquid phase heat capacity on reservoir 
temperature and oil production.  

3.2.9. Oil Partial Molar Density 

Varying the oil partial molar density slightly affected the reservoir temperature measured 
near the production well and significantly altered the oil production. The difference in oil 
production rate when varying the oil partial molar density closely resembled the 
difference when varying the oil molecular weight.  Considering the high °API of the oil 
throughout the Los Angeles Basin and the roughly 3% decline in oil production in the 
basin as a whole, an oil partial molar density of 0.1 lb/lbmole-ft3 was used for all the field 
models.  
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Figure 3-10. Sensitivity of oil partial molar density on reservoir temperature and oil production.  

3.2.10. Grid Size 

Varying the grid size did not affect the reservoir temperature at the producer wellbore or 
the oil production rate. Thus, a coarse grid was used for most simulations to minimize the 
run time.  

 

Figure 3-11. Sensitivity of grid size on reservoir temperature and oil production.   
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3.3. Inputs 

Based on the sensitivity analysis and available data, some variable inputs were used 
consistently in each field simulation while other parameters were customized to the 
particular field being simulated. The parameters consistent for all simulations and their 
values are given in  

Table 3-1 and include basic grid dimensions, oil properties, rock properties, and wellbore 
dimensions. The parameters that were custom to each field are listed in Table 3-2.  The 
values of these custom parameters for each field are given in Appendix B. 

Table 3-1. Constant STARS inputs. 

   

Table 3-2. STARS inputs customized for each oilfield simulation.  

 

DI 20 ft

DJ 20 ft

DK 20 ft

Permeabiliy 300 md

Molecular Weight 300 lb/blmole

Liquid Compressibility 0.000005 (1/psi)

Coefficiet of Thermal Expansion 0.00016 (1/°F)

Coefficient of Liquid Phase Heat Capacity 300 Btu/lbmol°F

Molar Density 0.10113 lbmol/ft3

Compressibility 3e-6 (1/psi)

Heat Capacity 39.51 Btu/ft3°F

Rock Thermal Conductivity 44 Btu/ft-day-°F

Water Thermal Conductivity 8.6 Btu/ft-day-°F

Oil Thermal Conductivity 1.8 Btu/ft-day-°F

Gas Thermal Conductivity 1 Btu/ft-day-°F

Tubing inner radius 0.167 ft

Tubing outer radius 0.208 ft

Casing outer radius 0.33 ft

Hole radius 0.5 ft

Grid Parameters

Oil Properties

Rock Type

Wellbore Parameters

Grid I

Grid J

Grid K

Porosity, φ

Reservoir Temp (°F)

Reservoir Pressure (psi)

Initial Water Saturation

Fluid Inj/Prod (bbl/d)

Depth (ft)

Geothermal Gradient (°F/ft)
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3.4. Outputs 

The STARS model was created to: (1) visualize the thermal front and determine thermal 
breakthrough, (2) determine the temperature of the produced fluid considering wellbore 
heat loss, and (3) determine the change in oil production rate as a result of using the 
coproduced fluids from the oilfield to generate electricity.  To this end, the outputs of the 
STARS model included total fluid production rate, oil production rate, water cut, surface 
temperature at the injection well, bottom hole temperature at the injection well, bottom 
hole temperature at the production well, and surface temperature at the production well 
over time.    

3.4.1. Wellbore Heat Loss Analytical Model 

 

Figure 3-12. Schematic of heat transfer through each element of the wellbore from the flowing 
fluid to the formation.  

Wellbore heat loss can be calculated analytically and was originally calculated that way 
in this research before ultimately being combined into the STARS model. Wellbore heat 
loss can be modeled analytically using the following equations first described by Ramey 
and later improved for various production and injection conditions by Horne & Shinohara 
(1979).  For injection, the temperature of the fluid as it flows through the tubing as a 
function of depth, T1(z), can be evaluated as: 

             (       ) 
  

  (3-1) 

where az + b is Tres, the formation temperature assuming a linear geothermal gradient, a 
is the geothermal gradient, b is the surface temperature, T0 is the injection temperature, z 
is the depth, and A is a group of variables defined as 

 ( )  
  [      ( )]

      
  (3-2) 
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where w is the fluid flow rate, c is the specific heat of the fluid, k is the earth thermal 
conductivity, r1 is the inside radius of the tubing, U is the overall heat-transfer coefficient 
between the inside of the tubing and the outside of the casing (see Figure 3-12), and f(t) is 
a dimensionless time function that, for long times, be approximated as: 

 ( )      
  

 √  
      (3-3) 

where r2 is the outside radius of the casing, α is the thermal diffusivity of the earth, and t 
is the production time in seconds.  The same equations, Eq 3-1 through Eq 3-3, can be 
used for production by simply substituting b = T0. Figure 3-13 shows a sample wellbore 
heat loss calculation for a production well, displaying the produced fluid temperature 
compared to the reservoir temperature over time. Figure 3-14 represents the same 
scenario but displayed differently, showing the temperature of the fluid in the production 
wellbore as a function of depth for two instances in time.   

 

Figure 3-13. Wellbore heat loss over time for a sample production well.  

 

Figure 3-14. Wellbore fluid temperature verses depth for the same sample production well. 
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Chapter 4 

4. Power Generation 

The next step in the analysis was to consider the power plants and transition from 
production output to a power plant electricity output.  To convert from production 
temperature and production rate to a power output, the specific power of the coproduced 
fluid was determined from correlations derived from existing power plant performances. 
Important parameters for the analysis of coproduction in the Los Angeles Basin, namely 
the lower temperature limit of power generation, minimum power plant size, and 
appropriate reinjection temperature, were determined by consulting the literature.  

4.1. Binary Power Plants 

Binary power plants are a well-established technology for utilizing low temperature 
resources and appropriate for recovering energy from coproduced fluids from oilfields. In 
a binary power plant, the geothermal fluid is used to heat a secondary working fluid that 
boils at a lower temperature. It is the working fluid, rather than the geothermal fluid 
itself, that is used to operate the turbine and generate electricity. Common working fluids 
are refrigerants (R123, R134a, R245FA), hydrocarbons (isopentane, isobutene), or, for 
the Kalina cycle, a water-ammonia mixture. The working fluid is sequestered in a closed 
cycle so although these fluids can be toxic or flammable, they never interact with the 
environment.  A simplified schematic of a binary cycle is shown in Figure 4-1Figure 4-1.  

 

Figure 4-1. Simplified schematic diagram of the Rankine binary cycle. (Hettiarachchi, Golubovic, 
Worek, & Ikegami, 2007) 
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4.2. Net Thermal Efficiency as a Function of Geofluid Inlet Temperature 

Tester et al. (2006) used a survey of ten current binary power plant performances to 
determine the effects of geofluid temperature on the cycle thermal efficiency. The cycle 
thermal efficiency was defined as the ratio of the net power output to the rate of heat 
input as shown in Eq. (4-1):   

     
 ̇

 ̇
 (4-1) 

The temperature of the geofluids from the binary power plants in the survey ranged from 
103°C to 166°C. As coproduced geofluids of interest in this study fell below the range of 
those in the Tester et al. (2006) survey, ten additional low temperature binary power plant 
performance values were included in deriving the geofluid temperature and cycle thermal 
efficiency correlation for this research. These ten low temperature binary power plants 
are shown in Table 4-1 and include three coproduction power plants, six conventional 
low-temperature geothermal power plants, and one industrial waste heat power plant. 
Figure 4-2 shows both the original and the combined surveys and the resulting correlation 
equations. The augmented survey with a total of 20 power plants resulted in the net 
thermal efficiency as a function of geofluid temperature correlation given in Eq. (4-2): 

                    (4-2) 

where Tin is in °C and ηth is the net thermal efficiency is in percent. This finding was 
surprisingly consistent with the original correlation equation found by Tester et al. (2006) 
shown in Figure 4-2.     

Table 4-1. Net thermal efficiencies for several low temperature binary power plants 
(Holdmann) (Yanagisawa, et al., 2011) (Ogurechnikov, 20120) (Johnson & Walker, 
2010) (ElectraTherm, 2012) (Xin, Liang, Hu, & Li, 2012). 

 

Plant Name Location Application Type

Geofluid inlet 

temperature, °C

thermal 

efficiency, %

Chena Hot Springs Alaska conventional geothermal 73 8.2

Japan 1 Japan conventional geothermal 76 1.75

Japan 2 Japan conventional geothermal 78 3.8

Freon Power Plant Russia conventional geothermal 80 2.49

Japan 3 Japan conventional geothermal 82 7.7

Rocky Mountain Oilfield Testing Center Wyoming coproduction 92 3.99

ElectraTherm Pilot Mississippi coproduction 96 6

Japan 4 Japan conventional geothermal 98 9.5

Kashima Steelworks Japan industiral waste heat 98 10.5

Huabei Oilfield China coproduction 110 8.89
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Figure 4-2. Correlation of binary plant net thermal efficiency and geofluid temperature. The blue 
markers and blue outlined correlation equation are from a survey by Tester et al. 
(2006).  The red markers and red outlined equation combines the survey from Tester 
et al. (2006) and a survey of ten additional low temperature power plant performances.  

4.3. Specific Power 

From the correlation equation given in Eq.(4-2), the net power output of a power plant 
was calculated from the geofluid inlet temperature, the geofluid outlet temperature, and 
the geofluid mass flow rate.  The specific power output as a function of geofluid inlet 
temperature and selected geofluid outlet temperatures is shown in Figure 4-3 and given 
by the equation, Eq 4-3: 

   (
              

   
) [ (   )   (    )] (4-3) 

where SP is the specific power in kW/kg/s, Tin is the temperature of the geofluid entering 
the power plant in °C, Tout is the temperature of the geofluid exiting the power plant in 
°C, h(Tin) is the enthalpy of the geofluid entering the power plant in kJ/kg, and h(Tout) is 
the enthalpy of the geofluid exiting the power plant in kJ/kg.   
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Figure 4-3. Specific power output in kW/[kg/s] for low to moderate temperature geofluids as a 
function of the power plant inlet temperature (produced temperature) and power plant 
outlet temperature (injected temperature).  

4.4. Lower limits of power generation 

4.4.1. Geofluid Temperature 

Binary power plants operating today or in the past have proven the feasibility of 
generating electricity from geofluid temperatures well below the surface boiling 
temperature of water (100°C).  Experimental geothermal power stations set up in eastern-
China in the 1970s were able to generate electricity from water at a temperature as low as 
67°C. While demonstrating the physical feasibility of generating electricity from such 
low temperatures, these plants proved uneconomic and were shut down in the early 1990s 
(Lund & Boyd, 1999).   

In a review of the low-temperature power generation systems in Japan, Yanagisawa, et al. 
(2011) extrapolated the minimum power generation temperature by a Kalina binary cycle 
to be 53°C.  A more practical and realistic lower limit was estimated to be 70°C, 
assuming a sufficiently high flow rate.  

Based on the findings in literature and from existing power plants, for this research the 
lower temperature limit for generating electricity from coproduced fluids was assumed to 
be 70°C. 
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4.4.2. Power Plant Size 

There are various geothermal power plant manufacturers worldwide with varying power 
plant size capabilities. Ormat Technologies Inc. is the world leader in the geothermal 
power plant sector and is capable of manufacturing binary power plant units as small as 
200 kW (Johnson & Simon, 2009). Wasabi Energy Group manufactures Kalina-Cycle 
binary power plants available in their standard package as small as 50 kW (Wasabi 
Energy Group, 2012).  Such a unit was recently installed at Matsunoyama hot spring field 
in Japan (Yanagisawa, et al., 2012).  Even smaller, ElectraTherm’s Green Machine is 
rated as small as 20 kW and a recent field test proved the unit capable of a power output 
as low as 19 kW (ElectraTherm, 2012). For this research, a lower limit on power plant 
size for feasibility at oilfields in the Los Angeles Basin was assumed to be 20 kW.  

4.4.3. Reinjection Temperature 

The geofluids exiting the power plant need to be reinjected into the oilfield. As apparent 
in Figure 4-3, the power plant outlet temperature of the geofluid is significant in 
determining the specific power output of the power plant. Experiences from low-
temperature binary power plants in operation today reveal a wide range of such outlet 
temperatures: from 25°C at the binary unit at Svartsengi power plant, Iceland, to 85°C at 
the coproduction unit at Huabei Oilfield (Lund & Boyd, 1999) (Xin, Liang, Hu, & Li, 
2012).   

Considering the mild year round ambient temperature of the Los Angeles Basin area as 
well as the proximity of the ocean for water cooling, an outlet temperature of 40°C was 
assumed for power plant outlet and reinjection temperature for this research.  

The lower limits of power generation including the geofluid temperature, power plant 
size and reinjection temperature are summarized in Table 4-2.  

Table 4-2. Lower limits of power generation parameters assumed for this research 

 

Parameter Minimum Value

Geofluid Temperature 70°C (158°F)

Power Plant Size 20kW

Reinjection Temperature 40°C (104°F)
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Chapter 5 

5. Economic Analysis 

5.1. Methodology 

The candidate coproduction sites were evaluated economically by calculating the net 
present value (NPV) of the projects.  NPV is given by Eq. 5-1: 

     ∑
  

(   ) 
 
     (5-1) 

where n is in years, Cn is the cash flow at year n, and r is the discount rate. Profits of 
coproduction arose from displaced electricity purchase.  Costs stemmed from initial 
capital investments for development, continued operation and management, and also the 
lost oil production due to changes in oil viscosity.  

5.2. Price of Electricity 

The electricity generated by coproduction was assumed to be used on site to offset the 
electricity purchased from the grid at $0.11/kWh instead of being sold to the grid at the 
lower wholesale price (California Public Utilities Commission, 2012). While most of 
California is serviced by one of three major energy providers, Pacific Gas & Electric, 
Southern California Edison, or San Diego Gas & Electric, the Los Angeles region is 
unique in having many small local utilities. Figure 5-1 shows the territories of the various 
utilities in the Los Angeles Basin area. For this research, the electricity rate for large 
commercial and industrial customers from Southern California Edison, the largest energy 
provider in the region, was used.  



 48 

 

Figure 5-1. Utilities of the Los Angeles Basin area (Gilbreah & Rose, 2011) 

5.3. Development and Operation Costs 

The initial capital cost of the power plant and gathering system, defined as the additional 
pipelines, pumps, on-site substation and transmission lines, pollution abatement, legal, 
regulatory, reporting and documentation, and installation, depended on the size of the 
power plant, as shown in Figure 5-1.  

Table 5-1. Capital cost of power plant and gathering system for different sized power plants 
(ElectraTherm, 2012) (GeothermEx, Inc., 2004). 

  

The cost for power plants ranging in size 20-50 kW was taken from the ElectraTherm 
2011 pilot study and the cost for power plants larger than 200 kW was found in a report 
by GeothermEx (2004).  The cost for power plants between 50 and 200 kW was simply 
extrapolated. Other economic parameters are summarized in Table 5-2.  

Table 5-2. Economic Parameters 

 

Size Range Capital Cost

20-50kW $5,000/kW

50-200kW $3,500/kW

>200kW $1,900/kW

Parameter Value

Electricity Price $0.11/kWh

Oil Price $100/bbl

Extra O&M $0.014/kWh

Power Plant Capacity Factor 0.9

Power Plant Lifetime 30 years

Discount rate 5%
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5.4. Avoided Costs 

There was no exploration or well development cost involved in this economic analysis 
because the oilfield infrastructure was already in place. This had huge economic 
advantages. The avoided exploration cost exceeded $2,000,000 considering the cost 
associated with drilling an exploration well as well as nondrilling costs including surveys, 
structural analysis, geophysics, temperature measurements, interpretation and reporting, 
etc., all of which were already taken care of in the initial development of the oilfield. The 
avoided field development cost exceeded $3,000,000 per well for drilling, $250,000 per 
well for surface equipment, and an average installed cost of $325,000 for each electric 
submersible pump. Another major avoided cost was the cost of transmission as the 
generated electricity was assumed to be used internally in the oilfield.  The avoided cost 
of transmission exceeded $1,000,000 per mile of transmission (Geothermal Technologies 
Program, 2011). In addition to avoided exploration and development costs, operation and 
management costs were lower for coproduction because normal oilfield operation 
covered much of this already. Piggybacking on oilfield operations had huge economic 
advantages compared to traditional geothermal projects.   

5.5. Not Considered 

For this research, taxes, tax breaks, incentives, subsidies, etc. were not considered in the 
economic analysis.  Instead, just the raw economic analysis was performed to understand 
how coproduction projects would fair independent of these constantly changing policies. 
Also, the details of project financing were similarly ignored.  
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Chapter 6 

6.  Results 

Figure 6-1 plots the reservoir temperature verses the production rate for the 49 oilfield of 
the Los Angeles Basin along with the cut off for the lower limit of power generation.  
The cut off curve took into account the smallest achievable power plant size, 20 kW, and 
the lowest exploitable geofluid temperature, 70°C (158°F).  The cut off curve did not take 
into account wellbore heat losses so not all the fields above the cut off could actually 
sustain a power plant. Each of the fields above the cut off were further investigated for 
their coproduction potential.  

 

Figure 6-1. Reservoir temperature vs production rate for the 49 active oilfields in the Los Angeles 
Basin compared to the cut off curve for the lower limit of power generation. Some 
data points include only the zones within a field that are useful for coproduction and 
exclude the shallower, cooler zones.   
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6.1. Wilmington Oilfield 

6.1.1. DOGGR Data 

Wilmington Oilfield is by far the largest oilfield in terms of production in the Los 
Angeles Basin. The field was first discovered in 1932 with an estimated original oil in 
place (OOIP) of 9 billion barrels.  As of 2011, Wilmington has produced over 2.5 billion 
barrels of oil (Tennyson, 2005). 

While the field as a whole is exceptionally prolific, only the four deepest production 
zones have reservoir temperatures high enough to be useful; Lower Terminal, Union 
Pacific, Ford, 237, and Schist. The cumulative production and average temperature for 
these zones is summarized in Table 6-1. Complete information for each of these zones is 
given in Appendix A.  

Table 6-1. Cumulative production for Lower Terminal, Union Pacific, Ford, 237, and Schist 
zones of Wilmington Oilfield.  

 

6.1.2. STARS Simulation 

The fluid flow rate in these four zones was low enough that in the STARS simulation, 
thermal breakthrough was not observed at the producer within 30 years, the assumed 
lifetime of the power plant. Figure 6-2 shows the thermal front after 30 years in an aerial 
view of the injector/producer well pair at middepth in the reservoir. The low flow rate, 
while having positive effects on the thermal breakthrough, had detrimental effects on 
wellbore heat loss; because the fluid moved so slowly up the wellbore more than 15°C 
(30°F) in wellbore heat loss was observed. Figure 6-3 shows the STARS simulation 
forecast over the next 100 years for the reservoir temperature, produced fluid 
temperature, total fluid daily production, and oil daily production. 

 

 

Total Production (March 2011) 179 kg/s (97,435 bbl/d)

Water Cut 96%

Average Reservoir Temperature 87°C (188°F)
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Figure 6-2. The thermal front at mid-depth in the reservoir after 30 years of coproduction from 
select zones at Wilmington Oilfield.  

 

Figure 6-3. STARS simulation forecast of production at select zones of Wilmington Oilfield over 
the next 100 years with coproduction.  
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6.1.3. Power Generation 

From the results of the STARS simulation, it was determined that these four deepest 
zones of Wilmington Oilfield collectively could produce 179 kg/s (97,435 bbl/d) of 70°C 
(159°F) geofluid for the next 30 years.  Assuming a reinjection temperature of 40°C 
(104°F) and using Eq. 4-3, this correlated to a 1015 kW power plant.  

Table 6-2. Power plant parameters at Wilmington Oilfield.  

 

6.1.4. Economic Analysis 

Although the thermal front did not reach the producer by the end of the 30 years, portions 
of the reservoir had been cooled significantly, thus decreasing the oil viscosity. This 
decrease in oil viscosity reduced the oil recovery by 219,595 barrels of oil over the 30 
years.  Although this only amounted to a change in less than 1% in total oil recovery, it 
represented a present value loss in profits of over $8.8 million. The change in oil 
production rate per well between the scenario with coproduction and without 
coproduction is shown in Figure 6-4.   

 

Figure 6-4. Oil production rate per well in select zones at Wilmington Oilfield with and without 
coproduction.  

Total Fluid Production 179 kg/s (97,435 bbl/d)

Production Temperature 70°C (159°F)

Reinjection Temperature 40°C (104°F)

Power Plant Efficiency 4.46%

Power Plant Size 1015 kW
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Profits from coproduction stemmed from avoided electricity purchase.  After subtracting 
the initial cost of the power plant, continued operation and maintenance costs, and lost 
profits from lost oil recovery, the net present value of this project was just under $1 
million. A breakdown of this analysis is shown in Table 6-3.  

Table 6-3. Economic analysis for a power plant at Wilmington Oilfield.  

 

6.1.5. Operations 

The four zones under consideration for coproduction are all operated exclusively by 
Occidental Petroleum as of 2011.  Coproduction has a better chance of being accepted by 
operators when collaboration between multiple operators is not necessary. Also, 
production is conducted on four man-made islands off the coast of Long Beach where 
300 or more well heads are condensed onto each of these 5 acre islands.  The 
concentration of well heads makes it easy to collect production from multiple wells and 
have the produced fluid feed into a single power plant.  

 

Figure 6-5. One of four manmade islands off the coast of Long Beach where production from 
Wilmington Oilfield is conducted (Masters, 2011).  

6.2. Beverly Hills Oilfield 

6.2.1. DOGGR Data 

Beverly Hills Oilfield is another prolific oilfield, the fifth largest oilfield in terms of 
production in the Los Angeles Basin. The main reservoir in Beverly Hills Oilfield is deep 

Capacity Factor 0.9

O&M Cost $0.014/kWh

Capital Cost $1,900/kWh

Electricity Price 0.11/kWh

Discount Rate 5%

Total Installed Cost -$1,931,007

Profit from Avoided Electricity $11,655,306

PV of reduced oil recovery -$8,828,482

Net Present Value $895,818
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enough and hot enough to contribute to coproduction. The production and average 
temperature for Beverly Hills Oilfield is summarized in Table 6-4. Complete information 
for each zone is given in Appendix A.  

Table 6-4. Cumulative production at Beverly Hills Oilfield. 

 

6.2.2. STARS Simulation 

The fluid flow rate in Beverly Hills Oilfield was low enough that in the STARS 
simulation, thermal breakthrough was not observed at the producer within 30 years, the 
assumed lifetime of the power plant.  The thermal front after 30 years at middepth in the 
reservoir is shown in Figure 6-6. However, such a low flow rate resulted in a wellbore 
heat loss of more than 20°C (38°F). Figure 6-7 shows the results of the STARS 
simulation run for 100 years.  

 

Figure 6-6. The thermal front at mid-depth in the reservoir after 30 years of coproduction at 
Beverly Hills Oilfield.  

Total Production (March 2011) 49 kg/s (26,833 bbl/d)

Water Cut 92%

Average Reservoir Temperature 99°C (210°F)
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Figure 6-7 STARS simulation forecast of production at Beverly Hills Oilfield over the next 100 
years with coproduction. 

6.2.3. Power Generation 

From the results of the STARS simulation, it was determined that Beverly Hills Oilfield 
as a whole could produce 49 kg/s (26,833 bbl/d) of 78°C (172°F) geofluid for the next 30 
years.  Assuming a reinjection temperature of 40°C (104°F) and using Eq. 4-3, this 
correlated to a 406 kW power plant.  

Table 6-5. Power plant parameters at Beverly Hills Oilfield. 

 

6.2.4. Economic Analysis 

The difference in oil production in Beverly Hills Oilfield due to the temperature 
dependence of oil viscosity is shown in Figure 6-8. There was a total of 102,365 barrels 
of oil unrecovered due to heat removal for coproduction compared to the situation 
without heat removal which represented less than a 1% difference in total oil production. 
However, even this small difference resulted in over $4.1 million in lost profits.  

Total Fluid Production 49 kg/s (26,833 bbl/d)

Production Temperature 78°C (172°F)

Reinjection Temperature 40°C (104°F)

Power Plant Efficiency 5.16%

Power Plant Size 406 kW
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Figure 6-8. Forecasted oil production rate per well at Beverly Hills Oilfield with and without 
coproduction.  

Profits from coproduction stemmed from avoided electricity purchase.  After subtracting 
the initial cost of the power plant, continued operation and maintenance costs, and the 
lost profit from slightly decreased oil production, the net present value of this project was 
less than zero indicating that the project was uneconomic. A breakdown of this analysis is 
shown in Table 6-6. Economic analysis for a power plant at Beverly Hills Oilfield.Table 
6-6.  

Table 6-6. Economic analysis for a power plant at Beverly Hills Oilfield. 

 

6.2.5. Operations 

Beverly Hills Oilfield has four operators: in terms of oil production, Hillcrest Beverly Oil 
controls 4% of the oilfield, Pacific Coast Energy controls 28%, Plains Exploration & 
Production Company controls 52%, and Veneco Inc. controls 16%. As the field is more 

Capacity Factor 0.9

O&M Cost $0.014/kWh

Capital Cost $1,900/kWh

Electricity Price 0.11/kWh

Discount Rate 5%

Total Installed Cost -$770,593

Profit from Avoided Electricity $4,651,201

PV of reduced oil recovery -$4,151,524

Net Present Value -$270,916
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equally divided among operators, implementing coproduction at this field would require 
multiple smaller power plants, one for each operator, or collaboration between one or 
more operators.  

6.3. Inglewood Oilfield 

Inglewood Oilfield is the second largest oilfield in terms of production in the Los 
Angeles Basin. The field has been under production since its 1924.   

Not all zones within Inglewood Oilfield are deep enough and hot enough for use in 
generating electricity; only zones Monyier and Rubel are useful. The cumulative 
production and average temperature for these two zones is summarized in Table 6-7. 
Complete information for each of these zones is given in Appendix A.  

Table 6-7. Cumulative production for Monyier and Rubel zones in Inglewood Oilfield. 

 

6.3.1. STARS Simulation 

The flow rate in these two zones at Inglewood Oilfield was low enough that thermal 
breakthrough was not observed at the producer within 30 years. The thermal front after 
30 years at middepth in the reservoir is shown in Figure 6-9.  The wellbore heat loss was 
still rather high at more than 15°C (30°F) from the reservoir to the surface of the well. 
This result is shown in Figure 6-10.  

 

Figure 6-9. The thermal front at mid depth in the reservoir at Inglewood Oilfield after 30 years of 
coproduction.  

Total Production (March 2011) 36 kg/s (19,727 bbl/d)

Water Cut 98%

Average Reservoir Temperature 80°C (177°F)
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Figure 6-10. STARS simulation forecast of production at select zones of Inglewood Oilfield over 
the next 100 years with coproduction. 

6.3.2. Power Generation 

From the results of the STARS simulation, it was determined that these two deepest 
zones of Inglewood Oilfield collectively could produce 36 kg/s (19,727 bbl/d) of 70°C 
(159°F) geofluid for the next 30 years.  Assuming a reinjection temperature of 40°C 
(104°F) and using Eq. 4-3, this correlated to a 205 kW power plant.  

Table 6-8. Power plant parameters at Inglewood Oilfield. 

 

6.3.3. Economic Analysis 

The difference in oil production in these two zones of Inglewood Oilfield due to the 
temperature dependence of oil viscosity is shown in Figure 6-11. There was a total of 
4,932 barrels of oil unrecovered due to heat removal for coproduction compared to the 
situation without heat removal which represented only a 0.11% difference in total oil 
production. However, even this small difference resulted in over $200,000 in lost profits.  

Total Fluid Production 36 kg/s (19,727 bbl/d)

Production Temperature 70°C (159°F)

Reinjection Temperature 40°C (104°F)

Power Plant Efficiency 4.45%

Power Plant Size 205 kW



 61 

 

Figure 6-11. Forecasted oil production rate per well at select zones in Inglewood Oilfield with 
and without coproduction.  

 

Profits from coproduction stemmed from avoided electricity.  After subtracting the initial 
cost of the power plant, continued operation and maintenance costs, and the lost profit 
from slightly decreased oil production, the net present value of this project was over $1.7 
million. A breakdown of the variable included in this analysis is shown in Table 6-9.  

Table 6-9. Economic analysis for the Inglewood Oilfield power plant.  

 

6.3.4. Operations 

Plains Exploration & Production Co. is the only operator at Inglewood Oilfield. 
Coproduction has a better chance of being accepted by operators when collaboration 
between multiple operators is not necessary. Also, similar to operations at Wilmington 

Capacity Factor 0.9

O&M Cost $0.014/kWh

Capital Cost $1,900/kWh

Electricity Price 0.11/kWh

Discount Rate 5%

Total Installed Cost -$388,646

Profit from Avoided Electricity $2,345,819

PV of reduced oil recovery -$209,747

Net Present Value $1,747,426
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Oilfield, operations at Inglewood Oilfield are congregated and disguised. Figure 6-12 
shows a fake building that disguises the production from 60 well heads at Inglewood 
Oilfield. The concentration of well heads makes it easy to collect production from 
multiple wells and have the produced fluid feed into a single power plant.  

 

Figure 6-12. 60 well heads at Inglewood Oilfield congregated and disguised as an office building 
(Murdock, 2010).  

6.4. Long Beach Oilfield 

6.4.1. DOGGR Data 

Long Beach Oilfield is another prolific field, the fourth largest oilfield in the Los Angeles 
Basin in terms of production rate. Zones Deep, Wardlow, and Upper Wasem/McGrath 
have reservoir temperatures high enough to be useful. The cumulative production and 
average temperature for these three zones is summarized in Table 6-10. Complete 
information for each of these zones is given in Appendix A.  

Table 6-10. Cumulative production for zones Deep, Wardlow, and Upper Wasem/McGrath in 
Long Beach Oilfield.  

 

6.4.2. STARS Simulation 

The fluid flow rate in these three zones was low enough that in the STARS simulation, 
thermal breakthrough was not observed at the producer within 30 years, the assumed 
lifetime of the power plant. Figure 6-13 shows the thermal front after 30 years in an aerial 
view of the injector/producer well pair at mid-depth in the reservoir.  The low flow rate, 
while having positive effects on the thermal breakthrough, had detrimental effects on 
wellbore heat loss; more than 23°C (42°F) in wellbore heat loss was observed. Figure 
6-14 shows the STARS simulation forecast over the next 100 years for the reservoir 

Total Production (March 2011) 229 kg/s (124,683 bbl/d)

Water Cut 97%

Average Reservoir Temperature 93°C (200°F)
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temperature, produced fluid temperature, total fluid daily production, and oil daily 
production.  

 

Figure 6-13. The thermal front at mid depth in the reservoir at Long Beach Oilfield after 30 years 
of coproduction. 

 

Figure 6-14. STARS simulation forecast of production at select zones of Long Beach Oilfield 
over the next 100 years with coproduction.  
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6.4.3. Power Generation 

From the results of the STARS simulation, it was determined that these three zones of 
Long Beach Oilfield collectively could produce 229 kg/s (124,683 bbl/d) of 70°C (158°F) 
geofluid for the next 30 years.  Assuming a reinjection temperature of 40°C (104°F) and 
using Eq. 4-3, this correlated to a 1273 kW power plant.  

Table 6-11. Power plant parameters at Long Beach Oilfield.  

 

6.4.4. Economic Analysis 

Although the thermal front did not reach the producer by the end of the 30 years, portions 
of the reservoir had been cooled significantly, thus decreasing the oil viscosity. This 
decrease in oil viscosity reduced the oil recovery by 183,087 barrels of oil over the 30 
years.  Although this only amounted to a change in less than 1% in total oil recovery, it 
represented a present value loss in profits of over $3.9 million. The change in oil 
production rate per well between the scenario with coproduction and without 
coproduction is shown in Figure 6-15.  

 

Figure 6-15. Forecasted oil production rate per well at select zones in Long Beach Oilfield with 
and without coproduction. 

Total Fluid Production 229 kg/s (124,683 bbl/d)

Production Temperature 70°C (158°F)

Reinjection Temperature 40°C (104°F)

Power Plant Efficiency 4.42%

Power Plant Size 1273 kW
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Profits from coproduction stemmed from avoided electricity purchase.  After subtracting 
the initial cost of the power plant, continued operation and maintenance costs, and lost 
profits from lost oil recovery, the net present value of this project was just over $8.2 
million. A breakdown of this analysis is shown in Table 6-12.  

Table 6-12. Economic analysis for a power plant at Long Beach Oilfield.  

 

6.4.5. Operations 

Long Beach Oilfield has over 20 operators. Signal Hill Petroleum, Inc. accounts for 70% 
of the production at Long Beach Oilfield and the other 30% comes from small companies 
that produce from just one or two wells.   

6.5. Santa Fe Springs Oilfield 

6.5.1. DOGGR Data 

Santa Fe Springs Oilfield is one of the older fields in the region, discovered in 1919.  
Santa Fe Springs Oilfield is the third largest oilfield in the region in terms of cumulative 
production. All zones within Santa Fe Springs Oilfied, except for the shallowest zone, are 
useful for coproduction; Zones Buckbee, O’Connel, Clark-Hathaway, Santa Fe, and parts 
of Meyer are all hot enough to be exploitable through coproduction. The cumulative 
production and average temperature for these zones is summarized in Table 6-13. 
Complete information for each of these zones is given in Appendix A.  

Table 6-13. Cumulative production for zones Buckbee, O’Connel, Clark-Hathaway, Santa Fe, 
and portions of Meyer in Santa Fe Springs Oilfield. 

 

6.5.2. STARS Simulation 

The fluid flow rate in these zones was low enough that in the STARS simulation, thermal 
breakthrough was not observed at the producer within 30 years, the assumed lifetime of 
the power plant. Figure 6-16 shows the thermal front after 30 years in an aerial view of 
the injector/producer well pair at middepth in the reservoir. The low flow rate, while 

Capacity Factor 0.9

O&M Cost $0.014/kWh

Capital Cost $1,900/kWh

Electricity Price 0.11/kWh

Discount Rate 5%

Total Installed Cost -$2,419,623

Profit from Avoided Electricity $14,604,534

PV of reduced oil recovery -$3,922,251

Net Present Value $8,262,660

Total Production (March 2011) 99 kg/s (53,816 bbl/d)

Water Cut 98%

Average Reservoir Temperature 81°C (178°F)
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having positive effects on the thermal breakthrough, had detrimental effects on wellbore 
heat loss; more than 10°C (20°F) in wellbore heat loss was observed. Figure 6-17 shows 
the STARS simulation forecast over the next 100 years for the reservoir temperature, 
produced fluid temperature, total fluid daily production, and oil daily production. 

 

Figure 6-16. The thermal front at mid depth in the reservoir at Santa Fe Springs Oilfield after 30 
years of coproduction..  

 

Figure 6-17. STARS simulation forecast of production at Santa Fe Springs Oilfield over the next 
100 years with coproduction. 
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6.5.3. Power Generation 

From the results of the STARS simulation, it was determined that these three zones of 
Long Beach Oilfield collectively could produce 99 kg/s (53,816 bbl/d) of 70°C (159°F) 
geofluid for the next 30 years.  Assuming a reinjection temperature of 40°C (104°F) and 
using Eq. 4-3, this correlated to a 558 kW power plant.  

Table 6-14. Power plant parameters at Santa Fe Springs Oilfield. 

 

6.5.4. Economic Analysis 

Although the thermal front did not reach the producer by the end of the 30 years, portions 
of the reservoir had been cooled, thus decreasing the oil viscosity. This decrease in oil 
viscosity reduced the oil recovery by 54,762 barrels of oil over the 30 years.  Although 
this only amounted to a change in less than 1% in total oil recovery, it represented a 
present value loss in profits of over $2.1 million. The change in oil production rate per 
well between the scenario with coproduction and without coproduction is shown in 
Figure 6-18.    

 

Figure 6-18. Forecasted oil production rate per well at Santa Fe Springs Oilfield with and without 
coproduction. 

Total Fluid Production 99 kg/s (53,816 bbl/d)

Production Temperature 70°C (159°F)

Reinjection Temperature 40°C (104°F)

Power Plant Efficiency 4.45%

Power Plant Size 558 kW
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Profits from coproduction stemmed from avoided electricity purchase.  After subtracting 
the initial cost of the power plant, continued operation and maintenance costs, and lost 
profits from lost oil recovery, the net present value of this project was just over $3.1 
million. A breakdown of this analysis is shown in Table 6-15.  

Table 6-15. Economic analysis for a power plant at Santa Fe Springs Oilfield. 

 

6.5.5. Operations 

Santa Fe Springs Oilfield is almost exclusively operated by Breitburn Operating L.P., 
accounting for 99% of production. Coproduction has a better chance of being accepted by 
operators when collaboration between multiple operators is not necessary.  

6.6. Seal Beach Oilfield 

Seal Beach Oilfield has been under production since 1924 and is the ninth largest oilfield 
in the Los Angeles Basin in terms of cumulative production.   

All the zones in Seal Beach Oilfield are hot enough to be useful for coproduction. The 
cumulative production and average temperature for all six zones is summarized in Table 
6-16. Complete information for each of these zones is given in Appendix A.  

Table 6-16. Cumulative production for all zones of Seal Beach Oilfield.  

 

The fluid flow rate in these zones was low enough that in the STARS simulation, thermal 
breakthrough was not observed at the producer within 30 years. However, due to the low 
fluid flow rate, wellbore heat loss reduced the temperature of the produced fluid to just 
over 66°C (150°F) which was below the limits of power generation. The devastating 
wellbore heat loss, alongside the other STARS outputs, is shown in Figure 6-19. 

Capacity Factor 0.9

O&M Cost $0.014/kWh

Capital Cost $1,900/kWh

Electricity Price 0.11/kWh

Discount Rate 5%

Total Installed Cost -$1,060,186

Profit from Avoided Electricity $6,399,144

PV of reduced oil recovery -$2,195,929

Net Present Value $3,143,029

Total Production (March 2011) 43 kg/s (23,103 bbl/d)

Water Cut 95%

Average Reservoir Temperature 94°C (201°F)
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Figure 6-19. STARS simulation forecast of production at Seal Beach Oilfield over the next 100 
years with coproduction. 

Seal Beach Oilfield is hotter and produces more than Inglewood Oilfield.  However, 
while Inglewood was capable of sustaining a power plant, Seal Beach Oilfield did not 
have that capability. This stemmed from the fact that Inglewood Oilfield only had 24 
wells so each well produced 1.51 kg/s (822 bb/d) whereas Seal Beach Oilfield had 117 
wells so each well only produced 0.36 kg/s (198 bb/d).  

6.7. Sawtelle Oilfield 

Sawtelle Oilfied is a relatively new field, discovered in 1965.  Sawtell Oilfield is a very 
small field with just a single reservoir zone and a total production of only 4 kg/s (2,183 
bb/d).  However, Sawtelle is the deepest and hottest reservoir in the Los Angeles Basin 
with a reservoir temperature of 134°C (274°F). However, even with this exceptionally 
high reservoir temperature, in the STARS simulation, wellbore heat loss reduced the 
temperature of the produced fluid by 84°C (152°F) to just 50°C (122°F) which was below 
the limits of power generation.  

Table 6-17. Production at Sawtell Oilfield.  

 

Total Production (March 2011) 4 kg/s (2,183 bbl/d)

Water Cut 75%

Average Reservoir Temperature 134°C (274°F)
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Figure 6-20. STARS simulation forecast of production at Sawtelle Oilfield over the next 100 
years with coproduction. 

6.8. Rosecrans Oilfield 

Rosecrans Oilfield is another small, yet deep and hot oilfield, summarized in Table 6-18.  
Again, despite the favorable reservoir temperature, in the STARS simulation, the low 
fluid flow rate resulted in wellbore heat losses of more than 30°C (56°F) which reduced 
the temperature of the produced fluid to just 57°C (135°F), which was below the limits of 
power generation.  

Table 6-18. Rosecrans Oilfield.  

 

Total Production (March 2011) 15 kg/s (8,018 bbl/d)

Water Cut 94%

Average Reservoir Temperature 88°C (191°F)
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Figure 6-21. STARS simulation forecast of production at Rosecrans Oilfield over the next 100 
years with coproduction. 

6.9. Huntington Beach Oilfield 

Huntington Beach Oilfield was one of the more prolific high temperature fields in the Los 
Angeles Basin. Only one zone, Main, was hot enough to be useful for coproduction and is 
summarized in Table 6-19.  Only 58 wells produced from this zone so each well 
produced just over 2 kg/s (1,132 bb/d).  As a result, the STARS simulation found the 
wells of Huntington Beach Oilfield to have the lowest wellbore heat loss of all the 
simulated fields in the Los Angeles Basin at under 9°C (16°F).  Unfortunately, even this 
minor wellbore heat loss reduced the temperature of the produced fluid to 68°C (154°F) 
which just barely fell below the lower limit of power generation.  

Table 6-19. Production at Main zone at Huntington Beach Oilfield.  

 

Total Production (March 2011) 145 kg/s (78,597 bbl/d)

Water Cut 97%

Average Reservoir Temperature 77°C (170°F)
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Figure 6-22. STARS simulation forecast of production at Huntington Beach Oilfield over the next 
100 years with coproduction. 
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Chapter 7 

7.  Discussion and Conclusion 

7.1. Summary of Results  

Out of the nine oilfields that had production rates and reservoir temperatures such that 
they met the lower limit of power generation cut off, as shown in Figure 6-1, four were 
not viable due to detrimental wellbore heat loss.  Of the five fields that could sustain 
power plants, only four were economic due to changes in oil production.  

Table 7-1. Summary of oilfields that meet the lower limit of power generation requirement.  
Status reveals success of field coproduction power plant or reason for failure.  

 

The four fields that were able to sustain a power plant economically were Wilmington 
Oilfield, Inglewood Oilfield, Long Beach Oilfield, and Santa Fe Springs Oilfield.  These 
four fields had a combined power generation potential of more than 3 MW and a net 
present value exceeding $14 million, as shown in Table 7-2. Another 406 kW was 
feasible at Beverly Hills Oilfield, although not profitable due to a decrease in oil 
production from increased oil viscosity.   

Table 7-2. Summary of feasible and profitable potential coproduction projects in the Los 
Angeles Basin.  

 
 

Oilfield Status

Wilmington successful

Inglewood successful

Long Beach successful

Santa Fe Springs successful

Beverly Hills uneconomic

Huntington Beach wellbore heat loss

Seal Beach wellbore heat loss

Rosecrans wellbore heat loss

Sawtelle wellbore heat loss

Field Net Present Value Power Plant (kW)

Wilmington $895,818 1,015

Inglewood $1,747,323 205

Long Beach $8,262,660 1,273

Santa Fe Springs $3,143,029 558

TOTAL $14,048,830 3,051
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Insulating wells as a means of mitigating wellbore heat loss was initially explored.  
However, although insulation greatly reduced wellbore heat loss, the costs associated 
with it, up to $1 million per well, made the projects decidedly uneconomic.  
 
7.2. Discussion  

The geothermal resource is present in the Los Angeles Basin but current operations 
designed for maximizing oil production do not align with what is best for generating 
electricity. Of the nine fields with a reservoir temperature and production rate above the 
lower limit cut off, four were incapable of sustaining power plants because of wellbore 
heat loss.  The crippling wellbore heat loss is an artifact of maximizing oil production and 
not a limitation of the reservoirs and wells themselves. Production at Huntington Beach 
Oilfield proves that wellbore heat loss can be reduced to less than 10°C (18°F) and 
probably even lower. The Los Angeles Basin is composed of thick layers of porous 
sandstone and every field is capable of much higher production rates but are being held 
back to maximize oil recovery. Production rate aside, 30 fields, or portions of fields, out 
of the 49 active oilfields in the Los Angeles Basin have average reservoir temperatures 
exceeding 70°C and all could feasibly sustain a power plant if allowed to increase fluid 
production.  

The economics of the coproduction projects are overpowered by minute changes in oil 
production due to the changes in oil viscosity. Because oil is such a valuable commodity, 
even a 1% reduction in the production of oil over the course of 30 years can mean 
multiple millions of dollars in lost profits. The profits from the four successful 
coproduction projects explored in this research amounted to over $35 million but even 
the slight change in oil production reduced the net present value to just over $14 million.  

Both of these concerns, high wellbore heat losses from fluid flow rates that are artificially 
kept low and minute changes in oil production overpowering coproduction project 
economics, indicate that perhaps the best field candidates for implementing electricity 
generation form coproduced fluids are fields at the end of their productive life.  
Generating electricity can provide new life and purpose to the extensive oil infrastructure. 
Electricity generation could provide another revenue stream to make these fields 
economic for an extended period of time after producing exclusively for oil has been 
exhausted.    

7.3. Other Applications 

There are other low-temperature geothermal avenues being explored similar to 
coproduction and the process for analyzing such projects closely resembles the process 
taken in this research. Other low-temperature geothermal energy sources from oil fields 
include utilizing abandoned oil and gas fields or previously steam-flooded oil reservoirs. 
Although no such projects have been undertaken as of 2012, the potential of these 
sources have been discussed in the literature (Limpasurat, Falcone, Teodoriu, Barrufet, & 
Bello, 2011).   



 75 

Another example is the use of hot spring water, typically below 100°C (212°F), to power 
binary geothermal power plants. The first power plant at a hot spring was installed at the 
Matsunoyama Onsen hot spring at Tokamachi, Niigata in Japan at the end of 2011 
(Yanagisawa, et al., 2012). Himachal Pradesh, a state in northern India, accounced in 
January 2012 plans to explore power generation from hot spings (Indo-Asian News 
Service, 2012).  

Other possible low-temperature geothermal energy sources are abandoned mines. In a 
study by the British Geological Survey (BGS), it was predicted that tapping into waters 
from abandoned mines beneath Glasgow could provide 40% of the city’s heat (BBC, 
2012).   

Coproduction is just one of multiple low-temperature geothermal energy source options. 
However, coproduction is currently the most explored and demonstrated low-temperature 
geothermal avenue. Also, the nearly seamless integration with current oil and gas 
operations with skid mounted, prebuilt power plants and minimal field operational 
changes make coproduction the most accessible today.   

7.4. Conclusion 

Coproduction, taking advantage of the coproduced hot water from oil and gas operations 
to generate electricity in binary power plants, is both feasible and profitable today. This 
research proved this to be the case by exploring the Los Angeles Basin as a case study 
where over 3 MW of electricity could be generated from four currently producing 
oilfields with a net present value exceeding $14 million.  
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Nomenclature 

α  thermal diffusivity of the earth 
μ  viscosity 
ηth  thermal efficiency 
°API oil gravity 
a  geothermal gradient 
b  surface temperature 
c  specific heat capacity 
Cn  cash flow at year n 
Ė  electricity output 
h  enthalpy 
k  earth thermal conductivity 
krw        relative permeability of water 
kro      relative permeability of oil 
kro(Swi)     oil relative permeability at the irreducible water saturation 
n  years 
nw          water Brooks-Corey coefficient 
no         oil Brooks-Corey coefficient 
Q  heat inflow rate 
r  discount rate 
r1  inside radius of tubing 
r2  outside radius of casing 
sw

*      effective saturation 
Sw                water saturation 
Swi       irreducible water saturation 
T0  injection temperature 
Tres      reservoir temperature 
Tin  power plant inlet temperture 
Tout  power plant outlet temperature 
U  overall heat transfer coefficient 
w  fluid flow rate 
z  depth 
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CMG Computer Modeling Group 
DOGGR Division of Oil, Gas and Geothermal Resources 
NPV Net Present Value 
ORC Organic Rankine Cycle 
OOIP original oil in place 
PV  Present Value 
RMOTC Rocky Mountain Oilfield Testing Center 
SP  specific power 
STARS Steam, Thermal, and Advanced Processes Reservoir Simulator 
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Appendix A 

A.  Complete Oilfield Data 

Wilmington Oilfield Select Zones 

 

 

 

 

Zone Initial Reservoir T (°F) Initial Reservoir T (°C) Oil (bbl/d) Water (bbl/d) water cut Total (bbl/d) Total (kg/s) Prod Wells Water (bbl/d) Water (kg/s) Days Inj Wells

Lower Terminal 167 75 746 29,201 98% 29,947 55 41 38,321 71 825 28

Union Pacific 184 84 2,074 42,474 95% 44,548 82 82 48,077 88 1656 54

Ford 216 102 742 20,202 96% 20,944 39 54 18,860 35 819 27

237 309 154 225 1,713 88% 1,938 4 5 0 0 0 0

Schist 309 154 2 57 97% 58 0 1 0 0 0 0

TOTAL 188 87 3,788 93,646 96% 97,435 179 183 105,258 194 3,300 109

3/2011 Production 3/2011 Injection

Layer

average net 

thickness (ft)

average net 

thickness (m) porosity

average 

depth (ft)

average 

depth (m) Temp (°F) Temp (°C) a (°C/m) a (°F/ft)

Initial 

Pressure 

(psi) °API °API Average Area Factor

LT 360 109.728 0.29 3600 1097.28 167 75 0.04911 0.0269 1670 25-30 27.5 0.4

UP 125 38.1 0.29 4000 1219.2 184 84 0.05195 0.0285 1877 25-32 28.5 0.3

Ford 300 91.44 0.24 4550 1386.84 216 102 0.05849 0.0321 2300 28-32 30 0.3

237 200 60.96 0.23 5550 1691.64 309 154 0.07849 0.0431 3960 28-32 30 0.15

Schist 15 4.572 0.12 5850 1783.08 309 154 0.07447 0.0409 3960 28-32 30 0.1

Area map (in) actual (ft) actual (m)

lenth 7.5 45000 13716

width 2.5 15000 4572

Scale 6000 ft per inch
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Beverly Hills Oilfield Select Zones 

 

 

 

 

 

  

Zone Initial Reservoir T (°F) Initial Reservoir T (°C) Oil (bbl/d) Water (bbl/d) water cut Total (bbl/d) Total (kg/s) Days Prod Wells Water (bbl/d) Water (kg/s) Days Inj Wells

Pliocene 110 43 11 76 88% 87 0 62 2 0 0 0 0

Miocene 210 99 2,211 24,537 92% 26,747 49 2,749 90 24,645 45 45 372

TOTAL 210 99 2,221 24,613 92% 26,834 49 2811 92 24,645 45 45 372

3/2011 Production 3/2011 Injection

Layer

average net 

thickness (ft)

average net 

thickness (m) porosity

average 

depth (ft)

average 

depth (m) Temp F Temp C a (C/m) a (F/ft)

Initial 

Pressure (psi) °API

°API 

Average

Area 

Factor

Pliocene (Wolfskill) 250 76.2 31 2500 762 110 43 0.029163 0.016 990 15-22 26 1

Miocene (Main Hauser) 100 30.48 21.1 4500 1371.6 195 91 0.05063 0.02778 none 23-60 41.5 0.75

Pliocene 300 91.44 23.55 3650 1112.52 149.5 65 0.0397 0.02178 1658.5 33-60 46.5 0.1

Miocene 567 173 23 9900 3018 210 99 0.02571 0.01411 2964 27-60 43.5 1

West

East

Area map (in) actual (ft) actual (m)

length 3.75 9000 2743.2

width 1.75 4200 1280.16

lenth 4.5 9000 2743.2

width 1.5 3000 914.4

length 18000 5486.4

width 3600 1097.28

Scale W 2400 ft per inch

Scale E 2000 ft per inch

Total

West

East
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Inglewood Oilfield Select Zones 

 

 

 

 

 

 

 

 

 

 

Zone Initial T (F) Initial T (.C) Oil (bbl/d) Water (bbl/d) water cut Total (bbl/d) Total (kg/s) Days Prod Wells Water (bbl/d) Water (kg/s) Days Inj Wells

Moynier 188 87 59 2,768 98% 2,827 5 100 4 2,669 5 48 2

Rubel 175 79 353 16,547 98% 16,900 31 601 20 15,935 29 288 10

TOTAL 177 80 413 19,315 98% 19,727 36 701 24 18,604 34 336 12

3/2011 Production Injection

Layer

average net 

thickness (ft)

average net 

thickness (m) porosity

average 

depth (ft)

average 

depth (m) Temp F Temp C a (C/m) a (F/ft)

Initial 

Pressure 

(psi) °API °API Average Area Factor

Moynier 300 91.44 0.23 4200 1280.16 188 87 0.0512089 0.0280952 2140 22 22 0.5

Rubel 325 99.06 0.26 3400 1036.32 175 79 0.0562889 0.0308824 1795 20-35 27.5 0.5

Area map (in) actual (ft) actual (m)

lenth 4.25 13600 4145.28

width 1.5 4800 1463.04

Scale 3200 ft per inch
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Long Beach Oilfield Select Zones 

 

 

 

 

 

 

 

 

Zone Initial T (°F) Initial T (°C) Oil (bbl/d) Water (bbl/d) water cut Total (bbl/d) Total (kg/s) Days Prod Wells Water (bbl/d) Water (kg/s) Days Inj Wells

Alamitos 130 54 82 1,225 94% 1,306 2 124 4 15,251 28 310 10

Brown 150 66 13 271 95% 284 1 31 1 66,135 122 1410 45

Deep 200 93 3,926 120,442 97% 124,368 229 8001 258 964 2 31 1

Wardlow 200 93 28 145 84% 173 0 114 4 0 0 0 0

Upper Wasem/McGrath 198 92 73 70 49% 143 0 217 7 0 0 0 0

TOTAL 199 93 4,122 122,152 96.7% 126,273 232 8,487 274 82,349 152 1,751 56

3/2011 Production Injection

Layer

average net 

thickness (ft)

average net 

thickness (m) porosity

average 

depth (ft)

average 

depth (m) Temp F Temp C a (C/m) a (F/ft)

Initial 

Pressure 

(psi) °API °API Average Area Factor

Alamitos 430 131 0.31 2800 853 130 54 0.0390576 0.0214286 1300 21-28 24.5 0.7

Brown 840 256 0.3 3600 1097 150 66 0.0405042 0.0222222 2000 18-30 24 1

Deep 500 152 0.22 5300 1615 200 93 0.0447075 0.0245283 2800 0.8

Wardlow 600 183 0.22 6700 2042 200 93 0.0353656 0.019403 2800 32 32 0.8

Upper Wasem/McGrath 450 137 0.27 6450 1966 198 92 0.0361712 0.019845 2800 21-32 26.5 0.1

Area map (in) actual (ft) actual (m)

lenth 9.5 22800 6949.44

width 1.75 4200 1280.16

Scale 2400 ft per inch
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Santa Fe Springs Oilfield Select Zones 

 

 

 

 

 

 

 

 

 

Zone Initial T (°F) Initial T (°C) Oil (bbl/d) Water (bbl/d) water cut Total (bbl/d) Total (kg/s) Days Prod Wells Water (bbl/d) Water (kg/s) Days Inj Wells

Meyer 150 66 324 18271 98% 18594 34 360 12 44983 83 682 22

Buckbee 177 81 279 15,761 98% 16,041 30 589 19 12,935 24 372 12

O'Connel 188 87 73 4,115 98% 4,188 8 196 6 3,377 6 124 4

Clark-Hathaway 210 99 211 11,920 98% 12,131 22 589 19 9,783 0 372 0

Santa Fe 220 104 50 2,812 98% 2,862 5 98 3 2,308 0 62 0

TOTAL 178 81 937 52,879 98% 53,816 99 1,832 59 73,385 113 1,612 38

3/2011 Production Injection

Layer

average net 

thickness (ft)

average net 

thickness (m) porosity

average depth 

(ft)

average 

depth (m) Temp F Temp C a (C/m) a (F/ft)

Initial 

Pressure (psi) °API °API Average Area Factor

Meyer 700 213 32.3 4600 1402.08 150 66 0.0316989 0.0173913 1900 35 35 0.83

Buckbee 400 122 28.9 6000 1829 177 81 0.0325046 0.0178333 2520 35 35 0.581

O'Connel 700 213 28.7 6700 2042 188 87 0.0321011 0.0176119 2870 34 34 0.664

Clark-Hathaway 600 183 21.2 7400 2256 210 99 0.0344833 0.0189189 3200 33 33 0.83

Santa Fe 900 274 21 8200 2499 220 104 0.0333419 0.0182927 3600 34 34 0.332

Area map (in) actual (ft) actual (m)

lenth 5 13200 4023.36

width 3 7920 2414.016

Scale 2640 ft per inch
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Seal Beach Oilfield 

 

 

 

 

 

 

 

 

Zone Initial T (°F) Initial T (°C) Oil (bbl/d) Water (bbl/d) water cut Total (bbl/d) Total (kg/s) Days Prod Wells Water (bbl/d) Water (kg/s) Days Inj Wells

San Gabriel 180 82 - - - - - - - - - - -

Bixby 184 84 - - - - - - - - - - -

Selover 188 87 - - - - - - - - - - -

Wasem 193 89 - - - - - - - - - - -

McGrath 213 101 - - - - - - - - - - -

Lane 246 119 - - - - - - - - - - -

TOTAL 201 94 1,215 21,888 95% 23,103 43 3,626 117 5,340 10 310 10

3/2011 Production Injection

Layer

average net 

thickness (ft)

average net 

thickness (m) porosity

average 

depth (ft)

average 

depth (m) Temp F Temp C a (C/m) a (F/ft)

Initial 

Pressure 

(psi) °API °API Average Area Factor

San Gabriel 50 15 34 5250 1600 180 82 0.0381897 0.0209524 1850 20-27 24 1

Bixby 140 43 33 5400 1646 184 84 0.038479 0.0211111 2000 21-25 23 1

Selover 120 37 35 5600 1707 188 87 0.0384067 0.0210714 2100 24-28 26 1

Wasem 420 128 26 5800 1768 193 89 0.0386536 0.0212069 2400 20-28 24 1

McGrath 600 183 23 6700 2042 213 101 0.0389022 0.0213433 3215 25-34 30 1

Lane 1000 305 17 8200 2499 246 119 0.0391211 0.0214634 3760 28-32 30 1

Area map (in) actual (ft) actual (m)

lenth 5 10936.13298 3333.333

width 1 2187.226597 666.6667

Scale 2187 ft per inch
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Sawtelle Oilfield 

 

 

 

 

Zone Initial T (F) Initial T (.C) Oil (bbl/d) Water (bbl/d) water cut Total (bbl/d) Total (kg/s) Days Prod Wells Water (bbl/d) Water (kg/s) Days Inj Wells

Rancho 274 134 545 1,638 75% 2,183 4 336 11 3,035 6 93 3

TOTAL 274 134 545 1,638 75% 2,183 4 336 11 3,035 6 93 3

3/2011 Production Injection

Layer

average net 

thickness (ft)

average net 

thickness (m) porosity

average 

depth (ft)

average 

depth (m) Temp F Temp C a (C/m) a (F/ft)

Initial 

Pressure 

(psi) °API °API Average Area Factor

Rancho 350 106.68 24 9500 2895.6 274 134 0.0391398 0.0214737 2140 20-26 23 1

Area map (in) actual (ft) actual (m)

lenth 2.5 4000 1219.2

width 1.25 2000 609.6

Scale 1600 ft per inch
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Rosecrans Oilfield 

 

 

 

 

 

 

 

 

 

Zone Initial T (F) Initial T (.C) Oil (bbl/d) Water (bbl/d) water cut Total (bbl/d) Total (kg/s) Days Prod Wells Water (bbl/d) Water (kg/s) Days Inj Wells

All 191 88 477 7,541 94% 8,018 15 1453 47 6,974 13 279 9

TOTAL 191 88 477 7,541 94% 8,018 15 1453 47 6,974 13 279 9

3/2011 Production Injection

Layer

average net 

thickness (ft)

average net 

thickness (m) porosity

average 

depth (ft)

average 

depth (m) Temp F Temp C a (C/m) a (F/ft)

Initial 

Pressure 

(psi) °API °API Average Area Factor

Padelford 150 45.72 23 3750 1143 143 62 0.0354817 0.0194667 37 37 0.2

Maxwelll 100 30.48 23 4250 1295.4 153 67 0.035596 0.0195294 29-40 34 0.2

Hoge 250 76.2 23 4820 1469.136 164 74 0.0356975 0.0195851 32-40 36 0.6

Zins 350 106.68 23 5700 1737.36 182 83 0.0358142 0.0196491 2920 31-46 17 0.6

O'Dea 270 82.296 25 7200 2194.56 212 100 0.0359475 0.0197222 2700 31-36 33 0.4

8th 130 39.624 21 8200 2499.36 232 111 0.0360092 0.0197561 29-36 32 0.1

9th 100 30.48 18 9100 2773.68 250 121 0.0360532 0.0197802 28 28 0.1

Area map (in) actual (ft) actual (m)

lenth 5.5 9263.157895 2823.411

width 3 5052.631579 1540.042

Scale 1684 ft per inch
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Huntington Beach Oilfield Select Zones 

 

 

 

 

 

 

 

 

Zone Initial T (°F) Initial T (°C) Oil (bbl/d) Water (bbl/d) water cut Total (bbl/d) Total (kg/s) Days Prod Wells Water (bbl/d) Water (kg/s) Days Inj Wells

Upper Main 170 77 2,195 62,972 97% 65,167 120 1784 58 45,855 84 257 8

TOTAL 170 77 2,195 62,972 97% 65,167 120 1,784 58 45,855 84 257 8

3/2011 Production Injection

Layer

average net 

thickness (ft)

average net 

thickness (m) porosity

average 

depth (ft)

average 

depth (m) Temp F Temp C a (C/m) a (F/ft)

Initial 

Pressure 

(psi) °API °API Average Area Factor

Upper Main 250 76 22 3600 1097 170 77 0.0506302 0.0277778 1850 22 22 0.5

Area map (cm) actual (ft) actual (m)

lenth 14 18666.66667 5689.6

width 9 12000 3657.6

Scale 1333 ft per cm
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B.  STARS Model Custom Parameters 

 

 

 

Wilmington Beverly Hills Inglewood Long Beach Santa Fe Springs

Grid I 28 21 30 14 29

Grid J 28 21 30 14 29

Grid K 50 29 32 141 165

Porosity, φ 0.234 0.23 0.245 0.245 0.26

Reservoir Temp (°F) 188 210 177 199 178

Reservoir Pressure (psi) 2753 2964 1968 2782 2543

Initial Water Saturation 0.5 0.5 0.53 0.51 0.54

Fluid Inj/Prod (bbl/d) 532 292 822 461 911

Depth (ft) 4,710 4500 3514 5273 6744

Geothermal Gradient (°F/ft) 0.034 0.051 0.035 0.031 0.030

Seal Beach Sawtelle Rosecrans Huntington Beach

Grid I 12 22 14 35

Grid J 12 22 14 35

Grid K 117 18 68 13

Porosity, φ 0.28 0.24 0.22 0.22

Reservoir Temp (°F) 201 274 274 170

Reservoir Pressure (psi) 2554 2140 2810 1850

Initial Water Saturation 0.48 0.405 0.49 0.51

Fluid Inj/Prod (bbl/d) 198 198 171 1,132

Depth (ft) 6158 9500 6145 3600

Geothermal Gradient (°F/ft) 0.035 0.021 0.033 0.03
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C. STARS Model Example 

**two wells 

**oil and water 

**no acquifer, no heat source/sink 

 

**  ==============  INPUT/OUTPUT CONTROL  ====================== 

FILENAMES OUTPUT INDEX-OUT MAIN-RESULTS-OUT  

 

*TITLE1 'Wilmington' 

*INUNIT *FIELD 

*OUTUNIT *FIELD 

 

*OUTPRN *GRID *TEMP *PRES *SW 

*OUTSRF *GRID *TEMP *PRES *SW 

 

*OUTSRF *SPECIAL *WELLENERGY 'Producer' *RATE 

*OUTSRF *SPECIAL *PHWELL 'Producer' *TEMP *SURFACE 

*OUTSRF *SPECIAL *PHWELL 'Producer' *TEMP *DOWNHOLE 

*OUTSRF *SPECIAL *PHWELL 'Injector' *TEMP *SURFACE 

*OUTSRF *SPECIAL *PHWELL 'Injector' *TEMP *DOWNHOLE 

 

**  ==============  GRID AND RESERVOIR DEFINITION  ================= 

 

*GRID *CART 28 28 50 

*KDIR *DOWN 

 

*DI *CON 20 

*DJ *CON 20 

*DK *CON 20 

 

*POR *CON .234  

 

*PERMI *CON 300 

PERMJ EQUALSI 

PERMK EQUALSI / 10 

 

*END-GRID 

 

*ROCKTYPE 1 

CPOR    0  **1/psi 

ROCKCP 39.51 **1 kJ/kgC = 39.51 Btu/ft3F 

THCONR 44  **recommended typical value  

THCONW 8.6  **recommended typical value  

THCONO 1.8  **recommended typical value  

THCONG 1  **recommended typical value  

  

**  ==============  FLUID DEFINITIONS  ====================== 

 

*MODEL 2 2 2 1  **water and dead oil  
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*COMPNAME   'WATER'  'OIL' 

**  -----   ----- 

*CMM       18.02     300 **molecular weight lb/lbmole 

*PCRIT 3206       0 **critical pressure 

*TCRIT 705.4      0 **critical temperature, F 

*MOLDEN   0     .10113 **partial molar density, lbmol/ft3 

*CP      0     5.e-6 **liquid compressibility (1/psi)  

*CT1          0     1.6e-4 **coeff. thermal exp. corr. (1/F)  

*CPL1     0      300 **coef in liquid heat cap corr. 

 

  

*VISCTABLE **Modified Beggs and Robinson Equation, API 17.5, factor 5 

 

**Temp Water  Oil 

  ----      ----        ---- 

   50    0  4305.58 

   65    0  1695.18 

   75    0  1076.615 

   85    0  744.56 

  100    0  478.178  

  140    0  214.156 

  150    0  184.693 

  160    0  161.558 

  170    0  143.030 

  180    0  127.9357 

  190    0  115.454 

  200    0  104.999 

  250    0  71.302 

  300    0  53.45 

 

**0 = default water 

 

*PRSR 14.7  **reference pressure for densitites  

*TEMR 60  **reference temp for T dependent properites 

*PSURF 14.7  **surface pressure  

*TSURF 60  **surface temp 

 

**  ==============  ROCK-FLUID PROPERTIES  ====================== 

 

*ROCKFLUID 

RPT 1 

 

*SWT  **Water-oil relative permeabilities, Brooks-Corey relation, 

Swi=.2, kro(Swi)=.8, nw=4, no=3 

**   Sw        Krw        Krow 

**  ----     --------    ------- 

    0.2   0   0.8 

    0.30     0.00024     0.6113 

    0.40     0.00390     0.44296 

    0.50     0.019775    0.29602 

    0.60     0.0625      0.175 

    0.70     0.152587    0.08503 

    0.80     0.316402    0.00 
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*SLT    **Liquid-gas relative permeabilities 

**   Sl        Krg         Krog 

**  ----     -------     ------- 

 0.2    0.55     0 

 0.3    0.37     0 

 0.4    0.2     0 

 0.5    0.09    0.03 

 0.6    0.01    0.09 

 0.8      0    0.25 

 1      0    .8  

 

**  ==============  INITIAL CONDITIONS  ====================== 

 

*INITIAL VERTICAL OFF 

 

INITREGION 1 

 

*TEMP *CON 188  **degrees F 

*PRES *CON 2753  **inital oil phase pressure in reservoir 

*SW *CON 0.5   

 

**  ==============  NUMERICAL CONTROL  ====================== 

 

*NUMERICAL    

*PRECC 8e-4   **linear solver tolerance 

*NORM PRESS 200 SATUR 0.2 TEMP 50  **normal differences per time step  

 

*RUN 

 

**  ==============  RECURRENT DATA  ====================== 

 

*DATE 2011 1 1 

 

DTWELL 1 

*WELL 1 'Injector' *VERT 1 1 *FRAC .25 **quarter 5-spot 

*WELL 2 'Producer' *VERT 28 28 *FRAC .25 **quarter 5-spot 

 

*INJECTOR *MOBWEIGHT *EXPLICIT 'Injector'  

phwellbore 

samodel 

rtubin .167  **2in radius tubing 

rtubout .208 **.5in thick tubing 

depth 4710   

rcasout .33  **4in radius casing 

rhole .5  **6in radius hole 

geograd .03429  

 

*TINJW 104    **104F=120C 

*QUAL 0.0    **injecting water 

*INCOMP *WATER 1.0 0.0 

*OPERATE *STW 532   **10,000 bbl/d = 18 kg/s 

       

PERF  WI  'Injector' 

**$ UBA      wi     Status   Connection   

    1 1 1:50  106466.42  OPEN    FLOW-FROM  'SURFACE' 

 

*PRODUCER 'Producer' 
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phwellbore 

samodel 

rtubin .167  **2in radius tubing 

rtubout .208 **.5in thick tubing 

depth 4710   

rcasout .33  **4in radius casing 

rhole .5  **6in radius hole 

geograd .03429 

 

*OPERATE *STL 532 

*OPERATE *MIN *BHP 2000 

                   

PERF  WI  'Producer' 

**$ UBA        wi     Status     Connection   

    28 28 1:50  106466.42  OPEN    FLOW-TO  'SURFACE' 

 

*TIME 365 

*TIME 730 

*TIME 1095 

*TIME 1460 

*TIME 1825 

*TIME 2190 

*TIME 2555 

*TIME 2920 

*TIME 3285 

*TIME 3650 

*TIME 4015 

. 

. 

. 

*TIME 13870 

*TIME 14235 

*TIME 14600 

*TIME 14965 

*TIME 15330 

*TIME 15695 

*TIME 16060 

*TIME 16423 

*TIME 16790 

*TIME 17155 

*TIME 17520 

*TIME 17885 

*TIME 18250 **50 years 

*TIME 21900 **60 years 

*TIME 25550 **70 years 

*TIME 29200 **80 years 

*TIME 32850 **90 years 

*TIME 36500 **100 years 

 

*STOP 
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D.  More Results 

  

 

Field
Present Value of 

Lost Oil Production

Cost of Power 

Plant Construction

Present Value Cost 

of Operation and 

Maintancence 

Present Value of 

Profits from 

Avoided Electricity

Net Present 

Value
Power Plant (kW)

Wilmington $8,828,482 $1,931,007 $1,699,732 $13,355,038 $895,818 1,015

Inglewood $209,756 $388,628 $342,082 $2,687,790 $1,747,323 205

Long Beach $3,922,251 $2,419,623 $2,129,828 $16,734,362 $8,262,660 1,273

Santa Fe Springs $2,195,929 $1,060,186 $933,209 $7,332,353 $3,143,029 558

TOTAL $15,156,418 $5,799,444 $5,104,851 $40,109,542 $14,048,830 3,051

Beverly Hills $4,151,524 $770,593 $678,300 $5,329,501 -$270,916 406

Wilmington Beverly Hills Inglewood Long Beach Santa Fe Springs

water cut 96.11% 91.72% 97.91% 96.77% 98.26%

total prod (bbl/d) 97,435 26,834 19,727 124,683 53,816

total prod (kg/s) 179                    49                     36                     229                       99                       

wells 183                    92                     24                     269                       59                       

prod per well (bbl/d) 532                    292                    822                    464                       911                     

delta oil per well (bbl/d)* 1,200                 1,113                 206                    1,527                    920                     

delta oil for field (bbl/d)* 219,595             102,389             4,933                 410,324                54,360                 

percent change* 0.52% 0.87% 0.11% 0.95% 0.53%

*coproductio vs no coproduction


