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Project Summary 

This project is intended to demonstrate the technical and economic feasibility, and environmental 

and social attractiveness of a novel method of heat extraction from geothermal reservoirs.  The 

emphasis is on assessing the potential for a heat extraction method that couples forced and free 

convection to maximize extraction efficiency. The heat extraction concept is enhanced by 

considering wellbore energy conversion, which may include only a boiler for a working fluid, or 

perhaps a complete boiler, turbine, and condenser cycle within the wellbore.  The feasibility of this 

system depends on maintaining mechanical and hydraulic integrity of the wellbore, so the material 

properties of the casing‐cement system are examined both experimentally and with well design 

calculations.  The attractiveness depends on mitigation of seismic and subsidence risks, economic 

performance, environmental impact, and social impact – all of which are assessed as components 

of this study. 

Executive Summary 

The focus of this project was on the design and economics of the application of a Zero Mass 

Withdrawal system whereby the entire heat extraction and power generation process is done within 

a single wellbore. The primary target area for this work was the low enthalpy geothermal systems 

of the Louisiana Gulf coast but the evaluation was extended somewhat to include other parts of the 

country. The Louisiana geothermal systems were characterized (Task 1) and response models for 

both traditional heat extraction and extraction using the ZMW concept were developed for 

evaluating energy conversion and economics (Task 2).  Geochemical changes in the reservoir due 

to pressure and temperature changes were also evaluated. Since pressure and temperature changes 

are small, only moderate concerns occur if/when brine salinities are extremely high.  The full 

ZMW wellbore energy conversion system was designed and evaluated for efficiency using mostly 

“off-the-shelf” products. The in-wellbore turbines are the only piece of the system that may need 

special handling and it was felt that the heat rejection loop could best be accomplished with air 

coolers as surface equipment.  Thus the entire system fits on a standard well pad. The generated 

power is much lower than typical surface power generation facilities and the single wellbore 

system makes the well cost (the largest capital cost) prohibitive at this time. Ideas for increasing 

the efficiency of the heat extraction and power generation loops are immanently achievable but 

would require specially designed equipment. As part of the well design, wellbore integrity was 

evaluated (Task 4) using a liquid pressure-pulse decay permeameter purchased for use on this 

project and cement additives have been evaluated for use in geothermal environments. A 3D finite 

element geomechanical code was been developed and used to provide an assessment of the risk of 

seismic events (Task 5). These risks are again minimal since the overall changes in the pressure 

and temperature of the system are small. Areas around the proposed geothermal development sites 

were evaluated to assess the need for power stability or expansion using economic indicators, 

demographics and emergency and medical facility needs (Task 7).  Finally, an economic 

evaluation (Task 6) was done to provide an estimate of the LCOE for the proposed system. Using 

historical capital and operating costs and an early design for the system, the LCOE was between 24 

and 78 ¢/kWh. Doubling system capacity (which is easily achievable given the initial design) cuts 

the LCOE by not quite half. Dropping capital expenditures in addition to increasing system 

capacity provides and LCOE of around 18 ¢/kWh. One design evaluated provided as much as a 7× 

increase in system capacity with only a slightly larger capital cost and that very optimistic design 

put the LCOE right at the target power cost of 10 ¢/kWh.  

 

There were five PhD dissertations and two MS theses that were developed from this work. There 

were also two other MS students and one other PhD student that were funded but did not complete 

their projects. 
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Task 1 -- Resource Scope and Characterization  
 

Data from approximately 900 wells with depths greater than 12500 ft deep in South Louisiana 

were assembled and prepared for the creation of regional thermal maps using the Geographix 

software system. Three regional heat maps were created using this data. From these maps a 

promising area was selected based on additional understanding developed through extensive 

prior work by the Louisiana Geological Survey in various geothermal projects. The Sweet Lake 

area in Cameron Parish was chosen for further study. Brine, rock property and log data were 

assembled for the Myogyp sands of the Sweet Lake area (Cameron Parish) and detailed thermal 

information was extracted from the regional thermal maps. Sweet Lake was chosen for three 

major reasons. First this is the area that the Louisiana Geological Survey has the most 

comprehensive geothermal data sets from due to their prior geothermal projects and includes 

prior geothermal test wells.  Second, this is the area that all older thermal maps suggest is the 

area with the highest concentration of the hottest water resources. This was confirmed in 

generating these new maps. Third, from the prior geothermal tests in the area it is known that the 

volumes of water are sufficient for an economically viable model to be created. An example 

regional thermal map and a detailed structural and thermal map of the Sweet Lake area are 

shown in Figure 1. 

In addition to the Sweet Lake area, extensive work has been done on the Gueydan Dome 

area (frequently called the Camerina A in this and other work) and the Hackberry field areas.  

The reservoir characteristics, thermal properties and structural and stratigraphic settings have 

been used in previous work and the reservoir modeling effort (below) will leverage this previous 

work.  

An additional study was developed whereby data from previous work on Gulf Coast 

geothermal systems were evaluated. Permeability, porosity, average reservoir temperature, 

thickness, areal extent, temperature gradient of the earth, reservoir dip angle, injection 

temperature and well flow rate were the parameters evaluated. These data were transformed 

using appropriate methods and distributions were fit to the transformed data. An approach for 

calculating the reservoir dip angle was developed which requires bootstrapping the temperature 

gradient in the area. The data was used to create the range and distribution of the parameters for 

experimental design and scaling analysis studies in Task 2. 

   
Figure 1: Example Regional Thermal Map and Thermal and Structural Map of the Sweet Lake Area 

Results from the statistical analyses were provided in the 2014 annual report for this project, 

have been published in a PhD dissertation (Ansari, 2016) and is being prepared for a publication. 
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The geothermal data used was based on the reports published by Bassiouni (1980) and John et al. 

(1998). The sources contain the data collected in the US Department of Energy “Wells-of-

Opportunity” and “Design Wells” programs respectively.  

References 

Ansari, E.: Mathematical Scaling and Statistical Modeling of Geopressured-Geothermal 

Reservoirs, PhD dissertation, Louisiana State University, 2016. 

Bassiouni, Z., 1980. “Evaluation of potential geopressure geothermal test sites in southern 

Louisiana”. Tech. rep., Louisiana State Univ., Baton Rouge (USA). Dept. of Petroleum 

Engineering. 

John, C., Maciasz, G., Harder, B., 1998. “Gulf coast geopressured-geothermal program summary 

report compilation. volume 2-a: Resource description, program history, wells tested, university 

and company based research, site restoration”. Tech. rep., Louisiana State Univ., Basin 

Research Inst., Baton Rouge, LA (United States). 

 

Task 2 – Reservoir Engineering  

There are two primary thrusts in the work in the reservoir engineering task. The first is modeling 

heat harvesting techniques using the zero mass withdrawal, engineered convection process and 

the other is modeling the geochemical responses that will occur during the process.  

 

Heat Harvesting and Engineered Convection Modeling  

Our previous dimensional works show that regular design performs better than reverse design for 

heat harvesting (Ansari, et. al., 2014). In this section, a set of dimensionless groups have been 

obtained from dimensional and inspectional analysis and these groups are explained. An 

experimental design and response surface model has been applied to these groups. The obtained 

screening model is then presented and discussed. 

A regular line-drive design is scaled for obtaining dimensionless groups using inspectional 

analysis. The obtained dimensionless groups are (for details, see Ansari, 2016): 
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Because the focus of the study is to model thermal recovery factor and production 

temperature, the energy equation is used for scaling the time (see Ansari, 2016). The 

dimensionless time for this system is then: 

𝑡𝐷 =
1

𝑀

𝑞𝑡

𝐿𝑊𝐻
 

in which M = (ρmCpm)/(ρf Cpf ). Note that if the dimensionless time was defined based on the 

momentum equation, it would be  

𝑡𝐷ℎ𝑦𝑑
=

𝜙𝐶𝑓

𝐶𝑡

𝑞𝑡

𝐿𝑊𝐻
 

All of these dimensionless groups are needed for transforming the dimensional model into the 

dimensionless representation; however, their form can be heuristically manipulated (multiplied 

or divided) to get other desirable dimensionless groups.  

 

Five dimensionless groups are identical to those published by previous researchers. They are: 3 

representing matrix to fluid heat capacity ratio (Phillips, 2009), representing effective aspect 

ratio (Shook et al., 1992; Wood et al., 2008), representing the dip angle group (Shook et al., 

1992; Wood et al., 2008), (××representing the buoyancy number (Shook et al., 

1992; Wood et al., 2008), and representing the Peclet number (Phillips, 2009).  

 

The meaning of other dimensionless groups can be discerned from their derivation or their 

format:  is the ratio of total compressibility to fluid compressibility;  is the ratio of total 

expansivity to fluid expansivity;  is fluid expansion due to average reservoir temperature;  

and  show the ratio of heat conduction across the boundary to heat conduction within the 

reservoir;  describes fluid compression as a result of reservoir pressure;  scales the 

injection temperature to the average reservoir temperature;  scales the temperature difference 

across the reservoir to the average reservoir temperature and represents temperature distribution 

in the reservoir; and  scales the reference temperature to the average reservoir temperature. 

The effective aspect ratio is defined as  

𝑅𝐿 =
L

H
√

𝑘𝑧

𝑘𝑥
 

The effective aspect ratio controls the cross flow within the reservoir and indicates the ratio of 

the rate of communication between the fluids in the horizontal direction to the rate of 

communication between the fluids in the vertical direction. This number is purely a reservoir 

characteristic and has been reported for oil and gas waterflooding, CO2 injection, surfactant-

polymer as well as surfactant enhanced CO2 flooding. (Shook et al., 1992; Novakovic, 2002; Rai, 

2008; Wood et al., 2008; Afonja, 2013).  A smaller aspect ratio means that the fluid 

communication in the horizontal direction is more than the fluid communication along the 

vertical direction. Novakovic (2002) gives several other interpretations for effective aspect ratio. 

For homogeneous isotropic reservoirs, effective aspect ratio reduces to the aspect ratio; thus this 

ratio can be seen as heterogeneity scaled aspect ratio. This number can also be interpreted as 

relative flow capacity of the reservoir in the vertical and horizontal direction (Novakovic, 2002). 

The dip angle group is:  

𝑁𝛼 =
L

H
tan 𝛼 
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This dimensionless number has no affiliated fluid or rock properties and is entirely geometrical. 

This number has been published for water and CO2 injection scenarios (Shook et al., 1992; 

Wood et al., 2008). This number is also known as the tilt number and interpreted as a measure of 

the rotation of the system. If this number is multiplied by another dimensionless group, it 

transforms it from a horizontal-vertical system to a longitudinal-transverse system accounting for 

the tilt (Novakovic, 2002). 

 

The buoyancy number has also been published by previous authors (Shook et al., 1992; 

Novakovic, 2002; Wood et al., 2008; Rai, 2008; Afonja, 2013). The buoyancy number is the 

ratio of the gravity forces to the viscous forces and is sometimes called the gravity number and in 

this work it is given by: 

𝑁𝑔 =
𝜋4𝜋9𝜋15

𝜋7
=

𝑘𝑥∆𝜌𝑔 cos 𝛼 𝑊𝐻2 

qμL
 

 

In petroleum engineering, the density difference between injection and production fluid creates 

this number. In geothermal reservoirs, the difference in the temperature and mineralogy of the 

geofluid across the reservoir creates the density difference. 

 

The Peclet number is the ratio of the rate of heat advection to the rate of heat diffusion in the 

porous media (Phillips, 2009). In this work it is given by  

Pe =
𝑢𝑇H

κ
=

𝑄

κW
 

In aquifers with higher thickness and higher flow velocity (e.g. higher permeability), heat 

convection overwhelms heat diffusion and the Peclet number is high. When the aquifer thickness 

is small compared with its width, Peclet number is also small and heat only transfers by 

conduction (Phillips, 2009). A decrease in thermal diffusion also increases Peclet number. 

 

The set of thermal diffusivity ratio  values (11and 12) show the ratio of the conductive heat 

transfer across the boundary to the conductive heat transfer in the matrix. These numbers are 

purely geological characteristics. The higher the thermal diffusivity ratio, the greater the heat 

transfer across the reservoir and the higher thermal recovery. These values are: 

𝜋11 = (𝑁𝑡ℎ)𝑜𝑏 =
κ𝑜𝑏

′

κ
 

 

𝜋12 = (𝑁𝑡ℎ)𝑢𝑏 =
κ𝑢𝑏

′

κ
 

 

The  temperature ratio group provides the ratio of injected energy to the total energy in place. 

This is an operational number and is set by the heat exchanger design. Temperature ratio 

inversely affects thermal recovery. If the injection temperature is high, this temperature ratio will 

also be high. Higher values mean less energy recovery from the reservoir. The  group can 

typically be ignored because reference temperature does not affect the thermal recovery from the 

reservoir. 

 

The natural geothermal gradient creates a temperature distribution in the reservoir. Because 

reservoir length (i.e. the distance between wells for this system) is typically larger than the 
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reservoir layer thickness, the temperature distribution number () considers temperature 

differences across the reservoir. The tilt number (i.e. dip angle number) can be used to rotate this 

number to account for the temperature distribution along the thickness of the reservoir (/N). 

 

There are five rock and fluid numbers (and ). The M term in is the 

matrix/fluid thermal capacity ratio  

M =
𝜌𝑚𝑐𝑝𝑚

𝜌𝑓𝑐𝑓
 

and mcpm = cpf + (1 – )cpr. All of these numbers consist of rock and fluid characteristics. We 

assume that fluid properties are functions of temperature and pressure and use available tables 

for calculating them (Lemmon et al., 2007). Rock properties are assumed constant across the 

system in this development. 

 

Figure 2 shows a typical two-dimensional line drive model. The model has 25×1×10 grid blocks 

with each grid block being 120 m × 100 m × 10.5 m in the X and Y and Z directions, 

respectively. The reservoir has a dip angle of 5° with an average reservoir temperature of 115° C 

assigned to the middle of the reservoir. Thermal gradient is 24 °C/km. The injection temperature 

is 30° C and the injection and production rates are 1250 m
3
/day. The reservoir rock cools down 

as the front slowly propagates in the reservoir and moves towards the production well. Figure 2b 

shows the thermal front at tD = 0.2 (~8.5 years for this system) when no breakthrough has 

occurred.  Thermal breakthrough happens around tD = 0.6 (ca. 25 years, Figure 2c). Figure 2d 

and Figure 2e show reservoir temperature at tD = 1 (41.5 years) and tD = 3 (124 years) 

respectively. 

 

At the start of the simulation, the temperature drop in the production well is due to the 

geothermal gradient in the model. When breakthrough happens, there is a sharp decrease in the  

 

production temperature and finally at the late times, the model temperature asymptotically 

approaches the injection temperature. This behavior is used in the next section to develop a 

predictive model for dimensionless production temperature and thermal recovery factor. 

 

To calculate the energy production rate, a model to predict the temperature of the production 

fluid versus time is needed and to assess the net energy that a system can produce, a model for 

 

predicting thermal recovery factor is needed. In this work, the derived dimensionless numbers 

were confirmed and used to create predictive models for dimensionless production temperature 

and heat recovery factor. For doing this, important dimensionless numbers for different models 

are matched to validate that the models with the same dimensionless numbers would give 

identical dimensionless results. A Box-Bhenken design is then used to sample the parameter 

space and create the dimensionless numbers. A violin plot is created from the data for assessing 

uncertainty in the production temperature and energy recovery factor. A procedure known as all 

subset regression is used to compare all possible models and select the optimum one. These 

simplified final models were then presented and assessed. This section first discusses the model  
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(a)                                                                                             (b) 

    
(c)                                                                                             (d) 

 
(e) 

Figure 2: (a) Reservoir temperature at initial condition (tD  = 0) with an average temperature of 115 C assigned to the 

middle of the reservoir. Temperature gradient is 24 C/m and dip angle is 5°. (b) Thermal front at tD = 0.2 (ca. 8.3 years). 

(c) Thermal front at breakthrough tD = 0.6 (ca. 25 years). (d) Thermal front at tD = 1 (ca. 41.5 years). € Thermal front at tD 

= 3 (ca. 124 years). Vertical axis is exaggerated four times in all figures. 

 

developed for the dimensionless production temperature for the line-drive system and then 

presents a model for thermal recovery factor. 

 

A major shortcoming of all previous published works is that they are only useful for a specific 

dimensionless time. Some of these works model their response at specific times such as oil 
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breakthrough (Wood et al., 2008). However, dimensionless time can be inserted inside the model 

according to the following: assume predictor variables (x1, x2, . . . , xm) and regression 

coefficients (β0, β1, ..., βm) can model response Y. 

 

Y = β0 + β1x1 + · · · + βmxm + E. 

 

Now, assume that the regression coefficients β0, β1, . . . , βm are functions of dimensionless time 

and can be regressed independently. 

 

β0 = α00 + α01 tD  

β1 = α10 + α11 tD 

… 

βm = αm0 + αm1 tD 

 

 

Substituting the regressed coefficients into the multiple regression formulation yields:  

Y = α00 β0 + α01 β0tD + α10 β1x1 + α20 β2x2 + · + αm0 βmxm 

+ α11 β1x1 tD + ·  + α21 β2x2 tD + · + αm1 βmxm tD 

 

This equation implies that dimensionless time can be added as a predictor for Y if we retain the 

dimensionless time’s interaction with other dimensionless numbers. 

 

A model for dimensionless production temperature can be used to calculate the rate of energy 

production versus time. The dimensionless production temperature is the ratio of the producing 

fluid temperature to the initial average reservoir temperature. 

 

𝑇𝐷 =
production temperature

initial average temperature
 

 

The energy recovery factor is defined as the ratio of the produced energy to the total energy in 

place before exploiting the reservoir (Muffler and Cataldi, 1978; Nathen- son, 1975; Williams et 

al., 2008). Cumulative produced energy can be directly calculated using energy recovery factor. 

 

After testing and validating the dimensionless numbers, a model for dimensionless production 

temperature was selected, presented and assessed and then the same systematic procedure was 

used to develop a model for the thermal recovery factor. 

 

For any given similar flow problem (i.e. same configuration and boundary conditions), matching 

the dimensionless numbers will yield similar dimensionless results (e.g. thermal recovery factor 

or dimensionless temperature) between scales. For validating the dimensionless numbers, the 

parameters in the groups are varied but the groups are held constant. Fifteen different reservoir 

models were considered such that their geometrical and dimensional properties were different 

but their dimensionless groups were identical (for details see Ansari, 2016). The energy recovery 

factor was then plotted versus dimensionless time. Matching the cases where the parameters 

were changed but their group values remain the same would suggest that the dimensionless 

numbers adequately scale the system. The dimensional result vs. time for these fifteen models 
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did not show any pattern but the models with identical dimensionless numbers showed the same 

dimensionless temperature and thermal energy recovery factor (Ansari, 2016). 

 

Once the thermal recovery factor curves corresponding to similar dimensionless numbers were 

matched, violin plots were created directly from the data. Violin plots are useful for answering 

generic uncertain questions with minimum data (White, 2013). A violin plot (see Figure 3)shows 

a combination of the box plot and a rotated kernel density plot (i.e. an estimation for probability  

 

 
Figure 3 Violin plot for dimensionless temperature 

density function). In the violin plot, the middle dot shows the median (which is identical to the 

mode and maximum likelihood estimator of the mean in a normal distribution), the white boxes 

indicate the lower to upper quartile and the thin black lines are whiskers. Edges of the vertical 

lines shows the minimum and maximum values. The tail of the violins where no whiskers (thin 

black line) exist has few data and can be disregarded for uncertainty assessments. These plots 

can also be updated when additional certain data are available. Violin plots are used to determine 

how many piecewise regression models are needed and to specify their dimensionless time 

ranges. Three regression models were chosen based on the median points: 0 < tD ≤ 0.5, 0.5 < tD ≤ 

1.5 and 1.5 < tD ≤ 4.  

 

Inspectional analysis quickly becomes overwhelming and performing a relative im- portance 

analysis is a good way to make it manageable. ANOVA is traditionally used to identify the factor 

significance of uncorrelated variables (White and Royer, 2003). The dimensionless numbers are 

algebraically independent but statistically dependent because they are functions of random 

parameters (Rice, 2006; Soong, 2004). Experimental design is difficult when factors are 

correlated with each other (White and Royer, 2003). Another complication is that the relative 

importance of dimensionless numbers varies with dimensionless time. These changes in relative 

importance are smooth and modeling every dimensionless time is redundant. Segmented 

(piecewise) regression is used for creating models with time-varying coefficients. The 

segmentation range can be chosen heuristically using violin plots and then be tested using trial 
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and error to obtain the best segmented model. In order to determine the relative importance of 

the predictors a robust tree-based algorithm, known as Boosting is used. The Boosting method 

creates an ensemble of independent regression trees and updates them sequentially. Each tree is 

fit to the current step residual and the final model is the average of all the trees weighted by a 

shrinkage parameter which controls the rate at which boosting learns (James et al., 2013; Hastie 

et al., 2009; Kuhn and Johnson, 2013). There were 10,000 trees with an interaction depth of 4 

and shrinkage parameter of 0.01 in the Boosting algorithm for this work. 

 

Dimensionless numbers were rank-ordered based on their relative importance in predicting the 

dimensionless temperature. Dimensionless time was the most important factor in determining 

dimensionless temperature for 0 < tD ≤ 1.5 while temperature ratio (π14) was more important for 

1.5 < tD ≤ 4. Peclet number (π10) and aspect ratio (π8) are other important dimensionless numbers 

in predicting the response. The dimensionless numbers which do not affect the response can be 

safely disregarded for prediction. Dimensionless numbers with less than 1% relative importance 

were ignored.  

 

The model was fit at eighty values for dimensionless time with step size of tD = 0.05 (i.e. 0 tD , 

0.05 tD , 0.1 tD , ..., 4 tD). Segmented (piecewise) regression was used to model dimensionless 

production temperature using 761 runs. The violin plot was used for segmenting the model. The 

segments were then be tested using trial and error to find the best ranges for segmenting. A 

procedure known as “all subset regression” was used to assess all possible sub-models The 

purpose of the model selection for this work is to obtain a simple model with a minimum number 

of predictors and interactions. Choosing a simpler model trades off a small increase in the model 

bias. Introducing more predictors improves the R
2
. The optimum model is both simple (i.e. has 

fewer terms) and representative (i.e. close to the best model). The choice of the final model is 

based on the modeler’s selection and how the person trades off increasing terms with increasing 

R
2
 value. The model with the maximum R

2
 value found by the “all subset regression” algorithm 

was selected as the best model. The selected models for dimensionless production temperature 

are presented in Box 1. 

 

 
 

Figure 4 shows the assessment of the reduced final model (Box 1). In each sub-figure 711 runs 

were used for training and 50 runs for testing. This means that 7,821 (i.e. 711×11) training 
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samples (blue points) and 550 (i.e. 50×11) testing samples (red points) were used for the first 

segment, 14,220 training samples and 1,000 testing samples were used for the second segment 

and 35,550 training samples and 2,500 testing samples were used for the third segment. 

 

The same procedure that was used to model dimensionless production temperature was used to 

develop a thermal recovery factor model. First, the violin plots are presented and the 

segmentation ranges for the dimensionless time are heuristically found. The important 

dimensionless numbers in each ranges of the dimensionless time are found and then the optimum 

models consisting of these important dimensionless numbers are selected. Finally, the simplified 

models are presented and assessed. 

 

 

       
(a)                                                                              (b) 

 
(c) 

Figure 4 Simplified model prediction vs simulated observation for dimensionless production temperature. Figure (a) is for 

tD ≤ 0.5, 5 (b) 0.5 < tD ≤ 1 and (c) 1.5 < tD ≤ 4.  

Again, violin plots were used to determine the number of segments and their ranges A sensitivity 

analysis was performed to find the important dimensionless numbers in predicting the response 
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and important dimensionless numbers were found to develop a model for the thermal recovery 

factor. The simplified models for energy recovery factor are shown in Box 2. 

 

    
 

By a similar process, scaling and inspectional analysis was performed on the Zero Mass 

Withdrawl system (details in Ansari, 2016) using the system configuration shown in Figure 5.  

 

 

 
Figure 5 Zero Mass Withdrawal (ZMW) design. This design is based on Feng et al. (2014) and Novakovic (2002) work for 

studying the effect of downhole heat exchangers on geopressured geothermal reservoirs using a single horizontal wellbore. 

For Gulf coast geothermal reservoirs W/H is more than ca. 120, assuming L = W = Area0.5 

 

 

 

From the analysis, the following dimensionless numbers were obtained for the ZMW system: 
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The thermal dimensionless time based on the energy equation for this system is: 

 
 

Similar to the line drive system, matching the dimensionless numbers gives similar 

dimensionless results. A violin uncertainty plot for the dimensionless production temperature 

was developed and the model was segmented using the violin plot. For the ZMW design, 

dimensionless time was the most important factor in determining dimensionless production 

temperature at early times. However, at later times, temperature ratio (π18) and Peclet number 

(π14) become more important. Dip angle group (π8), dimensionless production (π10) and injection 

length (π11) are other important dimensionless numbers. The model was fit using eighty values 

for dimensionless time with step size of tD = 0.25 and again using the “all subset regression” 

procedure, all possible models were investigated. The selected models for dimensionless 

production temperature are presented in Box 3 and Figure 6.7 shows the assessment of the 

reduced final model. In each sub-figure 786 runs were used for training and 55 runs for testing.  

 

This same procedure was used to model thermal recovery factor. First a violin plot is created to 

determine how many piecewise regression models are needed and to specify their dimensionless 

time ranges. Then a sensitivity analysis is performed to find the important dimensionless 

numbers in predicting the response for each dimensionless time segment. The models are 

reduced by comparing their R
2
 values and the final simple model is presented (see Box 4). 

Finally, these reduced models are assessed to observe their performance (Figure 7).  
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Ansari (2016) provides several example calculations and compares the results to detailed 

reservoir modeling of geothermal systems that have more realistic geologic features and 

properties. These include two low enthalpy geothermal systems in Louisiana (Gueydan Dome 

and Sweet Lake) as well as areas outside the Gulf coast region where the parameter values are 

outside the statistics of those in Louisiana where the models were developed. As expected, the 

simplified models captured the thermal decline and the energy recovery very well for the Gulf 

coast systems. They also did reasonably well with the cases outside the region with a bit higher 

error in the predicted amount of energy produced with the results being conservative (predicting 

lower values than what was stated in the papers). 
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(a)                                                                              (b) 

 
(c)                                                                              (d) 

Figure 6 Simplified model prediction vs simulated observation for Dimensionless production temperature. Figure (a) is 

for 0.5 < tD ≤ 2.5, (b) 2.5 < tD ≤ 5 (c) 5 < tD ≤ 10 and (d) 10 < tD ≤ 20.  
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         (a)                                                                             (b) 

Figure 7 Simplified model prediction vs simulated observation for thermal recovery factor. Figure (a) is for tD ≤ 5 and (b) 

5 < tD ≤ 20. 
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Geochemical Modeling  

Permeability damage due to mineral transformations and scale formation in the heat exchanger 

can be a potential problem for operating downhole heat exchangers. Although considerable 

efforts have been done to solve the scaling problem in production and surface facilities (Gallup 

and Featherstone, 1995, Manceau et al., 1995, Gallup, 1996), the impact of scaling in downhole 

exchangers and rock-brine interactions on reservoir permeability and porosity has not been 

addressed as fully. In this paper, interactions between a geothermal brine and reservoir sediments 

in Vermilion Parish, Louisiana are examined using geochemical modeling. A downhole heat 

exchanger configuration proposed by Feng et al (2015) has been considered for this study. The 

objective of this work is to investigate the potential of scaling inside the heat exchanger due to 

the temperature drop and reservoir permeability damage due to brine-rock geochemical 

interactions. 

 

In the late 1970s, a program was started by DOE to investigate the geothermal-geopressured 

formations in southeast Louisiana. This program included “identification, qualification, 

acquisition, planning and conducting of geothermal-geopressured formation tests in oil or gas 

prospective wells about to be drilled, being drilled, or being abandoned” (Dobson et al., 1980). 

For the current study, data collected from the Beulah Simon No. 2 test well have been used. The 

tests on this well were conducted by Gruy Federal, Inc., under a contract with the DOE (Dobson 

et al., 1980). The Beulah Simon well is located in Vermilion Parish, Louisiana, about 5 miles 

northeast of the town Kaplan and 30 Miles southeast of Lafayette (Figure 8).  

 

The target formation, which is geopressured-geothermal, consists of a thick bed of Camerina A 

sand, a member of the Frio formation. The net sand thickness for the Camerina A section at the 

Beulah Simon No.2 is 266 feet (Dobson et al., 1980). Some of the geological and petrophysical 

information of this area has been summarized in Table 1 (Dobson et al., 1980). 

 

The brine composition reported by Southern Petroleum Laboratories collected from the Beulah 

Simon No.2, Vermilion Parish, Louisiana, (Table 2) (Dobson et al., 1980), has been used for 

geochemical modeling purposes. 

 
Figure 8: Approximate location of the study area. The data collected from Beulah Simon No. 2 well have been used for 

this study (adapted from Szalkowski, 2003 and Dobson et al., 1980). 

The rock composition of the Camerina A sand in Vermilion Parish was not reported in the 

Beulah Simon No.2 well investigations. The Camerina A sandstone, however, belongs to the 

Frio formation which is one of the major oil and gas producing formations in the Texas and 

Louisiana Gulf Coast. For this study, a rock composition was assumed based on studies of the 

Frio formation in the Texas Gulf Coast with similar reservoir temperatures and depths (Figure 8). 
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A study in the Frio formation conducted by Land and Milliken (1981) in the Chocolate Bayou 

Field, Brazoria County, Texas, shows that 65 volumetric percent of the rock consists of mineral 

grains and the remainder is pore space and diagenetic products. The grains portion includes 

quartz (40 percent), albite (10 percent) and rock fragments (15 percent). The subsurface 

temperature is approximately 150 ºC. 

 

Lynch (1996) studied the Frio sandstone diagenesis near Corpus Christi, Texas. This study 

showed that illite/smectite matrix (4.4 percent), chlorite (3.2 percent), quartz overgrowths (1.5 

percent), calcite (11 percent) and kaolinite (1.3 percent) are the diagenetic products in the Frio 

sandstone. Percentages are bulk volume. At the target depth, around 14,000 ft., no kaolinite was 

found. The absence of kaolinite in the most deeply buried sandstones is probably the result of 

diagenetic loss of kaolinite in favor of highly illitic I/S, chlorite, and albite (Lynch, 1996) at 

higher temperatures. In another study on the smectite to illite reaction in Frio shale, Lynch 

(1997) showed that the illite and smectite percentage in illite/smectite matrix is 80 and 20 

percent, respectively. Based on these studies and assuming that the composition of the rock 

fragment is the same of the remainder of the reservoir sandstone, the rock composition that has 

been used in the models is presented in Table 3. 

 
Table 1: Geological and petrophysical information of study area (Dobson et al., 1980). 

Total depth 

Formation 

Perforated interval 

Original reservoir pressure 

Original reservoir temperature 

Total dissolved solid 

Net sand thickness 

Porosity 

Permeability 

15,265 ft 

Camerina (Upper Oligocene) 

14,674-14,770 ft 

13,015 psi at 14,722 ft 

130 °C (266 °F) 

103,925 ppm 

266 ft 

17.4 percent 

12 md 

Table 2: The brine composition that has been used in the models. All concentrations are in mg/l (Dobson et al., 1980). 

Density (gr/ml) 

pH 

Total Dissolved Solids 

Calcium 

Magnesium 

Bicarbonate (HCO3) 

Chloride (Cl) 

Total Iron (Fe) 

Dissolved Silicate (SiO2) 

Boron (B) 

Lead (Pb) 

Sodium (Na) 

Potassium (K) 

Barium (Ba) 

Sulfate (SO4) 

1.066 

6.61 

103,925 

7,869 

910 

606 

50,300 

33 

92 

89.6 

7.73 

32,190 

454 

30.4 

444 
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Table 3: The rock composition by volume percentage that has been used in the models. 

Pore volume 

Quartz 

Calcite 

Albite 

Illite 

Chlorite 

Smectite 

17.4 

47.9 

12.7 

11.5 

5.6 

3.8 

1.1 

 

Possible water-rock reactions in South Louisiana were studied by Ausburn and Hanor (2013). 

They used water sample data from six oil and gas fields located in Vermilion, Iberia, and St. 

Mary parishes, Louisiana. In their study, water compositions were found to be partially buffered 

by calcite/dolomite and chalcedony. It also was found that there is potential for barite 

precipitation due to mixing of barium and sulfate rich waters (Ausburn and Hanor, 2013).  

 

The impact of brine-rock interactions on geothermal reservoir properties has been investigated in 

a study by Safari-Zanjani et al., (2013). In that study, interactions between geothermal fluid and 

reservoir rocks in the West Hackberry field, Cameron Parish, Louisiana were examined using 

geochemical modeling. A porosity change about 5 percent was anticipated by geochemical 

reaction models (Safari-Zanjani et al., 2013). 
 

3.2. Simulation of fluid-rock interaction  

The modeling software package, Geochemist’s Workbench, developed by Bethke (2008) has 

been used in this research. This software can model chemical reactions, trace reaction processes, 

model reactive transport and plot the results of these calculations.  

Geochemist’s Workbench (GWB) is able to use different thermodynamic databases. Each 

database contains the properties of minerals, aqueous species, and gases, equilibrium constants 

for reactions to form these species, and data required to calculate activity coefficients (Bethke 

and Yeakel, 2012). The default dataset employed by GWB is the LLNL thermodynamic 

database. This dataset was compiled by the geochemical modeling group at Lawrence Livermore 

National Laboratories (LLNL). The temperature range in LLNL thermodynamic dataset spans 

from 0 to 300 °C and it contains data related to high temperature minerals like saponite and 

nontronite. The bulk of the modeling was performed using this dataset.  

 

GWB is also able to employ the database designed by the U.S. Geological Survey for the 

PHREEQC software package. The PHREEQC database does not include saponite and nontronite 

minerals and only goes up to 100 °C. This dataset was utilized for comparison purposes. 

 

The rock-brine reactions have been modeled with both titration and kinetic paths. In the titration 

reaction path, the program repeatedly adds a small aliquot of reactants and then recalculates the 

equilibrium state the system. There is no time component in this reaction path. In the kinetic 

reaction path, kinetic rate laws control the rates at which reactions proceed (Bethke and Yeakel, 

2012). 
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In accordance with the planned heat exchanger specifications (Feng et al., 2015), the initial and 

final temperatures of the brine as it travels through the exchanger have been assumed to be 130 

and 100 °C, respectively. To investigate the precipitation risk inside the heat exchanger brine 

was assumed to be cooled down from 130 to 100 °C.  

 

To combine geochemical reaction with brine flow in reservoir, rock-brine geochemical reactions 

have been modeled in consecutive steps. After the earliest rock-brine interaction, the resulting 

minerals are separated and the next reaction step happens between the minerals resulting from 

last reaction step and the initial brine composition (the brine composition does not change). 

Reactions have been modeled for five steps, since the results for total minerals in the system 

show only minor changes after five consecutive steps. Chemical equilibrium between the brine 

and the minerals is achieved at each step.   

 

The first rock-brine interaction happens in the vicinity of the heat exchanger where brine at 100 

°C encounters reservoir rock with 130 °C. Assuming a constant temperature of 130°C for the 

reservoir, the subsequent rock-brine interactions happen with constant temperature of 130 °C. 

 

To investigate the precipitation risk between the heat exchanger and the wellbore, a temperature 

drop from reservoir temperature, 130 °C, to heat exchanger output temperature, 100 °C, has been 

modeled. Results show that the total precipitated mineral mass is about 0.47 gram for every 1122 

grams of solution. Therefore, the mass of precipitation inside the heat exchanger is close to 0.42 

gr per kg brine. 

 

Most of this precipitation is dolomite (Table 4). Quartz, barite and nontronite are other formed 

precipitates. Assuming 5 kg per second (adopted from Feng et al, 2015) as the brine flow rate to 

the heat exchanger and 70 years as the anticipated life time of a geothermal power plant, 

4.64×10
6 

kg of precipitate is expected to be formed, which is 68 times the heat exchanger 

volume. Although due to high flow rates much of this precipitation may be carried outside the 

exchanger to the reservoir rather than form scale in the heat exchanger, the potential of scaling 

inside the heat exchangers should be considered carefully in heat exchanger design. 
Table 4: Expected precipitates in heatexchanger due to the temperature drop (gr per kg brine). 

Dolomite 

Quartz 

Barite 

Nontronite-Mg 

0.31 

0.062 

0.048 

2.65×10
-5

 

Geochemical reactions between rock and brine have been modeled in five consecutive steps 

(Run A). The changes in the mass of major minerals with reaction steps are shown in Figure 9. 

Considering the 17.4 percent initial reservoir porosity, the rock to brine volume ratio is 4.75. 

Minerals shown in step 0 of this graph indicate the initial rock composition. 

 

The main change in rock composition can be seen in the first reaction step. In this step, the brine 

temperature rises from 100 °C to reservoir temperature, 130 °C. Quartz (not shown here), which 

is the dominant mineral in the initial rock composition, shows a slight increase after five 

reactions increasing from initial value of 8046 g to 8227 g after the fifth reaction. Calcite also 

shows no noticeable change, decreasing from an initial value of 2183 gr to 2177 gr after the fifth 

reaction. Albite, however, shows a sharp drop in the first reaction step and this reduction is 



DE-EE0005125 

Louisiana State University 

FY2016, Final 

23 

 

continued until the last reaction step. In the first rock-brine interaction, illite, smectite, and 

chlorite are transformed to muscovite, saponite-Ca, nontronit-Ca and paragonite. 

 

Illite is a non-expanding, clay-sized, micaceous mineral which structurally is similar to 

muscovite. Transformation of illite to muscovite has been shown by many studies (Gharrabi et 

al. 1998, Hunziker et al., 1986, Verdel et al., 2012). Muscovite, 𝐾𝐴𝑙3𝑆𝑖3𝑂10(𝑂𝐻)2, and 

paragonite, 𝑁𝑎𝐴𝑙3𝑆𝑖3𝑂10(𝑂𝐻)2, both are micaceous minerals. The crystal structures of 

paragonite and muscovite are nearly identical (Zen and Albee, 1964). Saponite is the most 

abundant of the trioctahedral smectites and is found in a number of Mg-rich geologic 

environments (Whitney, 1983). Nontronite-Ca is the iron-rich member of the smectite group. In 

the first reaction step, original smectite has been converted to saponite-Ca and nontronite-Ca. 

 

As discussed above, the models show the formation of pure end member layer silicates, such as 

saponite and paragonite.  Different assumptions result in similar predictions, although the 

specific pure end members may vary.      

 

We believe that alteration of the initial clay mineral assemblage of chlorite and illite smectite, as 

well as albite, to clay minerals that more closely resemble the pure end members is likely due to 

the lower free energy state which would result.  However, we do not believe that at these 

temperatures, rather than the metamorphic temperatures at which the pure end members are 

found in nature, the transformation will be complete.  Rather, new clay minerals that are closer to 

but not completely represented by the pure end members will be formed.  In this work, we refer 

to the formation of muscovite, paragonite, talc, etc. but these are simply proxies for the actual 

clay minerals formed.   

 

 
Figure 9: The changes in major minerals mass with reaction steps in run A. Reaction step 0 shows the initial rock 

composition. The main change happens in the first reaction where the temperature changes from 100 to 130 °C. In steps 

from 2 to 5, temperature is constant and equal to 130 °C. 

A question that has to be answered is whether the system was initially in equilibrium with the 

brine and minerals shown in Table 2 and Table 3. To address this question, the brine-rock 

reactions were modeled with a similar approach but this time without changing temperature. 

Temperature in all reaction steps was constant and equal to reservoir temperature (130 °C). The 

results of this case (Run B) are similar to those obtained from Run A. It can be concluded that in 

addition to temperature change, pursuing a lower free energy state is a reason for the predicted 

mineral transformations. 

http://en.wikipedia.org/wiki/Clay
http://en.wikipedia.org/wiki/Micaceous
http://en.wikipedia.org/wiki/Micaceous
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For further investigation, the final rock composition in run B was assumed to be close to 

equilibrium and reactions from that point have been modeled and called run C. The results for 

this case show small changes. A decrease of albite and an increase of paragonite can still be seen 

in these results.  

 

The clay portion forms 10.5 percent of total initial rock volume. This volume percentage is 

increased to 13.4 percent after five reaction steps for run A. Most of the initial clay minerals are 

chlorite and illite which are non-expandable minerals and the share of expandable mineral, 

smectite, is low. After reactions, however, a considerable amount of expandable clay minerals, 

saponite-Ca and nontronite-Ca, are formed. Transformation of chlorite to smectite has been 

observed in previous studies (e.g. Senkayi et al., 1981). 

 

Albite transformation to clay minerals is the reason for the increase in the clay content. Albite is 

a member of the feldspar family. The transformation of the plagioclase feldspar to clay minerals 

has also been reported in previous studies (e.g. Frank-Kamenetskii, 1980). The amount of albite 

decreases continuously in all runs in different steps. In run A the amount of albite decreases from 

an initial mass of 1908 grams to 1109 grams. Assuming that aluminum is conserved in all 

reactions, tracking the location of aluminum in the reaction steps is a useful way to illustrate the 

change in aluminum silicate minerals. As it can be seen in Figure 10, in reaction steps 1 to 5 the 

total amount of albite decreases while paragonite increases. Other Al-contained minerals have 

small changes after the first step.  

 

Our interpretation of these results is that the combination of repeatedly exposing the rock to fresh 

brine, and a change in the brine temperature from 100 to 130 °C results in two changes. The first 

is alteration of smectite, illite and chlorite to purer layer silicates, represented by saponite, 

nontronite, paragonite and muscovite. The second change is dissolution of albite and the 

formation of additional paragonite, a sodium-bearing sheet silicate, as well as additional quartz. 

The combination of these two changes results in an increase in clay volume from approximately 

10 percent to 13 percent bulk volume. 

 

 
Figure 10: The change in total Al mass in run A. In all reaction steps the total amount of albite decreases while paragonite 

increases. Other Al-contained minerals have small changes after the first step. 
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To validate these results, modeling was performed varying the change in temperature (T 

between 30 and 70 °C), the pH (4.61 to 6.61), HCO3 concentration (60.0 to 6060 mg/l), and 

sodium concentration in the brine (16,095 to 64,380 mg/l), the amount of albite initially present 

(0 to 23% by volume) and the amount of initial clay present (0 to 21% by volume). Modeling 

was also performed using the PHREEQC thermodynamic data base in place of the LLNL 

database. In addition, runs were made in which the formation of saponite, nontronite and 

paragonite was prevented.   

 

With two exceptions, all the runs showed a similar increase in clay content from approximately 

10 to 13 percent, although the specific clay minerals formed varied.   

 

The two exceptions were: (a) a run made with twice the Na concentration present compared to 

the initial case (64,380 mg/l).  In this case, the alteration of albite to paragonite did not occur, as 

the higher Na concentration stabilized the albite. The total clay concentration decreased from 10 

to 9 percent and the amount of albite increased, reflecting a reversal of the reaction albite → 

paragonite: (b) a run made which prevented the formation of paragonite.  In this case, no sodium 

containing layer silicate formed, and the amount of albite stayed constant.  The volume of total 

clay only increased from 10 to11 percent.   

 

The situation in case (a) could be expected to occur in the vicinity of salt domes in the area 

studied, and indicates that the concentration of sodium in the brine could be a variable affecting 

the suitability of different locations for projects of this type. The exception is (b) which is not 

believed to be a realistic scenario – the exclusion of any sodium-bearing sheet silicates is not 

believed to be a likely occurrence.  

 

To this point reactants were added to (or removed from) the system at arbitrary rates by the 

software. The reaction progress is also measured parametrically in terms of the reaction progress 

variable, , which is dimensionless and varies from zero to one from the beginning to end of the 

path (Bethke, 2008).  

 

The obtained results so far are based on thermodynamic calculations which deal with free 

energies of reactions. On the other hand, kinetics deals with the rate of a chemical reaction and 

the reaction mechanism. Thermodynamic principles give us an idea of whether a reaction is able 

to occur in a given system, while kinetics tells us how fast. To investigate how fast the 

anticipated reactions could happen and whether these changes will be effective in a geothermal 

power plant life span, brine-rock interactions were modeled with kinetic data. 

 

The first step to model reactions with kinetics is to select the applicable rate law. A rate law 

reflects the idea of how a reaction proceeds on a molecular scale and requires that a mineral’s 

specific surface area (cm
2
/g) and rate constant (mole cm

-2
 s

-1
) should be assigned. A rate constant 

depends on temperature and pH and is not the same for dissolution and precipitation. Therefore, 

it is not uncommon to find different rate constants for a specific mineral. 

 

The rate constants used here for modeling the anticipated reactions have been adopted from other 

research work (Table 5). For all minerals, except paragonite and muscovite the dissolution rate 

constant was used for precipitation. For nontronite the constant for saponite was used.  
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Table 5: The rate constants used for kinetics modeling. For patagonite and muscovite numbers are for precipitation. 

Quartz 1.93×10
-14*

 Rimstidt and Barnes, 1980 

Albite 6.3×10
-13

 Knauss and Wolery, 1986 

Illite 2×10
-18

 Alekseyev, 2007 

Smectite 4×10
-17

 Alekseyev, 2007 

Calcite 2×10
-8

 Pokrovsky et al., 2009 

Chlorite 4×10
-16

 Smith and Carroll, 2014 

Saponite-Ca 1×10
-14

 Savage et al., 2002 

Paragonite 1.02×10
-13

 Soler and Lasaga, 1998 

Muscovite 1.02×10
-13

 Soler and Lasaga, 1998 
*
The rate constant unit for all minerals is mole cm

-2
 s

-1
 

 

Kinetic models have been run with three different approaches; in the first approach, dissolution 

has been assumed to be the rate-limiting step. In other words, it is assumed that the reactant 

dissolution happens slowly whereas product precipitation occurs instantaneously. Therefore, 

there is no need to set the precipitation rate constants for products.  

 

In the second approach, precipitation rate constants were also considered in the kinetics. Setting 

a rate constant for products before formation is a challenge. A supersaturated mineral that has not 

yet formed will have no surface area, and as a result its precipitation rate would be zero. This 

problem was solved by assuming a very small mass of products in the initial rock composition. 

From the titration path results it is already known that the products which are not present in the 

initial rock composition are saponite-Ca, nontronite-Ca, paragonite and muscovite. By including 

0.01 gram of these minerals among reactants, their precipitation rate constant can be set in the 

model.  

 

In the third approach, the precipitation rate constants were considered in models by setting a 

nucleus density for products. Nucleation is the formation of a new phase, here the formation of a 

solid phase from a supersaturated solution. 

 

All three approaches show very similar results. In the second and third approaches, in which 

precipitation rate constants are considered, products are formed slightly slower than the first 

approach. The results for the second approach are shown in Figure 11.  

 

The first rock-brine reaction was modeled with a time span from 0.5 year to 5000 years. Titration 

results have also been shown on the graph (Figure 11). As it can be seen after almost 50 years 

most of the reactions have been completed, but for illite and muscovite almost 100 years are 

needed to complete the reaction. After 100 years there is almost no change in the products and 

results are similar to the titration results. Quartz shows small changes and has not been shown on 

the graph. Based on these results, the anticipated changes which lead to a 3 percent increase in 

the clay volume will be achieved in almost 70 years. This is in the life span of a geothermal 

power plant. 
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Figure 11: The changes in major minerals mass with time in the second approach of kinetics modeling. The reactants 

precipitation rate constants were also included in the models. Consideration of very small initial amount of products in 

the rock composition makes it possible to include precipitation rate constants in the models. Almost 50 years are needed 

for most reactions to become completed. 

5 Discussion 

The modeling results discussed above show that equilibrating the initial rock composition with 

the brine from the Beulah Simon No. 2 well causes a transformation of the initial illite/smectite 

and chlorite clay compositions to a mixture of purer clay end members with lower free energies.  

This is accompanied by dissolution of albite to further increase the amount of clay present.  

Varying the starting fluid composition over a wide range of pH, HCO3 and Na does not affect the 

overall results.  The reactions do not require a change in temperature, but occur when exposing 

the fluid to the rock. While the exact clays formed vary, an overall increase in clay content 

occurs using two different thermodynamic databases and regardless of whether specific clay 

minerals are prevented from forming during the modeling.  Kinetic modeling shows that this 

transformation and increase in the clay minerals present should occur in a time span of 

approximately 70 years.   

 

An apparent contradiction in these results is the expected time span of the reaction from the 

modeling (approximately 70 years) compared to the fact that the brine has had millions of years 

to equilibrate with the rock mineralogy. Previous studies (Land and Milliken, 1981, Hanor, 2001, 

Ausburn and Hanor, 2013) show that fluid composition in similar formations are partially 

buffered by the rock mineralogy. There are several possible explanations: 

1) The fluid composition is erroneous, especially the pH, which is very difficult to 

determine at subsurface conditions.  However, varying the initial fluid composition 

substantially still leads to the same results. 

2) The thermodynamic data are not appropriate, predicting the formation of unlikely pure 

phases.  However, two different databases, and suppressing different minerals in the 

modeling, show similar results. A possibility is that mixed layer illite/smectite is a 
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distinct phase with a specific free energy which was not included. However, the data 

utilized are the best available from the aqueous geochemical community.  

3) Pore waters in isolated layers in the rock are at equilibrium, but the sample obtained from 

the well mixed fluids from several of these layers together, resulting in a water sample 

that is not in equilibrium with the rock.  However, the results of varying the initial fluid 

composition still makes this an unlikely reason. 

4) The rock composition assumed here is not the exact rock composition in the studied field. 

However, varying the initial rock composition shows similar results. In addition, the 

comparison of applied rock composition with similar fields assures that the assumed rock 

composition here should be close enough to reality.  

5) The kinetic modeling predicts a much shorter time span than should be expected. This 

should be resolved by experimental work with the actual fluid composition and rock 

compositions. 

6) Pore water is in equilibrium with meta stable phases when stagnant. This includes 

concentration differences between micropores in clay and larger intergranular pores due 

to double layer effects. Flow through the larger pores at the high rates required by the 

project may disturb this equilibrium and initiate dissolution of the original clay minerals 

and albite and precipitation of new clay phases to achieve a lower free energy state.   

From an engineering viewpoint, the most important alteration of the rock is a change from the 

original morphology of clay largely contained in partially altered rock fragments and authigenic 

grain coating clay to new precipitates, which would be expected to have pore lining or pore 

bridging morphologies.  This change in morphology, accompanied by an increase in total clay 

content from approximately 10.5  to 13.5 percent pore volume, would be expected to have a 

substantial negative effect on permeability (Neasham, 1977).   

 

The next phase of this study will be focused on determining the change in petrophysical rock 

properties, specifically permeability, due to the expected transformations in the rock mineralogy. 

Since the creation of additional pore lining and pore bridging clay will reduce permeability and 

materially impair the project, this is a necessary engineering evaluation. Experimental work to 

validate the modeling, especially the kinetics, is recommended as a future study.    

 

6 Conclusions  

1. Reacting the brine from the Beulah Simon No. 2 well with a rock composition inferred 

from the Frio Formation at similar depths and temperatures from other wells results in an 

increase in clay minerals from about 10 percent by volume to 13-14 percent by volume. 

This increase occurs over a wide variation in pH, and bicarbonate concentrations. A 

similar increase is observed when using two different thermodynamic data bases. 

2. The modeling shows that the initial assemblage of albite, illite, chlorite and smectite 

would be expected to alter to a mixture of smectite-like minerals (nontronite and 

saponite) and illite-like minerals (muscovite and paragonite). Continued alteration of 

albite to paragonite and quartz occurs with each additional reaction step. The presence of 

pure nontronite, saponite, muscovite and paragonite is not expected in a natural setting, 

but are proxies for actual expandable and non-expandable clay minerals for which free 

energy data is not available. 

3. Kinetic modeling shows that this increase can be expected to occur within a time span of 

approximately 70 years, close to the expected lifespan of the project. 
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4. The exact clay minerals formed vary depending on the data base, which minerals are 

allowed to form in the reactions, and the temperature. 

5. The increase in total clay is primarily the result of albite altering to clay.  The exact clay 

mineral formed depends on the variables described in (4). High sodium content in the 

brine reduces the amount of clay formed by reversing the albite to clay transformation. 

6. A temperature drop may cause precipitation inside the heat exchanger. The impact of this 

on the heat exchanger will vary with flow rates and the concentration of dissolved sodium 

and other ions in the fluid. An increase in brine salinity will increase the risk of 

precipitation in heat exchangers dramatically. 

7. In the models, the geochemical system is in equilibrium with regard to quartz and calcite 

but feldspar equilibrium depends on the concentration of Na in the brine. With a lower 

amount of Na, feldspar (albite) transformation to clay minerals is expected by the models 

while with the increase of Na amount, this reaction will progress in reverse direction and 

a clay mineral to albite conversion is expected.  
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Task 3 – Downhole Energy Conversion 
 

Design Details of Zero Mass Withdrawal Concept with Energy Extraction in Geopressured 

Geothermal Brine Reservoirs  

A downhole heat exchanger inside a deviated wellbore with a dual completion design for 

electricity production from low enthalpy geothermal reservoirs was numerically studied (Figure 

12). Fluid flow from the porous media (reservoir) into and out of the deviated well was simulated 

using a nodal analysis approach. Friction, acceleration and gravitational pressure losses inside of 

the pipe were also modeled. Two different completion designs viz. perforated and frac pack 

completions were studied. Inflow and tubing performance relationship curves for both 

production and injection completions were then used to calculate the pump capacity 

requirements.  

 

Additionally, reservoir response to cooling was studied. A representative case of a geopressured 

reservoir located in Vermilion Parish, Louisiana was used for the design parameter reservoir 

conditions. It was determined that reservoir temperature after thirty years continuous ZMW 

operation would reduce from 126 °C to 115 °C. 

 

The Zero Mass Withdrawal principle (Feng et al., 2015) requires only a single well to complete 

the proposed system. This method applies geofluid circulation inside of the wellbore, rather than 

extraction to the surface. This eliminates several traditional problems associated with geothermal 

power plants, such as heat leakage off the well to the underground conjugated layers, and to the 

ambient air at the surface; pipe clogging due to mineral precipitation; and necessary cleaning 

used geo-fluid before pumping back to the reservoir. The well scheme is chosen as a vertical 

well with a deviated offset.  

 

Figure 12: Zero mass extraction power unit schematic 
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Three main energy transformation loops are recognized in the scheme (Figure 13). The Heat 

Extraction Loop (HEL) is defined by reservoir brine circulation through the downhole heat 

exchanger (DHE); the Power Generation Loop (PGL) is located in the vertical section of the well 

and it is here where the thermal energy of the binary fluid is transformed into electric energy. 

The only part of the system installed at the surface is a Heat Rejection Loop (HRL).  Here 

excessive thermal energy from the binary fluid is removed to the ambient air.  

 

Figure 13: System schematic 

Heat Extraction Loop 

The horizontal offset has a production and an injection side at the heel and toe regions, 

respectively. The distance between was analyzed with a desire to avoid influx of cooled brine 

from the injection into the production area. An electric submersible pump (ESP) pulls brine from 

the reservoir through the production side to the injection side of the well and discharges the 

geofluid back into the reservoir. There is a risk of sand production if the reservoir rock is 

unconsolidated. To avoid complications a gravel pack is considered for the production 

completion as a protection system. The well may have some inclination angle according to the 

reservoir dip direction.  

 

The DHE is installed into the cased horizontal offset at the reservoir depth and has a coaxial pipe 

scheme. The approximately horizontal orientation of the well gives the maximum heat transfer 

area exposed directly at the heat source to increase thermal efficiency. The length of the DHE 

depends on working fluid choice and geometry of the pipes. The working fluid and geofluid do 

not mix with each other, and only have thermal interaction through the DHE.  
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Power Generation Loop 

The working fluid loop is driven by a conventional electric pump, installed in the vertical portion 

of the well. This location has high density working fluid and, thus, requires less power to apply 

for the pump. It directs cooled working fluid through the insulated tubing of 5-inch OD. The 

working fluid remains in a dense phase all the way down to the well depth. The working fluid 

then increases in temperature in the DHE and low density working fluid then leaves the 

horizontal offset and travels vertically up toward the turbine inside the production casing. The 

turbine-generator assembly is installed in a large capacity casing near the surface.  

 
Figure 14: Completion design scheme for horizontal well with downhole heat exchanger installed into the production side. 

Heat Rejection Loop 

A condenser is used to convert vapor to fluid. This stage can be completed by commercially 

available air o liquid coolers. The number of coolers would depends on ambient air conditions, 

and binary fluid flow rates.  

 

Reservoir Application Case Study 

A geopressured reservoir located near the Gueydan salt dome in Vermillion Parish, Louisiana 

was used as a reservoir prototype. The true vertical depth (TVD) is between 4253 and 4479 

meters (13,953 – 14,695 ft) and the dip angle varies from 1.2 to 28 degrees. The 100 m (300 ft.) 

thickness A-sand is characterized by 12 mD permeability and porosity which varies between 9 

and 31 percent (Gray, 2010). The temperature gradient consists of two parts: 23.04 °C/km from 

the surface to the top of the geopressured zone at 12,556ft (3827m); and 28.9 °C/km through the 

geopressured zone.  

 

Figure 15: Camerina A-sand is a potential low-enthalpy geopressured reservoir located in Vermilion Parish, Louisiana. 

(Modified from Gray, 2010). 
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Heat Extraction Loop 

Well Plan 

In this project three types of pipes are used. First, casings protect the entire well from the 

subsurface formations. Then, the production strings with changing diameter along the well length 

hold the PGL. The last is the cold stream tubing going from the surface to the end of DHE.  

The Overall Design Scheme 

 
Figure 16: Overall specification 

Table 6 Overall specification 

# Name  

1 Surface casing 

2 Production casing 16” OD 

3 Production casing 9 5/8” OD 

4 Intermediate casing 13 5/8” OD 

5 Production tubing 5” OD 

6 ESP 

7 Production casing 6.625” OD 

8 Production tubing 2” OD 

9 Tubing 4” OD 

10 Screen pipe  

11 Casing 9 5/8”  

12 Packer  

13 Packer 

14 ESP 

15 Casing 6 5/8” 
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Casing Design 

 

Figure 17: Casing program. The scheme was developed from the design of already drilled geothermal well in 1980 

(Dobson) for the geothermal reservoir in Vermilion Parish, Louisiana. 

A standard casing design was done to choose the casing plan and setting depths using the 

previously drilled Beulah Simon #2 (Dobson, 1978) well as a base. The calculations contain 

burst/collapse calculations for all segments of the casing program and matching the selection of 

the casings by maximum allowable stresses and safety margins, assuming design scenarios from 

Rahman and Chillingarian (1995). Details of the design are provided in Akmaudlin (2016).  

 

The last casing is subject to bend to a maximum 90 degrees from vertical. Assuming uniform 

contact with the borehole the calculation results in Table 7 were performed according to Rahman 

and Chillingarian (1995). The total length of the last segment casing T-95 consists of 1225.2 ft of 

vertical section, 478.56 ft of bending section, and 914.4 ft of horizontal offset. 

 
Table 7: Bending stress calculation results 

Cross sectional 

area, inch
2
 

Axial stress w/o 

bending, psi 

Additional stress 

to bending, psi 

Total stress 

in a pipe, psi 

Minimum acceptable 

yield stress, psi 

22.0928 7,515.28 39,031.644 45,546.924 95,000 

 
Table 8: Hook Load calculations 

 Surface casing Intermediate casing Production casing 

Hook Load, lbs 338,450.9 422,108.1 149,873 
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Completion Design 

As was mentioned before there are three main sections in the horizontal section of the well: 

production, injection, and the section in between. To analyze the pressure development in the 

completion scheme, the wellbore was divided into nodes. As soon as the brine pump starts 

pulling geofluid from the production to the injection side, there are pressure drops that develop at 

each node. The maximum flow rate is in the closest nodes to the pump due to the lowest well 

flowing pressures, which confirms the maximum influx/outflow rates. Again, details for the 

calculations can be found in Akmaudlin (2016). Table 9 lists the specifications for the well design 

segments in the inclined/horizontal segment of the well. 

 
Table 9: Horizontal well data 9 5/8 inch OD 

Name Production side 100m (304.8 ft) 

Perforations 1 inch perforations with 20 shots per foot. 

Perforation length – 100m (304.8ft) 

Gravel Pack 20/40 size sand with 135D permeability 

Screen pipe 4.88 inch ID screen pipe  

 Circular pipe interval 100m (304.8ft)  

 8.031 inch ID  

 Injection side 100m (304.8 ft) 

 1 inch perforations with 12 shots per foot 

 Extension pipe 5 inch OD (see Figure 20) 

 

Production side  

The brine flow rate value is bounded by two constraints. The desire to avoid possible sand 

production from the reservoir tends to decrease the flow rate value. From the other side, 

increasing flow rate means higher energy production from the hot aquafer. The chosen brine 

flow rate is 20.2 kg/s (11,020 bbl/day). The calculations assume no sand production which is 

based on previous drilling and production operations in the region (Durham, 1978). 

 
Figure 18: Influx distribution along the production and injection sides for total 20.2 kg/s brine flow rate. The nodes 

represent calculation intervals. 
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Figure 19: Pressure losses at 20.2 kg/s (11020 Bbl/day) brine flow rate. The maximum pressure drop in the fifth node is 

closest to the pump. 15 degree inclination 

The maximum pressure drop is affected by frictional pressure losses and in the reservoir. 

Forchheimer, Acceleration and Gravel pack pressure drops are insignificant due to high area 

open to flow through the perforated interval. The maximum pressure drop occurs close to the 

pump location.  

 

Injection side 

The pressure development for the injection section develops in the opposite order than in 

production section. Pressure is maximum at the pump location and drops to the reservoir value 

while travelling through the completion. Since there is no heat exchanger, the frictional pressure 

drop is lower compared to the production side. The well flowing pressure values at each node are 

very close to each other and the out-flux flow rates are about the same (Figure 18). To simplify 

the design, no gravel pack is installed for this side of the well. Perforation size is 1 inch and 12 

shots per foot. 

 

 
Figure 20: Injection side sand intrusion protection design scheme. 

 

To protect the injection side from sand plugging the following scheme is proposed (Figure 20). 

Brine is pumped through the tubing all way to the end of the horizontal offset. Flow changes 

direction by 180 degrees and any sand particles missed by the production side gravel pack will 

be moving under inertial forces and can collect at the end of the well.  
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Coupling production and injection sides. Pump performance 

The pressure drop in the circular pipe separating both sides and at the diameter change 

section is negligible compared with the completion pressure drop. The pump should overcome 

all pressure losses in the well and the reservoir in the production and injection sides at a certain 

flow rate. The sum of these pressure losses would define the pump head necessary at that flow 

rate. An inclination angle can reduce the pump power requirement due to gravity (see Figure 21).  

 

Figure 21: Pump power development with inclination of the horizontal well at different permeabilities of the reservoir. 

Higher values of permeability reduce the effect from inclination angle. 

Choosing the correct ESP for the system is determined by pressure drop in the deviatd offset. 

Total pressure drop is a function of reservoir permeability and friction inside the well. Friction is 

a function of flow rate and for a fixed rate is assumed constant. Reservoir pressure drop is a 

function of permeability, which varies from 10 to 500 mD depending on location (Ansari, 2015). 

Figure 21 shows the pump power requirement from the permeability change found by the 

following formula: 

𝑃 =
∆𝑃 𝑚̇𝑏𝑟𝑖𝑛𝑒

𝜌𝑏𝑟𝑖𝑛𝑒
 

This is how much power would be needed for brine circulation. The pump power requirement 

should be corrected by pump efficiency. Obviously, less power is required for high permeability 

cases. With 100 mD the value is 148 kW at 15 degree inclination. Figure 16 shows one of the 

suitable cases for the brine pump from the Schlumberger REDA
®
 pump catalog. With 11,000 

Bbl/day flow rate and converting pressure difference to feet of head, the pump would require 47 

stages and 152.75 kW power consumption. 
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Figure 22: Example of pump performance curve for one stage. The calculated required number of stages is 47.  

Arrangement 

 
Figure 23: Pump assembly arrangement. When the pump 2 is disabled, the bypass valve 1 is closed in the upper picture. 

Flow is pressurized by pump 1. When the pump 2 is operated the valve 2 is closed and pump 1 is not working (bottom 

figure).  

To be able to minimize workover issues, a second pump is added inside the 9 5/8” casing (Figure 

23). Electrically driven bypass valves 1 and 2 provide opening and closing the paths for the fluid 

to flow.  

 

Power Generation Loop 

Downhole Heat Exchangers.  

Brine passes through the perforations into Annulus 2 shown in Figure 24. Annuli 1 and 2 

represent the heat interaction boundaries of two independent loops: brine and working fluid. Heat 

is transferred to the cold secondary working liquid through the annulus 1 pipe thickness.  
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Figure 24: DHE cross sectional cut view. The direction of working fluid and brine flow is shown in parallel scheme as an 

illustration. 

Table 10 Geometric data of chosen casings and tubing in DHE 

DHE size, m 

Casing 1                Diameter inner 0.1536 

                              Diameter outer 0.1936 

Casing 2                Diameter inner 0.2190 

                              Diameter outer 0.2445 

Cement sheath       Diameter outer 0.3105 

Tubing                   Diameter inner 

                               Diameter outer 

0.1143 

0.1000 

 

The heat transfer process was analyzed referring to Feng (2012) under the following 

assumptions: steady-state, perfectly insulated tubing with constant fluid properties and fully 

developed flow conditions for both the brine and working fluids. The horizontal offset was 

divided into several intervals and the fluid properties were calculated from NIST. The equations 

used can be found in Akhmadullin (2016). 
 

Direction of brine and working fluid flow 

The working fluid temperature increases to a higher value with counter flow compared to parallel 

flow (Feng, 2012). Thus, for the analysis shown here, only counter flow was evaluated.  

 

Thermodynamic Analysis and Working Fluid Choice 

Several researchers tested capabilities of carbon dioxide as a working fluid in supercritical cycle. 

Chen et al. (2011) compared CO2 with R123 in a supercritical power cycle and found that carbon 

dioxide has higher system efficiency when accounting for heat transfer ability. There is no or 

very small pinch point limit in the heat exchanger. Zhang et al. () suggested using CO2 as a 

working fluid for supercritical cycle due to higher cycle efficiency and coefficient of 

performance (COP). Other researchers mentioned satisfying features such as moderate critical 

point, stability at high pressure/temperature conditions, safety, and low cost. Operating 

conditions between 6-16MPa have safety issues in traditional power plants. In the ZMW case, it 

is an advantage to implement in deep wells where high hydrostatic pressure keeps CO2 in a 

supercritical condition. Another benefit is that carbon dioxide has higher density compared with 

hydrocarbons often discussed as potential working fluids, thus, requiring less pump work.  A 

drawback might be a low critical point of 31.1 °C which can be a problem while using it in hot 
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climate regions. Carbon dioxide has to be cooled below this critical temperature to be able to 

condense. However, using a non-condensing cycle is a solution. 

 

Thermodynamic analysis was performed by dividing the Heat Generation Loop into the intervals 

with the nodes, where fluid properties were defined using the NIST fluid properties solver. Table 

11 illustrates the fluid property changes while travelling up and down in the Heat Generation 

Loop. From node 1 to 2 is flow downward vertically inside the 5” casing to the DHE. From node 2 to 3 

is pump work and nodes 3 to 4 is flow downward through the deviated section and inside the insulated 2” 

production tubing toward the end of DHE. Nodes 4 to 5 is the enthalpy increase in the DHE. Nodes 5 to 

6; 6 to 7; 7 to 8; and 8 to 9 are flow upward inside the various annuli. From node 9 to 10 is the turbine 

pressure expansion line; and from node 10 back to node 1 is the cooling process in the condenser. 

 

Table 11: Thermodynamic properties of working fluid travelling in the PGL. The blue and orange colors represent cold 

and hot sides of the subsystem. 

 

Node P, MPa ρ, kg/m
3
 T, C h, kJ/kg S, kJ/kgK 

Cp, 

kJ/kgK k, W/K 

µ*10^(-5) 

Pa*s 

1 7.50 661.10 30 291.65 1.299 8.13 0.078 5.6 

 14.54 840.00 30 260.5 1.170 2.45 0.094 7.8 

 22.36 907.05 30 253.5 1.113 2.07 0.1075 9.4 

 30.8 952.02 30 250.56 1.074 1.91 0.1100 10.5 

 39.69 988.11 30 249.94 1.043 1.81 0.12 11.7 

2 48.87 1016.20 30 250.65 1.016 1.76 0.134 12.7 

3 53.87 1017.05 35 260.17 1.0402 1.73 0.135 12.735 

 55.01 1020.10 35 260.33 1.0266 1.72 0.1354 12.8 

 55.00 1019.9 35 260.33 1.027 1.72 0.1354 12.55 

4 54.99 895.39 80.27 338.72 1.268 1.715 0.109 9.08 

 54.99 840.46 101 373.75 1.36 1.703 0.0999 8 

 54.98 813.06 111.2 391.59 1.4051 1.69 0.0965 7.546 

 54.98 800.08 116.5 400.04 1.43 1.69 0.094 7.344 

5 54.96 792.48 120.3 405 1.4407 1.681 0.0929 7.238 

6 53.34 783.04 120.3 405 1.4409 1.697 0.0915 7.09 

7 51.12 782.00 120.3 407.77 1.449 1.72 0.087 7.08 

 49.25 760.20 120.3 409.55 1.46 1.72 0.087 7 

 47.22 747.15 120.3 411 1.49 1.747 0.085 6.5 

 45.21 734.09 120.3 415 1.526 1.75 0.083 6.3 

 43.18 719.83 120.3 420 1.548 1.78 0.081 6.185 

8 39.22 687.23 120.3 427 1.586 1.82 0.083 7.7 

 35.59 653.51 120.3 438.3 1.62 1.9 0.0734 6.389 

 32.06 613.30 120.3 444.78 1.65 1.94 0.0689 4.9 

 28.74 568.26 120.3 449.25 1.671 1.98 0.063 4.54 

 25.67 519.12 120.3 453.94 1.6867 2.027 0.0562 3.968 

 24.55 498.76 120.3 458.55 1.709 2.038 0.0547 3.7 

 22.34 454.03 120.3 461.83 1.72 2.03 0.051 3.5 

9 21.27 432.10 120.3 467.64 1.74 2.024 0.051 3.46 

10 8.0 301.69 49.5 435.7 1.7585 4.33 0.043 2.38 
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Graphically the thermodynamic properties change is illustrated in the Figure 25, Figure 26, and 

Figure 27. The red and blue lines represent liquid and gas sides of the saturation curve. 

 

Node 1 represents the liquid CO2 stage leaving the condenser. Fluid is directed into the vertical 

well and travels downward inside the 5 inch OD insulated tubing. Pressure increases gradually 

from 7.5 to 48.87 MPa with constant temperature 30 °C. Fluid density grows from 661 to 1012 

kg/m
3
. Entropy and enthalpy are reduced, except interval 2-3. This jump in pressure and 

temperature represents pump work. The location of the pump is 4770 m right before the deviated 

section. This position was chosen due to pump safety concerns. Additionally, the highest density 

location is preferable to reduce pump energy consumption. 

 

 

Figure 25: T-S diagram. Intervals 5-9, 1-2, and 3-4 are insulated, therefore, illustrated as a straight lines of constant 

temperature.  

The interval between points 3 and 4 is the insulated pipe flow through the curvature inside of the 

DHE. Point 4 is at the end of the heat exchanger. After this the flow turns back upward toward 

the surface. The line from point 4 to 5 represents the temperature rise inside of the DHE. 

Pressure is slowly reduced by friction, and temperature increases to 120.3 °C. The temperature 

rise affects density which drops by 100kg/m
3
, and entropy and enthalpy get larger. The points 6, 

7, 8 and 9 represent flow inside of the vertical insulated annuli according to the casing design up 

to the turbine. Pressure is reduced to 21.2MPa, but temperature is assumed constant at 120.3 °C. 

The enthalpy for this sequence is the maximum of the cycle and is equal to 467 kJ/kg. The 

turbine reduces the pressure to 8 MPa.  
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Figure 26: Pressure-density diagram.  

 

Figure 27: Enthalpy-entropy diagram. The well locations are shown by the numbers.  
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Insulation 

One of the important aspects of the system is insulation. The cold and hot side tubings should be 

insulated in order to achieve the desired power production. Insulation should be compact in size, 

very effective, and thermally and chemically resistant to reaction with carbon dioxide. One 

possibility is Hyperlast Offshore Technology produced by The Dow Chemical Company. The 

insulation material has low thermal conductivity of 0.15 W/m-K and has been used in the 

offshore petroleum industry for over 30 years.  
 

Working Fluid Pump 

The working fluid is flowing up and down through the well, experiencing phase change. The 

geometry of the flowing path was defined by casing design and chosen tubings sizes. The 

working fluid pump is used to overcome all pressure losses in the system. The location of the 

pump was chosen right before the radius of curvature, where the density of CO2 is close to the 

maximum value of 1016.2 kg/m
3
. The power requirement for this pump is 49.21 kW.  

 

Additionally, the density affects pressure entering the turbine. To keep the pressure at 21.27 MPa 

the pump hydraulic head requirement is 5 MPa, which gives 70.3 kW power with 70% pump 

efficiency. The proposed model is a Schlumberger ESP D5800N with 67 stages. 
 

Design of Small Diameter Multi Stage Turbine 

An axial turbine was chosen to extract work from the fluid. An axial configuration is very well 

suited for the vertical portion of the well, because the direction of the flow matches the turbine-

generator axis. To prevent workover operations in case there is a turbine failure, the design 

includes several turbines. This allows non-stop energy production and the possibility of 

increasing the working fluid flow rate (thus generating more power) without concerns of 

vibrational limits in the turbine stage. The flow rate can be evenly distributed among the stages 

using sliding sleeve mechanism or simple bypass tubes. In addition, the turbines could be worked 

in parallel in effect doubling or tripling the power generated. 

 

 

Figure 28: Triple stage axial turbine assembly 
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The design scheme for the turbine choice is a simple multistage axial turbine. The turbine was 

analyzed using Church correlations with the following assumptions: the blades of the turbine 

have frictionless surfaces, and energy conversion on the blade is complete; the fluid flow path 

matches with blades or nozzle geometry and there is no flow separation from the blades surface; 

the flow is uniform and steady and has the same properties at every blade of the stage. The 

equations and procedures is shown in Akhmadullin (2016).  

 
Table 12: Results of single stage turbine calculations 

  
Fluid 

Turbine 
blade 
radius, 
inch 

Turbine 
efficiency  

Shaft 
Rev/min 

Number 
of  
stages 

Pressure 
Start, 
MPa 

Pressure  
Final, 
MPa 

Mass 
flow  
rate 
kg/sec 

CO2 2.5 0.814 19.018 1 21.27 8 10 

 

Figure 25 illustrates the single stage turbine expansion process with 81.4 % efficiency. With 10 

kg/s flow rate the turbine work is 319.4 kW. To convert this work into electric power the 

generator efficiency of 0.96 and gearbox efficiency of 0.97 were assumed. The resulting electric 

power produced from the system is 297.4 kW. 
 

 

 

Figure 29: Turbine expansion Enthalpy-Entropy chart. The red line represents the two-phase boundary region. The 

dashed line is a constant entropy expansion (ideal), and arrow shows real turbine expansion with 0.81 efficiency). 

Heat Rejection Loop – Condenser 

An air driven condenser was chosen for cooling the system. The total heat to be rejected to the 

ambient was found as carbon dioxide mass flow rate multiplied by enthalpy difference of the 

fluid entry and exit conditions: 
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𝑄 = 𝑚̇𝐶𝑂2(ℎ10 − ℎ1) 

Taking values from Table 11 the heat rejection value is 1.44 MW. To successfully emit this 

amount of heat by traditional air conditioner system is quite challenging task due to limitation of 

climate conditions (see Figure 30). The critical point of carbon dioxide is about 31 °C. CO2 vapor 

to liquid conversion at this point is associated with rapid fluid properties changes, which is not a 

stable stage. From the observations of the commercially available coolers the Baltimore Aircoil 

Company’s Trillium Series CO2 condenser is an attractive product. 

 

Figure 30: Climate change limitations for the air cooling systems. (Borrowed from http://www.baltimoreaircoil.com) 

 
Figure 31: Condenser operating principle.  

  

Conclusions 

Table 13 provides the design specifications for a reference system design using “off-the-shelf” 

products with the possible exception of the downhole turbine.  

 A supercritical CO2 OR cycle with a single stage axial turbine will produce 297.4 kW of 

electric energy from the single unit with a 10 kg/s working fluid flow rate. Higher power 

production is possible using a parallel system with minor added cost. 

http://www.baltimoreaircoil.com/
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 The condenser was chosen from the commercially available units from the Baltimore Aircoal 

Company. The company specializes in cooling supercritical CO2 systems. However, the 

ambient air fluctuations affect the produced energy. Future work is dedicated to find a 

technology to avoid climate temperature changes and make the system more stable.  

 The length of the DHE and horizontal offset defines the rate of reservoir cooling, and thus, 

produced power reduction. Future work would be to find an analytical correlation allowing 

the determination of the distance between production and injection completions that avoids 

production stream cooling.   

 The highest power drain for the system is the brine pump. The amount depends on reservoir 

permeability and a flow rate. Increasing geofluid flow rate with lower power requirements is 

possible for high permeability reservoir locations with less power spending on pump. Low 

permeability systems may also be able to achieve high rates by increasing the completion 

lengths. 
Table 13 Summary table for System Design 

Working fluid CO2         

DHE  Coaxial type, counter flow 

Length                                                                    100m (304.8 ft) 

Brine pump Flow rate                                                  20 kg/s (11021 Bbl/day) 

Model                                                             REDA ESP SN8500 

Turbine Single stage axial turbine 

blades radius                                                                      2.5 inch 

Shaft revolutions                                                          19,000 rpm 

Electric power produced                                                297.4 kW 

Working fluid pump Flow rate                                                    10 kg/s (5510 Bbl/day) 

Model                                 Schlumberger ESP D5800N 67 stages 

Condenser Baltimore Aircoil Company                   Trillium series condenser 
 

References 

Akhmadullin I., Design And Analysis Of Geothermal Wellbore Energy Conversion System 

Working On Zero Mass Withdrawal Principle, PhD Dissertation, LSU, (2016) 

Chen Qun, Wu Jing, Wang Moran, Pan Ning, Guo Zheng Yan, “A Comparison of Optimization 

Theories for Energy Conservation in Heat Exchanger Groups”, Chinese Science Bulletin, 

February 2011, Vol.56, 449-454 

DiPippo R., “Second Law assessment of binary plants generating power from low-temperature 

geothermal fluids”, Geothermics 33, (2004) 

Dobson, R. J., Hartsock, J. H., McCoy, R. L., and Rodgers, J. A., (1980), “Investigation and 

Evaluation of Geopressured-Geothermal Wells - Final Report, Beulah Simon No. 2 Well, 

Vermilion Parish, Louisiana, Volume I: Completion and Testing”, Gruy Federal, Inc., 

Houston, Texas. 
Durham Jr, C. O. (1978). “Analysis of Cameron Parish geopressured aquifer. Final report (No. NVO-

1561-1)”. Magma Gulf Co., Baton Rouge, LA (USA). 

Feng Y., Numerical Study of Downhole Heat Exchanger Concept in Geothermal Energy Extraction From 

saturated and Fractured Reservoirs, PhD Dissertation, LSU, (2012) 

Feng, Y., Tyagi, M., and White, C.D.: “A Novel Downhole Heat Exchanger Concept for 

Saturated Low-Enthalpy Geothermal Resources” Geothermics, v.53, p. 368 – 378, January 

2015. 



DE-EE0005125 

Louisiana State University 

FY2016, Final 

49 

 

Gray T.A., Geothermal Resource Assessment of the Gueydan Salt Dome and the Adjacent South-East 

Gueydan Field, Vermilion Parish, Louisiana, Master Thesis, LSU, (2010) 

Rahman S.S., Chillingarian G.V., Casing Design. Theory and Practice, Elsevier Science B.V., 1995, 

ISBN: 0-444-81743-3 

 

APPENDIX: System Installation Procedure 
The system installation procedure is introduced in Table 14. The installation process is described starting 

from the perforation operation after the casing design is already run and cemented. After the perforation 

work, the system is run into the well as a whole assembly (starting from brine pumps and finishing with 

tubing holder) at one trip. The main parts of the system such as w.f. packer and pump, cold stream 

tubings, turbine assembly with the packer will be running together inside the production casing. As soon 

as the brine pump assembly reaches TD and tubing is set in the wellhead, an electrical signal initiates the 

packer latching mechanisms simultaneously. The next step is electric wiring work according to the 

scheme; checking the circulations of the brine and w.f. loops; connection the w.f. condenser with the 

wellhead through the safety valves; substitution of the completion fluid by the liquid CO2, and running 

the system with necessary adjustments to receive the maximum net power production. 

Table 14 System installation procedure 

Step Operation Notes 

1 Run perforation gun into the well to the 18,352.23 ft MD. Injector 

perforation 2 Perforate 16m (52.5ft) length injector side 

3 Remove perforation gun 

4 Run perforation gun into the well to the 14,907.35 ft MD. Producer 

perforation 5 Perforate 200m length producer interval 

6 Remove perforation gun 

7 Pumping test to ensure that both perforation intervals (producer 

and injector) provide the required flow rate. If required, increase 

perforation length 

8 Run two brine pump assemblies 5.5 OD with packers 7.0 OD at 

15,000 ft MD 

Running the 

system into the 

well occur at one 

trip. The system 

run starts from 

two brine pump 

assemblies with 

packers, DHE 

with ICD and 

prepacked screens, 

tubings, and w.f. 

pump. The final 

equipment is 

turbine assembly 

with packer. 

9 Run 100 ft 5.5 inch perforated pipe as a separation interval from 

the DHE. The brine will enter the pipe through the perforated 

holes and later the ESP. Clips the cable to the hanging tubing. 

10 Run ICD into the 14,907.35 ft MD with DHE inside of the 

prepacked sand screens 250m (820.21 ft) 

11 Run the DHE packer and the outer production tubing assembly. 

Setting depth is 1409.35 ft MD right after the bending section. 

12 Run 5inch OD 515.35 ft length insulated tubing, connected to the 

DHE packer by additional packer 7 inch OD. 

13 Run w.f. pump assembly, connected to the insulated tubing. 

14 Run 5 inch OD tubing above the w.f. ESP. 

15 Run Turbine dual string packer with turbine-generator assembly 

on top. Setting depth is 20 ft below the surface. 

16 Run 5 inch cold stream tubing to the well head. 

17 Connect the cold stream tubing to the well head by tubing holder 

18 Connect power cable to the electric switch board. 

19 Latch all packers at ones using the power cable installed with the 

system in previous steps. 
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20 Circulate the w.f. zone by the w.f. pump. Check for the integrity of 

the system.  

Starting  the 

system 

21 Drive the brine by brine pump and check the temperature change 

at the DHE and flow rate. 

22 Connect the condenser to the wellhead. 

23 Substitute completion fluid in the w.f. zone (vertical well and 

horizontal DHE section) by carbon dioxide fluid. 

24 Start the system. Maintain the brine and w.f. flow rates as 

prescribed for this particular application, check the temperature of 

the w.f. at the DHE and condenser. 

Total measured depth is 18,404.73 ft (From the top to the end of injector perforations). 
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Task 4 – Wellbore Integrity 
 

Task 4 – Wellbore Integrity: Impact Of Geofluids On Wellbore Infrastructure In 

Geothermal Energy Exploration; Focus On Wellbore Cement 

 

Subtask 4.1 – Laboratory setup 

1. Porosimeter 

The grain volume porosimeter was delivered to the 

Sustainable Energy and Environmental Research 

(SEER) laboratory last quarter of 2012 as shown in 

Figure 32. The porosimeter was used to measure the 

porosity of wellbore cements during entire project 

and is continually used in other experiments. These 

measurements were also used as input data for 

permeability measurements. The porosimeter is 

designed for standard 1 inch and 1.5 inch core 

diameters, which will enable us to compare our measurements with other laboratories.  

 

Porosimeter was calibrated using calibration cores provided by the CoreLab. In addition cement 

cores that were available from a different project were tested as well as sandstone cores and the 

data was acceptable. Samples cured at elevated T, and at ambient conditions were tested and 

results were included in the 2013 annual report for the project.  

 

2. Oven and Temperature Cycling/Relative Humidity Chamber 

 The SEER laboratory also received a vertical 

temperature chamber (oven) and a temperature 

cycling/relative humidity chamber (environmental 

chamber) for testing wellbore cement under geothermal 

conditions. The vertical temperature chamber has a 

capacity of 216 liters and can be programed to run 

between 20 °C – 300 °C. The thermal cyclic/relative 

humidity chamber on the hand can be programmed to 

do multiple cycles in same run and have a much lower 

temperature at -40 °C.  

In the first quarter of 2013, an ESPEC engineer 

visited the LSU to train the students on using both 

chambers. During the training with ESPEC engineers, it 

was identified that the environmental chamber would 

require a pure (deionized) water supply for effective 

functioning. A contractor was identified and during 

several weeks the water supply had to be adjusted, and 

a water treatment system installed, tested and calibrated. 

The water treatment system requires quarterly 

inspection and a contract was signed for this for the 

duration of the project as well. The SEER lab was fitted 

in March with a reverse osmosis water treatment system 

Figure 32: Porosimeter Ultragrain Grain 

Volume, UGV-200® 

Figure 33: Water treatment system provides 

de-ionized water for key equipment (chamber, 

permeameter) 
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that provides de-ionized water to the temperature cycling/relative humidity chamber (Figure 33). 

It is essential to have continuous pure water supply in order to have accurate humidity in the 

chamber.  

 

Also during this time period, the oven and environmental chamber were installed and calibrated 

(initially and once a year thereafter). The environmental chamber required a specialist 

calibration, so that accurate measurements of RH, which are critical for cement curing, could be 

established. This was completed in 6 weeks. In order to be able to do HP/HT experiments we 

were required to install a hot air vent, which will discharge hot air out of the lab. This activity 

required additional time and resources. 

 

3. Liquid Pressure Pulse-Decay Permeameter 

Designing, assembling and testing of the liquid pressure-pulse decay permeameter, was 

completed by Core Laboratory (CoreLab) at their laboratories in Tulsa, Oklahoma at the end of 

March, 2013. Students working on the DOE Geothermal project visited CoreLab in Tulsa in 

April for a free training and demonstration on using the permeameter. They also had the 

opportunity to observe the difference between the gas permeability measurements (routinely 

done by CoreLab) at no extra cost. Furthermore, all the packing of the equipment was done at 

that time so that it would be easier for LSU to assemble equipment once received. 

The permeameter was for measuring permeability and indirectly used to provide data 

relevant to integrity of cement sheath zonal isolation function under geothermal conditions. 

Measuring of cement permeability to brine is of critical importance for long term prediction of 

geopressured geothermal cement behavior. The permeameter also has a core flooding system that 

will be used for flow through experiment, which is required for quantification of cement 

deterioration in contact with geofluids.  

The core holder of the instrument can be placed in a thermal chamber up to 150 
0
C, with 

maximum overburden pressure of 10,000psi and maximum back pressure of 6,000psi to simulate 

reservoir condition. The pressure-pulse decay permeameter was delivered to LSU in late April, 

2013. It was assembled in the SEER laboratory as it had been shipped over from Tulsa, 

Oklahoma. As shown in Figure 4, the lab is now fully equipped as proposed. The core holder 

unit has enough pipe length so it can be fitted inside the oven for high temperature experiments. 

We have capability to do permeability measurement at high T, P and be able to measure pH of 

the fluid at those conditions.  

 

Calibration: During summer 2013 most of the time was spent on testing and calibrating 

permeameter. At first, the pressure decay was not initiating. Since we did not purchase the 

CoreLab technical support, most of the difficulties were resolved via Skype conference calls. It 

was identified that most likely during shipping the diaphragm in the Validyne dP transducer was 

damaged and it had to be replaced. The equipment set up and calibration was successfully 

accomplished by graduate students with the assistance from technical staff from CoreLab Ltd at 

no charge.  
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Figure 34: Screenshot of the Semi-log analysis of differential pressure in calculating permeability of class H cement cured 

at 90⁰C and 100% RH for 30 days. 

 

 
Figure 35: From Left to right, Liquid Pressure-Pulse Decay Permeameter, Vertical Temperature Chamber, and 

Temperature Cycling/Relative Humidity Chamber respectively. 

***Both Chambers and the Porosimeter were fully functioning at the end of March 2013. The reason we were late 

on the projected date for these activities is that there was a delay from the LSU purchasing office in obtaining tender 

and selecting contractors. Other delays were caused due to the inadequate electricity supply as well as lab space 

modifications that had to be done prior to any calibration of the equipment. 
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Quality Control: Cement and Rock samples were sent to Weatherford Laboratories, Houston to 

validate measurements from installed instruments, good agreement in data was achieved. In 

addition, several graduate students run petrophysical measurements on cement/rock samples and 

reproducibility in data was achieved.   
 

Subtask 4.2 – Cement design and Experimental methodology 

 
Table 15: Experimental cement designs tested in this study. The selected admixtures were used based on their potential 

reduction of thermal shrinkage (fibers) and loss of Ca through change of Ca to Si ratio in CSH to prevent cement 

dissolution in contact with low pH geofluids. 

 
 
***Details of experimental methods, protocols, materials and conditions can be found online in K. Bello thesis 

document: http://etd.lsu.edu/docs/available/etd-09022014-111540/ 

 

Testing of experimental protocol and suitability of equipment: 

Neat Cement core samples were prepared and cured in the chamber at 90 
0
C and 100% relative 

humidity to simulate reservoir conditions. Cement samples were also prepared and cured in 

water bath at ambient conditions. These two sets of samples were used as control sample data. 

SEM images showed increased porosity when compared to samples cured at ambient conditions 

(Figure 36). These observations have been reported extensively in the literature, and the purpose 

of repeating some of the basic research on known cement designs is to establish that our 

equipment was functioning and that all of our experimental protocols were tested. 

Lower micrograph is a Back Scattered Electron Image of a polished thin section of a 

High T cured sample, clearly showing more detail in compositional difference of individual 

grains, due to presence of elements of different atomic mass. The spectra on the right from the 

same imaged area of the sample, reveal chemical variation that is more enhanced when 

compared to ambient condition cement.   This suggest that future studies need to focus more on 

polished samples as they have higher level of accuracy and produce more quantitative data,  

http://etd.lsu.edu/docs/available/etd-09022014-111540/
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SEM micrograph of a fractured surface of 

hydrated class H neat cement slurry, cured 

22C for 30 days in 100% RH (control sample) 

SEM micrograph of a fractured surface of 

hydrated class H neat cement cured at 

90⁰C in 100% RH for 30 days inside 

ESPEC Environmental Chamber  

 

 
Energy Dispersive Spectroscopy, point 

and selected area surface analysis from 

the sample shown in BSE image, left.  
Figure 36: Left to right SEM micrographs depicting the CSH micro-structure of Class H cement cured at 22⁰C vs 90⁰C, 

both images acquired at 6500x magnification. Agglomeration of large CSH causes increased porosity for 90⁰C, cured 

samples as reported in literature for Portland cement based materials. Lower micrograph is BSE image of a polished 

90⁰C cured cement thin section, showing much more complexity than the fractured surface. Lower right, some typical 

Energy Dispersion Spectra acquired from the sample (areas highlighted in BSE micrograph). 

which is critical for establishing effect of thermal cycling on wellbore cement compositional 

changes.  This suggest that future studies need to focus more on polished samples as they have 

higher level of accuracy and produce more quantitative data.  

 

Subtask 4.3 – Experimental assessment of cements: 

The experimental work was completed in 2014 Q2 and Q3. The data acquired was analyzed and 

integrated among different types of experimental techniques: petrophysical, microstructural, and 

mechanical. The data strongly suggests that the use of fibers and additives will have a positive 
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effect on lowering permeability and reducing impact of thermal cycling on wellbore cement. In 

addition, micro-mechanical strength, evaluated by micro-indentation was included. The summary 

of petrophysical data for ambient and thermal loading conditions are shown in Table 16 and 

Table 17. 

 
Table 16: Petrophysical and Mechanical properties of cement control samples (cured in water bath at ambient conditions 

~25⁰C), based on measurements from three different samples used to calculate averages. 

 
 

 

Table 2b: Petrophysical and Mechanical properties of cement designs after 100 thermal cycles, 

based on measurements from three different samples used to calculate averages.  

 
Table 17: Petrophysical and Mechanical properties of cement designs after 100 thermal cycles, based on measurements 

from three different samples used to calculate averages. 

 
 

Subtask 4.4 – Long-term testing:  

100 thermal cyclic loading experiments were completed on each of 5 tested cement samples, at 

the duration of 1day per cycle, approximately 3months time period. The thermal cycle from 90
0
-

40
0
-90

0
C was based on the temperature range identified in the investigated LA geopressured 

brine field.  

As shown in Figure 37, although the Elastic Modulus appeared to be lower in samples 

subjected to 100cycles of thermal loading (90-40-90C), the hardness values are higher after TCL 

in all cement samples that contained fibers/additives, only neat cement samples have lower 

hardness as a result of cyclic thermal loading. Therefore, the use of fibers and additives will 

improve cements mechanical durability under geothermal conditions. 

  

Cement Sample 
Average Grain 

Density (g/cc) 
Porosity (%) 

Average Permeability (nD) 

of Control Samples 

Average Unconfined 

Compressive Strength [psi] 

of Control Samples 

Neat Cement   2.214±0.012 52.74±0.16 160.4±12.3 1151±331 

Steel Fiber  2.270±0.011 53.47±0.24 247.4±9.6 575.5±99.0 

Silica Sand  2.272±0.001 54.88±1.23 228.3±4.3 437.4±172.0 

Calcined Clay 2.271±0.005 55.06±1.23 207.3±11.5 495.3±171.1 

Glass Fiber  2.315±0.047 56.38±0.57 14.03±4.29 613.7±30.5 
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Figure 37: Micro-indentation measurements of all 5 cement designs, showing hardness and Young’s modulus average 

values, based on 7-12 point analysis. 

 

Relationship between physical and chemical properties of the cement design was evident in both, 

petrophysical and micromechanical, data. The presence of, coarse-grained calcium silicate 

hydrate (C-S-H) and high amount of portlandite (CH), in the neat cement design made it 

vulnerable to leaching of Ca
2+

, as seen in the porosity and permeability data. Larger connectivity 

of these pores will provide fast pathways for ingress of low pH geofluids and rapid dissolution of 

cement, as reported in many geothermal field data from New Zealand for example, where CO2 

rich geofluids cause cement/casing corrosion/dissolution. 

The presence of denser CSH and lower amount of CH, combined with the steel fibers, 

which are bridging across the pores, contributed to the low change in porosity and permeability 

observed in the steel fiber cement design. Even though the silica sand cement design cores have 

relatively low amount of Ca(OH)2 , they were more permeable after thermal cycle loading as 

there was more change in porosity on the inside of the cores due to thermally induced micro-

fracturing. The permeability of the calcined clay cement cores also changed un-proportionally to 

its porosity due to thermal cycle loading induced fracturing.  

Cement- glass fiber had a very different behavior for control conditions vs thermal 

loading conditions. Since glass fiber cement is alkaline, it becomes chemically unstable when the 

pH of cement pore water is reduced. The reduction of pH of cement slurry occurs when 

additional Si is available, as it reacts with Ca(OH)2  in what is known as a pozzolanic reaction. 

Although it produces denser final product due to higher amount of CSH produced, the 

pore water remaining within hydrated cement has pH <13, and therefore dissolves fine glass 

fiber. This reaction results in formation of an amorphous product, which lowers porosity and 

permeability as it clogs the pores, when compared to neat cement or any other cement design in 

this study. However, since amorphous material has no ability to bridge initiated fractures during 

thermal loading, porosity and permeability of glass fiber cement increased disproportionally 

comparing to other cement designs after thermal cycling. This phenomenon has been linked to 

reduced mechanical strength in concrete. 
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Figure 38: An integrated snapshot of the major results showing impact of thermal loading on wellbore cement designs 

that contain fibers and chemical admixtures and its comparison to Portland cement control sample. The goal is to 

compare microstructure (SEM micrographs) to the amount CH present in each of cement slurry designs tested, and how 

these results are related to changes in porosity and permeability of the above cements when subjected to thermal loading. 

In addition this is also an attempt for the quantification of the change in each cement design when compared to its control 

sample, which can provide approximate durability of each design under experimental conditions (time resolved behavior). 

 

Main Observations and Conclusions: 

• The liquid pressure-pulse decay permeameter provides an accurate, time efficient way to 

measure cement permeability with the porosity known.  

– Long, uneven fibers such as glass fibers can be used to improve permeability in 

wellbore cement sheath. 

• Wellbore cement intended for a horizontal wellbore construction in reservoirs with high 

geopressured brine present will require addition of steel fibers and glass fiber along with 

silica flour would be necessary to increase the durability cement sheath over life of the 

well. 

– Similar experiment can be done with combinations and different concentration of 

silica sand, steel fiber, calcined clay, and glass fiber to study if the performance of 

calcium based cement under thermal cycling can be improved.  

– These experiments should be conducted over longer period resulting in multiple 

cycles.  

 

Laboratory Utilization: 

With regards to humidity/temperature chamber, it was running continuously for several months 

for sample curing, from June 2013 to November 2013 and then from December 2013 till end of 

May 2014. It allows us to cure cement in brine at high temperatures without evaporation. 

The porosimeter was used to obtain core porosity and density data. We used on different 

types of cement slurries as well as shale, limestone samples. For this project alone almost 100 

measurements were taken. Several graduate students used it for wellbore cement evaluation as 
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well as to measure porosity and density of the shale samples from Livingston parish for the CO2 

sequestration-eor project, originally sponsored by the DOE and BlackHorse. In addition, we 

trained undergraduate students to use it as part of their senior design projects in 2013, 2014 and 

2015.  

The permeameter was continuously used because the setup and measurements takes 

longer (approximately a sample/day). For this project we have analyzed over 80 samples. The 

permeameter can also be used for flow through experiments.  

Currently the core-flooding unit (CFS) of the geothermal system is being used for 

differential pressure (p) data acquisition of artificially fractured shale rocks. This unit is fitted 

with two sensitive dp transducers that can accurately measure pressure changes ranging between 

5 psi and 400 psi. The p data is automatically logged at operating temperature and pressure 

conditions providing useful in-situ information for fracture conductivity estimation. Core-length 

compressibility can also be measured for dynamic poisson’s ratio estimation during the flooding 

process, and we intend to continue to utilize this capability. 

 

New Contacts Established as a result of this research and potential for future 

collaborations: 

• Dr. Toshifumi Sugama (Brookhaven National Lab, New York) 

• Dr. N. Milestone, Callaghan Innovation Advanced Materials Lab, NZ 

• Dr. A. Durandt, James Hardie company, AU 
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Figure 39 Geothermal fluids that reach the surface are rich in S, CO2, Geothermal location in New Zealand, May 2015, 

M. Radonjic 
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Task 5 – Geomechanics 
 

Geothermal energy has been recognized as a clear renewable energy source and has been 

successfully used in some parts of the world for generating electricity or residential heating. 

However, exploiting this natural source has faced challenges that made its character as a clear or 

renewable source in jeopardy. Production and injection of water in unconsolidated formation 

could cause subsidence on surface and or compaction at the reservoir depth, both of these issues 

could damage wellbore integrity in the long term. Deformations associated with fluid production 

or pressure changes in unconsolidated or poorly consolidated reservoirs can lead to reservoir 

compaction, permeability loss, land surface subsidence, fracture gradient decrease, well shearing 

and, potentially, fault reactivation. These production-induced deformations can have significant 

impacts on the production process, surface facilities and the surface environments in the vicinity 

of the hydrocarbon reservoir. Examples of subsidence above the compacting gas/oil fields may 

found in Long Beach (California), in Venezuela, in the North Sea (Ekofisk field), or in the 

coastal area of the northern Adriatic Sea, Italy (due to gas injection) (Ferronato 2001), among 

others. In rare cases, if the depleted formation is significantly less compressible than the 

surrounding medium, the vertical reservoir shrinkage is relatively smaller than the horizontal 

one, thus generating a possible swelling of the overburden or decrease of the subsidence. 

To predict the stress changes and the severity of the deformations, it is essential to understand 

the physical and mechanical properties of the producing formations in response to depletion. 

Reliable models that can capture all these effects are needed. If the fluid extraction from 

geothermal reservoirs exceeds the rate of reservoir fluid substitution, reservoir pressure 

decreases; however, pressure drop could also happen due to the temperature drop. Drop of pore 

pressure will increase effective stress and may induce subsidence or activates near faults. 

Disposal of produced water and induced earthquakes are two major issues that have endangered 

development of the geothermal energy as a renewable source of energy. To avoid these 

problems, circulation of fluid in a closed loop system has been pursued in this project. We 

considered the heat exchange problem in closed loop systems a thermoelasoplasticity problem. 

Thermoporoelasticity studies the interaction of heat flow, fluid flow and rock deformation 

through porous media. Thermoporoelasticity can have wide applications from heat extraction 

from geothermal reservoirs to design of artificial fractures in hydrocarbon reservoirs. Land 

subsidence can be a main issue during heat extraction from the geothermal reservoirs. Heat 

extraction from the geological formation reduces the formation temperature along the producing 

zone. The temperature drop may reduce the pore pressure through the porous medium around the 

production zone. Pore pressure reduction raises the effective stress and result in land subsidence. 

This mechanism is more important for the closed loop geothermal systems where there is no 

injection of working fluid thorough the geothermal reservoir. However in the open loop systems, 

the reduction of pore pressure by exploiting of formation fluid from the underground can 

exacerbate the land subsidence.  

The concept of coupling between fluid flow and solid grains was introduced by Terzaghi 

(1925). Terzaghi developed a one-dimensional consolidation model to study the behavior of fully 

saturated soils undergoing a constant loading. He showed the role of effective stress on grains 

deformation. However, Biot (1941) was the person who established the general theory of three-

dimensional consolidation based on the efforts of Terzaghi (1925). In Biot’s formulation, the 

interstitial fluid has the incompressible property. Rice and Cleary (1976) developed the Biot’s 

formulation for compressible fluids. Biot’s poroelasticity theory is the basic framework to 
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predict the reservoir compaction, land subsidence and borehole damage in the energy 

exploitation from both the geothermal and petroleum reservoirs (Geertsma, 1973; Du, 2001; 

Segall and Fitzgerald, 1998; Wang and Dusseault, 2003; Chen and Ewy, 2005).  

Heat conduction and heat convection are two main mechanisms controlling the heat 

transfer through the porous media. During the heat conduction, the heat transfer is governed by 

the molecular vibrations of solid grains and fluid particles without their bulk motions. 

Conversely, bulk movement of fluid particles controls the heat transfer through the convection. 

Having heat conduction, convection or both of them depends on the texture of porous medium. 

For instance, the convection in very low permeable rocks, due to very small flow rate through the 

reservoir, can be neglected compared to the heat conduction (McTigue, 1986). However, during 

the heat extraction from geothermal reservoirs or hydrocarbon exploitation, the rate of fluid flow 

is not as low causing negligible heat conduction compared to heat convection. McTigue (1986) 

developed the previous work through considering the non-isothermal situations. He considered 

the effects of compressibility and thermal expansion of both of pore fluids and solid grains. 

However, he neglected the effect of heat convection and phase change which can be important in 

the open-loop geothermal systems. Moreover, he did not present a coupled solution to the 

Thermoporoelasticity problem. 

Governing Equations of Thermoporoelasticity  

Momentum Balance Equation. In a porous media fully saturated with water, the linear 

momentum balance equation can be rewritten in the form of following equation where s and w 

superscripts refer to solid-phase and water-phase. σ, σ
’’
, ρ, g, φ, α, and P

w
 are symbols of total 

stress, effective stress, density, gravitational acceleration, porosity, Biot’s coefficient, and pore 

pressure. 
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Mass Balance Equation. The following mass balance equation for the fully saturated water-

phase is given as follows where β is the thermal expansion coefficient. Kw, Ks, u, k, and μ
w 

are 

bulk modulus of water, bulk modulus of solid, solid displacement, permeability, and water 

viscosity.  
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Energy Balance Equation. The Enthalpy balance equation having both the conductive and 

convective terms is representative of energy equation where  
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Based on the above calculations, the governing equations can be written as 
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To solve the dynamic problem, the central difference in time is applied to the above general 

equations 
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In the next section, we demonstrate several verification example to make sure that our numerical 

code can reproduce same results for the problems with available analytical solutions. Obviously, 

these solutions are available only for simple geometries. 
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Verifications for the Numerical Code 

Mandel’s Problem. A rectangular soil sample subjected to a constant vertical stress at its top, 

through a rigid and frictionless plate of width 2a, with drainage to the two sides in lateral 

direction. The deformation of the sample is forced to be in plane strain conditions, by preventing 

all deformation in the direction perpendicular to the plane shown in Figure 40. At time t = 0 a 

uniform vertical load of magnitude q is applied, and this load is supposed to remain constant. It 

can be assumed that at the instant of loading the pore pressure distribution will be homogeneous, 

but as soon as drainage starts the pore pressures at the two sides, for x = −a and x = +a, are 

reduced to zero, and the pore pressures in the interior of the sample will gradually be reduced to 

zero (Figure 41). 

 
Figure 40: Schematic picture of the sample subjected to a constant vertical stress at its top 

 

Figure 41: Comparison of the numerical and analytical normalized pore pressure inside the sample after the fluid is allow 

to freely flow through the sides, plotted in different time intervals. 

Elder’s Problem. Elder problem is an example of free convection, where the fluid flow inside 

the model is driven by density differences. Elder (1967) studied the effect of thermal convection 

in a porous medium being heated from the bottom. The original experiment, called the short-

heater problem, was performed in a Hele-Shaw cell, which provides a laboratory analogue for 
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flow in porous media. Elder conducted these studies mainly to verify the finite difference model 

he developed for the two-dimensional simulation of thermal-driven convection and provided his 

results graphically for the temperature and stream-function fields. Because of its complexity, 

Elder’s problem is typically used as a benchmark in flow-transport problems. 

The Elder problem consists of a two-dimensional water-saturated rectangular porous 

volume. Hydrostatic pressure and uniform temperature are the initial condition and all 

boundaries are impervious to fluid flow. A source of heat at constant temperature is applied at 

part of the bottom boundary, while the temperature at the top boundary is kept constant. All 

remaining boundary portions are considered adiabatic (Figure 42). Dimensionless variables are 

as follows.  
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Figure 42: Schematic picture of Elder’s problem subjected to a constant temperature at its half of bottom boundary. 

    
Figure 43: Dimensionless temperature if 0.1 for Elder's problem; (a) Elder; (b) this work 

A Fully Coupled Mixed FEM Model for Downhole Heat Exchangers 

Feng et al. (2015) showed the geofluid can have temperature drop of 100 
o
C along downhole 

heat exchangers. This report applies this temperature drop along the wellbore, where the 

downhole heat exchanger is located, to further calculate the temperature, pressure, displacement, 
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and stress distribution in a region around the wellbore. Moreover, it is assumed that the 

temperature drop happens linearly along the wellbore. 

Figure 44 shows the schematic picture of wellbore and surrounding region used in this 

report. This report considers the fully coupling between temperature, pore pressure and 

displacement. Moreover, viscosity and density are assumed to be only functions of temperature 

as the pore pressure does not significantly change in abovementioned configuration. The model 

is under a uniform overburden of 83 MPa. The horizontal motions of its left and right boundary 

are restricted and the vertical displacement at the bottom boundary is also constrained to zero. 

Table 18 presents all the assumed parameters for this numerical study.  
Table 18: Assumed parameters of reservoir and wellbore for a downhole heat exchanger 

Symbol Quantity Value Unit 

B Length  800 m 

H Height 200 m 

L Well length 400 m 

  Porosity 0.2  

  Permeability 2 × 10
-14

 m
2
 

s  Rock thermal conductivity 1.9 W m
-1

 
o
C

-1
 

f  Geofluid thermal conductivity 0.519 W m
-1

 
o
C

-1
 

spC ,  Rock specific heat capacity 1000 J Kg
-1

 
o
C

-1
 

fpC ,  Geofluid specific heat capacity 3182 J Kg
-1

 
o
C

-1
 

s  Rock density 2700 Kg m
-3

 

s  Geofluid density 1000 Kg m
-3

 

  Geofluid viscosity 1.1 × 10
-4

 Pa s 

s  Thermal expansion coefficient of rock 0 
o
C

-1
 

f  Thermal expansion coefficient of geofluid 450 × 10
-6

 
o
C

-1
 

E Young’s modulus of rock 1.38 × 10
10

 Pa 

  Poisson’s ratio of rock 0.3  

  Biot coefficient of rock 1  

Ti Initial temperature of medium 140 
o
C 

Tf,o Geofluid outlet temperature 40 
o
C
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Figure 44: Schematic picture of a horizontal downhole heat exchanger in a porous hot medium. 

 
Figure 45: Temperature distribution (oC) around the wellbore after 37 years. It is assumed that the temperature drop of 

geofluid along the wellbore is linearly. 
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Figure 46: Net Pore pressure distribution (Pa) in the geothermal medium after 37 years. Net pore pressure means the 

difference between the initial pore pressure induced by overburden and current pressure. 

 

Figure 47: Net vertical displacement (m) distribution in the geothermal medium after 37 years. Net vertical displacement 

means the difference between the initial vertical displacement induced by overburden and current vertical displacement. 
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Figure 48: Net horizontal displacement (m) distribution in the geothermal medium after 37 years. Net horizontal 

displacement means the difference between the initial horizontal displacement induced by overburden and current 

horizontal displacement. 

 
Figure 49: Net shear stress distribution (Pa) in the geothermal medium after 37 years. Net shear stress means the 

difference between the initial shear stress induced by overburden and current shear stress. 
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Figure 50: Net normal stress distribution (Pa) in the geothermal medium after 37 years. Net normal stress means the 

difference between the initial normal stress induced by overburden and current normal stress. 

 

Figure 51: Net orthogonal shear stress distribution (Pa) in the geothermal medium after 37 years. Net orthogonal shear 

stress means the difference between the initial orthogonal shear stress induced by overburden and current orthogonal 

shear stress. 

Seismicibility 

Induced seismic events are one of the main concerns in heat extraction from the geothermal 

reservoirs. Injection of pressurized working fluid results in increase in pore pressure around the 

wellbore. This pressure gradient between the zones around and far from the wellbore may cause 
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to slippage of rock mass on the pre-existing fractures, known as shear stimulation (McClure and 

Horne, 2011). Although the rock mass slippage results in permeability enhancement, the induced 

seismic events by slippage are a cause of public uncertainties about the safety of Enhanced 

Geothermal Systems. Public fears about the natural earthquakes affect the acceptance of 

Enhanced Geothermal Systems (EGS). Therefore, investigation of seismicity during working 

fluid injection and post-injection can be very interesting topic for the problem studied in this 

project. 

The causes of induced seismicity in the geothermal reservoirs can be categorized by 

change in the following parameters; coefficient of friction, pore pressure, temperature 

distribution around the wellbore (Allis, 1982). The role of each parameter can be different in 

injection or production process. During heat extraction from a geothermal reservoir, in an open-

loop system, the significant increase in the effective rock stress can result in seismic events. 

Furthermore, increase in coefficient of friction through clay dehydration and precipitation of 

dissolved minerals such as silica can affect the stress distribution throughout the rock. The 

temperature decline around the wellbore might cause the stick-slip movement. However, its 

contribution is not as significant as the change in the pore pressure.  McClure and Horne (2011) 

have found that injection-production schedule can have a considerable influence on the 

magnitude of seismic events. In other words, their model predicts that most of the seismic events 

happen right after the cease of injection because the formation starts to redistribute the pore 

pressure gradient throughout. The probability of post-injection seismic events can be lessened by 

staring the production immediately after injection (McClure and Horne, 2010). To accurately 

model seismicity in the geothermal reservoirs, coefficient of friction has to be a function of 

sliding velocity in order to model the role of coefficient of friction on quick slippage. Rate and 

state friction law, shown in below equation, is a common method to model dependency of 

coefficient of friction on sliding velocity and past sliding history. The parameters of ,,,, 00 baf 

and cd are materials constant. However, cd is a characteristic displacement scale (Segall, 2010).  

c

f
d

baf 0

0

0 lnln





                                                                                                            

Most of the seismic studies in geothermal reservoirs have been applied for the open-loop 

systems. In other words, a working a cold fluid is injected through the reservoir, then the heat is 

extracted from hot working fluid exposed to hot rock. However, the novelty of this study is 

considering seismicity effect for a closed-loop system. In the closed-loop system, working fluid 

is circulated through a pipe run into the geothermal well. Therefore, the working fluid is not 

directly in contact with hot rock. In this system, there is no loss of working fluid. Change of 

geothermal reservoir pore pressure in seismicity induction is not significant for the closed-loop 

system. However, it can be significant if the closed-loop system extracts heat from a vapor-

dominated reservoir. For this specific geothermal reservoir, steam condensation can reduce the 

pore pressure and induce seismicity. Seismicity induction for this specific case can be caused by 

the temperature change and intense localized cooling around the wellbore if the order of 

displacement is large enough.  

The moment magnitude scale (denoted as MW) is used to measure the size of earthquakes 

in terms of the energy released. The magnitude is based on the seismic moment of the 

earthquake, which is equal to the rigidity of the Earth (G) multiplied by the average amount of 

slip (D) on the fault and the size of the area that slipped (A). The moment magnitude (Mw) of an 
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earthquake is theoretically the same regardless of where the earthquake was measured, the type 

of recording instrument, or structure along the wave-paths. 

ADGM

MMW





0

0 7.10log
3

2

 

Earthquakes can have a range in magnitude from a maximum of M 10 down to arbitrarily small 

values of M -3, monitored in the most sensitive micro-earthquake experiments. The aim of this 

part of this study is to show whether change of temperature distribution around the wellbore can 

cause large displacements to induce seismicity. The following calculation shows the magnitude 

of induced seismicity for the downhole heat exchanger geothermal system. Our calculation 

shows that induced seismicity can be negligible in the downhole heat exchanger configuration. 
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Figure 52: Magnitude of earthquakes and the range of their severity based on the depth and amplitude of displacement 

(www.geoelec.eu) 

 

A similar model was developed for evaluating the two well ZMW problem. The This 2D model 

used a similar 6000 m × 6000 m grid system (see Figure 53) with quadratic triangular elements 

(six nodes per element) for displacement calculations, linear triangular elements (three nodes per 

element) for the temperature calculations and linear triangular elements (three nodes per 

element) for pore pressure calculations.  

 

Figure 54 shows the change in thermal power and cumulative extracted heat as a function of time 

and given the fast thermal breakthrough represents an extreme case for the temperature and 

displacement modeling. Figure 55(a – d) show the temperature, pore pressure and displacement 
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distributions after 20 years of production and Figure 55(e) shows the amount of surface 

subsidence over those same 20 years. Again, displacements are very small and seismic activity is 

expected to be negligible. 

 

 
Figure 53 Grid system for modeling two well problem 

 

    
(a)                                                                               (b) 

Figure 54 Thermal power generated (a) and Cumulative energy extracted over time (b) for the modeled situation 
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(a)                                                                               (b) 

    
(c)                                                                               (d) 

 
(e) 

Figure 55 Temperature distribution (a), Pore pressure distribution (b), Horizontal displacement (c), Vertical 

displacement (d) and Surface subsidence (e) after 20 years of production for the modeled system 
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Task 6 – Economic analysis 
 

The economic analysis team has completed their work and has published an overview paper 

(Kaiser, 2016). The levelized cost of electricity (LCOE) was calculated through a techno-

economic analysis that included top down and bottom up estimates of capital costs associated 

with drilling, as well as the procurement and installation costs of the downhole heat exchanger 

and organic Rankine cycle turbine; operational costs associated with failures of major system 

components were also included. Since this work was done about a year ago, a system capacity of 

200 kW was assumed.  The capital (Figure 56) and operating expenses were then used to 

calculate the levelized cost of electricity through the DOE’s System Advisor Model (SAM; see 

Blair et al. 2014).  Three parameterizations were developed which differed in capital and 

operational costs and required internal rate of return (Figure 57).  In general, LCOE was high and 

are expected to range from 24 to 78 ¢/kWh with an expected value of 62 ¢/kWh (Figure 58a).  

 

 
Figure 56 Capital Costs assumed for the optimistic, expected and pessimistic cases 

  

 
Figure 57 Parameter values for the SAM software LCOE calculations 

 

Due to the high LCOE estimates, we explored the sensitivity of the model to changes in the 

system.  Figure 58b depicts the real LCOE of a system in which the drilling costs are cut in half.  

This could occur if rig day rates decline or if an existing well could be used, both of which have 

occurred in the past year.  Under these circumstances, and under optimistic assumptions, LCOE 

is below 20 ¢/kWh.  Akhmadullin (2016) provides several ways in which power can be increased 

to as high as 1.5 MW without increasing costs dramatically as well as revised capital costs for 

equipment other than drilling costs. While the LCOE is still high, for a novel system with large 

technological uncertainty, the potential for an LCOE below 20 ¢/kWh is relatively promising.  

 

The relationship between increasing system capacity and LCOE was also explored (Figure 59). 

When system capacity increases from 200 kW to 400 kW, the LCOE declines in the expected 
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parameterization from 62 ¢/kWh to 32 ¢/kWh.  Again, given that a 200 kW system capacity may 

be conservative and that system capacity could be three or four times the 200 kW value, this 

result is promising.  

 

    
         (a)                                                                           (b) 

Figure 58: LCOE of optimistic and pessimistic scenarios for (a) the basic set of assumptions and economic parameters 

and (b) for the case where drilling costs are half the value in the base set. 

 

 
Figure 59: Relationship between system capacity and real LCOE. 
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Task 7 – Geospatial Analysis 
A stand-alone document entitled: “Environmental and social aspects of geothermal 

development in Louisiana” is attached as an Appendix to this document. 

 

Task 8 – Reporting 
None besides this report. 
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Introduction 

Geothermal energy is thermal energy generated by heat stored beneath the earth’s surface that 

can be used as geothermal power generation.  It can also be used as geothermal heat pumps, 

greenhouses, aquaculture, and agricultural drying (Lund, Freeston and Boyd 2005). The United 

States is the largest geothermal electricity production county in the world and most of the power 

plants are located in the western areas. Geothermal is clean with very low emissions and safe for 

surrounding environment. Greater use of geothermal power can reduce air pollution as compared 

to greater use of fossil-fuel generation. The American Lung Association estimates that power 

plant emissions, primarily from coal plants, result in over 30,000 yearly deaths (Kagel 2006). 

Beside the environmental aspects, the socio-economic effects are also impartment, especially in 

neighboring communities where the geothermal power plant is located. For example, areas that 

suffer from high rate of unemployment, especially in the rural areas, can benefit from geothermal 

development.  

 In Louisiana, the electricity is generated from fossil fuels and nuclear power. According 

to the annual report from the Louisiana energy facts, the net electricity generation is 54,924 

million KWH (11,860 from coal, 4,378 from oil, 22,071 from gas, and 16,615 from nuclear) 

(Lam 2013). The fossil and nuclear plants are harmful to the environment and people’s health not 

only, but also are limited and not renewable. The development of a geothermal plant can help 

reduce the state’s reliance of power production from fossil fuels and nuclear power. Whilst 

development proposes to bring about positive change, it can lead to negative effects as well. For 

example, construction of geothermal power plants can affect the stability of land and lead to 

subsidence which may cause earthquake activity. In this report, we will analyze the 

environmental and social aspects of geothermal development in the state of Louisiana. There are 



three potential sites, which are E. Hackberry, Sweet Lake and Gueydan. These three sites are 

located in three different census tracts, of which E. Hackberry and Sweet Lake are located in the 

Cameron Parish while Gueydan is located in the Vermillion Parish.  

 The land use pattern in Louisiana and the potential geothermal plant sites can be seen in 

Figure 1. The land use and land cover data is from the National Land Cover Database (NLCD) 

which is in a 16-class land cover classification scheme covering the contiguous United States at a 

ground spacing of 30 meters (Wickham et al. 2013, Fry et al. 2011). NLCD is based primarily on 

the unsupervised classification of Landsat Enhanced Thematic Mapper+ (ETM+) circa satellite 

data (Fry et al. 2011). The map data is based in the year of 2006 with several categories: water, 

developed, barren, forest, shrubland, herbaceous, planted/cultivated and wetlands. The area of 

Louisiana is about 130,000 km2 with 64 counties and 1106 census tracts. 

 

Figure 1 Land use patterns in Louisiana and the potential geothermal plant sites 

(Note: Colors were defined according to the NLCD 2006 legend) 



Environmental Impacts 

Flood analysis 
 

Hazus-MH 2.1 was used in this part to estimate the 100 years flood zone around each potential 

geothermal site as a consideration for decision making. Hazus-MH is a commercial off-the-shelf 

loss and risk assessment software package based on ArcGIS software produced by Federal 

Emergency Management Agency (FEMA). Hazus-MH includes multiple model of three different 

hazards type: hurricanes, flooding and earthquake. Each model estimates the hazards in three 

steps. First, it calculates the exposure for a user selected study area. Second, it creates scenarios 

by characterizing the level or intensity of the specific hazard affecting the exposed study area 

with historical hazards data or user defined hazards data. Then the Hazus-MH will calculate the 

potential losses like economic losses, structural damage, the number and level of people affected.  

In flood analysis, step one and two could show the potential flood hazard around each 

potential sites and the affection to the possible geothermal facilities. A 100-year flood is a flood 

hazard that has a 1% probability of occurring in any given year. The 100-year flood is also called 

1% flood because of the 1% probability or having a return period of 100-years. 100-year flood 

was used here to represent the flood hazards. 

Site E. Hackberry locates in a census tract which ID is 22023970201 in Cameron Parish. 

As showing in the map, the geothermal site is a 0.8 mile away from the nearest flood boundary 

of 100 years flood. Considering the size of geothermal facility, 0.8 mile could be considered as a 

safe distance. 



 

Figure 2 Flood zone around Site E. Hackberry 
 

Site Sweet Lake locates in the census tract with ID 22023970100 in Cameron Parish. As 

showing in the map, the geothermal site is a 0.04 mile away from the nearest flood boundary of 

100 years flood. Considering of the size of geothermal facilities, it is a short distance that facing 

a 2 meters flood rick. 

 



 

Figure 3 Flood zone around site Sweet Lake 

Site Gueydan locates in census tract 22113950200 in Vermilion Parish. As showing in 

the map, the geothermal site is a 0.007 mile away from the nearest flood boundary of 100 years 

flood. Considering of the size of geothermal facilities, part of the facilities area will be affected 

by 0.2-0.6 meter flood.  

 



 

Figure 4 Flood zone around site Gueydan 

Induced Seismicity Risk 

With large amounts of geothermal fluids being popped and injected below the earth’s surface, 

induced seismicity or earthquake activity is an important concern. Hazus-MH earthquake model 

was used again here which could estimate the total losses caused by earthquake in the study areas. 

One of the biggest earthquake happened in Basel geothermal area in 2009 which made 

Switzerland government abort this project registered as magnitude 3.4 and underground 3 miles 

(4.8 km) (Gabbatt 2009).  Recently report shows the worst earthquakes caused by wastewater 

wells or geothermal power facilities can reach magnitude 4.0 to 5.0 according to the earthquakes 

record in United States since 2003-2013 (Joyce 2013). So this research uses magnitude 5.0 in 

user defined earthquake with 5 miles deep to show the worst scenario. 



For scenario one, a magnitude 5.0 earthquake happens in the first potential geothermal 

site, E. Hackberry, locating in a census tract which ID is 22023970201 in Cameron Parish. 

Table 1 Low seismic design building damage rate in site E. Hackberry 

 

Table 2 Pre code seismic design building damage rate in site E. Hackberry 

 



Table 3 Directly economic losses for buildings in site E. Hackberry 

 

Table 4 Directly losses for transportation in site E. Hackberry 

 

 



For scenario two, a magnitude 5.0 earthquake happens in the second potential geothermal 

site Sweet Lake locates in a census tract which ID is 22023970100 in Cameron Parish. 

Table 5 Low seismic design building damage rate in site Sweet Lake 

 

Table 6 Pre code seismic design building damage rate in site Sweet Lake 

 



Table 7 Directly economic losses for buildings in site Sweet Lake 

 

Table 8 Directly economic losses for transportation in site Sweet Lake 

 

For scenario three, a magnitude 5.0 earthquake happens in the third potential geothermal 

site Gueydan locates in a census tract which ID is 22113950200 in Vermillion Parish. This site 

locates in the intersection of different parishes which were all included in the analysis.  



Table 9 Low seismic design building damage rate in site Gueydan 

 



Table 10 Pre code seismic design building damage rate in site Gueydan 

 



Table 11 Directly economic losses for buildings in site Gueydan 

 



Table 12 Directly economic losses for transportation in site Gueydan 

 

 

 

 

 



Smaller land footprint 

A recent paper evaluates the intensity of land use associated with different energy sources based 

on the prospective technology in the year 2030. Geothermal power’s estimated usage of 7.5 

km2/TW hr/yr which is better than coal (9.7), solar thermal (15.3), natural gas (18.6), solar 

voltaic (36.9), petroleum (44.7), hydropower (54.0), wind (72.1), and biomass (543.4).  

(McDonald et al. 2009)  

Low emission levels 

Geothermal power plant has very low emission levels by comparing with other plants by using 

fossil fuel. Figure 5 shows the geographic distribution of Toxics Release Inventory (TRI) 

reporting facilities in Louisiana from the United States Environmental Protection Agency. TRI 

tracks the management of certain toxin chemicals that may threaten human health and the 

environment (http://www2.epa.gov/toxics-release-inventory-tri-program/learn-about-toxics-release-

inventory).  By checking the figure, we can see that there are many facilities with toxic release 

around site E. Hackberry.  

 



 

Figure 5 Geographic distribution of TRI reporting facilities in Louisiana 

Socio-Economic Issues 

Table 13 shows the socio-economic characteristics in the three census tract where the potential 

geothermal power plants locate.  

Table 13 Socio-economic characteristics for the three tracts 

TractID 22023970201 22023970100 22113950200 
Population 1956 4883 5075 
Population Density 3.9 6.3 20.2 
Black Percentage 0.82 2.11 4.61 
Households 783 1792 2018 
Unemployment Rate  4.2 3.0 1.7 
High school percentage  4.6 9.3 5.7 
Median Household Income 51510 65822 43979 
Poverty rate 9.8 5.1 11.6 
 



Reduce poverty 
 

Geothermal energy has potential for increasing the positive impact on poor communities which 

then contribute to poverty reduction. From the above table, census tract where site Gueydan 

locates has the highest poverty rate and largest black population.  

 

Figure 6 Distribution of Louisiana Tracts in Poverty 

Create job opportunities 

In census tract 22023970201 where site E. Hackberry locates, the estimated unemployment rate 

here was 4.2% in summer 2010, affecting an estimated 35 people age 16 and over. In census tract 

22023970100 where site Sweet Lake locates, the estimated unemployment rate here was 3.0% in 

summer 2010, affecting an estimated 79 people age 16 and over. In census tract 22113950200 



where site Gueydan locates, the estimated unemployment rate here was 1.7% in summer 2010, 

affecting an estimated 39 people age 16 and over.  

The development of geothermal power plants can create direct job opportunities for high 

caliber of professionals, including scientist in geology, geophysics, geochemistry and human 

resources and engineers in civil, electrical and mechanical. The local communities benefit mostly 

from unskilled and semi-skilled labor during the construction of the geothermal projects, such as 

construction of assesses road, masonry, loading/off-loading and so on. Geothermal power creates 

more jobs per megawatt than natural gas (Table 14) (Deloitte Consulting LLP 2008). The 

proposed power plant would be approximately between 250 kW and 1 MW in generating 

capacity which will create plenty of jobs.  

Table 14 Comparative Job Creation 

Power 
Source 

Construction Employment 
(jobs/MW) 

O&M Employment * 
(jobs/MW) 

Total Employment for 500 
MW Capacity (person-years) 

Geothermal 4.0 1.7 27,050 
Natural Gas 1.0 0.1 2,460 

 
*O&M: Operation and Maintenance; Source: U.S. DOE 2006 

Alleviate power outages 

The geothermal development can increase power supply and subsequent steadiness of electricity. 

Unlike solar panels which is dependent on the sun and light, geothermal power plants are 

unaffected by weather and night cycle. Residents, hospitals and schools are benefit from this 

characteristic of geothermal energy.  



 

Figure 7 Distribution of Louisiana Black Population and Hospitals 

Other related issues 

Tourism 

To build a geothermal power plant will improve on movement within the project area and 

increase in tourism. Sabine National Wildlife Refuge is about 8 miles south of Hackberry which 

provides colorful activities like environmental education, fishing, hunting, and wildlife 

observation. Every year there is over 280,000 people visit the refuge . Cameron Prairie National 

Wildlife Refuge is located in north central Cameron parish and there are about 30,000 people 

visit the refuge annually (http://www.fws.gov/swlarefugecomplex).  



 

Figure 8 Parks in the three tracts where the potential geothermal sites are located 

Airport 

Airports should also be considered because the large steam plumes leaving the plants can 

obstruct air traffic. Figure shows the airport position in Louisiana. The potential site in the E. 

Hackberry area may face this problem.  



 

Figure 9 Airports in Louisiana 
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