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A B S T R A C T 

This paper aims to present a full commercial-scale reinjection prediction for a geothermal field. 

Prone geothermal areas are rich in greenhouse gases below the earth’s surface. During production non-

condensable gases become part of the extracted stream, which at surface facilities the standard practice 

is to vent the undesired gases into the atmosphere. Reinjecting the whole outflow back to the reservoir 

by commissioning a closed loop scheme with no gas discharges, labels the designed binary power plant 

as zero emission. A simplified multi-layered geological model was applied in a high enthalpy geothermal 

system. The numerical model was performed with TOUGH3. The ECO2N V2.0 module designed for 

mixtures of H2O, NaCl and CO2 was employed to numerically simulate temperature, pressure and other 

properties considering commercial-scale reinjection rates. Finally, single and multi-sensitivity studies 

were performed to increase dependency knowledge of the model regarding the input variables and 

support the establishment of a proxy model for predictivity assistance in future production. 

Keywords : TOUGH3; High Enthalpy Geothermal Reservoir; Zero Emission; Total Reinjection; Proxy 
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1. Introduction 

A research of performance in the geothermal 

context was conducted to support the 

development of a high enthalpy zero-emission 

power plant to produce electricity. 

Awareness of greenhouse gas (GHG) reduction 

is increasing. Geothermal areas naturally 

contain underground greenhouse gases such 

as CO2, CH4 and marginal traces of other 

chemicals. Underground gases can escape 

through upwards natural geothermal 

phenomena or through geothermal exploitation 

activity. During operational times, output fluid 

from producers will be composed of a variable 

percentage of underground gases. At surface 

facilities, while the vapor changes phase after 

releasing the heat, the predominant gases in 

composition barely condense, remaining in the 

same phase, labeled as non-condensable 

gases, NCG. Figure 1 depicts the standard 

practice in the region, a partial reinjection of the 

fluids. 

 

Figure 1 - Steam outflow and reinjection 

inflow evolution rates in Valle Secolo [1]. 

The gas content is also displayed. 

The zero emission powerplant concept, 

releases no gases during its operation. 

Following this direction makes it easier to meet 

local environmental standards. 

The behavior of the NCG plays an important 

role in this research. At the commercial level, 

the presence of NCG affects the powerplant 

efficiency. Moreover, NCG's total reinjection 

poses other technical problems to the 

operation.  

Based on scientific data, the model and the 

respective sub simulations were carried out on 

the TOUGH3 simulator.  

Additional simple and multiple sensitivities 

studies were accomplished to provide additional 

data on a wide range of parameters. The last 

objective of this work is to develop a proxy 

model to increase predictability over the period 

of operation. 

2. Site X Project 

The field covered in this study is a field 

potentially located in Italy, in Tuscany between 

the provinces of Pisa and Siena. The Site X field 

is adjacent to the Larderello - Travale area, 

supported by Figure 2.  

 

Figure 2 – Regional location of the main 

geothermal fields [5]. 
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3. Regional Exploitation Review 

The regional starting point came in 1818 in the 

Larderello area, after innovative discoveries 

linked to the economic extraction of boric acid 

as a by-product of hot steam. In 1904 a 

transformation of the geothermal exploitation 

was observed; from the chemical extraction to 

the production of electricity. Since then, 

exploration has pursued shallow and deep 

objectives. At the same time, outside Italy, 

geothermal plants were installed in other 

geothermal regions that benefit the 

development of the industry worldwide. 

4. GECO 

The European Horizon 2020 research and 

innovation programme promote GECO project, 

which stands for "Geothermal Emission 

COntrol". The GECO project expectations is to  

supply with cleaner and cheaper geothermal 

energy besides a reduction in carbon and 

sulphur emissions.  

The core of the GECO project will focus on the 

research, development and commercial scale 

demonstration of innovative technologies, 

recently developed and employed on a pilot 

scale experience in Iceland. In addition, GECO 

intends to increase the acceptance and 

recognition of this new approach as a new 

standard practice for the geothermal energy 

industry.  

5. Thermal Numerical Reservoir 

Modelling 

Mapping fluids at reservoir conditions allows to 

comprehend the various thermodynamic stages 

of the geothermal fluid development. An outline 

of a possible thermodynamic evolution from the 

injection point until fluid reaches the wellhead 

was established. 

According to the literature, the main component 

of the NCG is CO2. For easy treatment and 

simplified analysis, CO2 will be mentioned as 

representative of the entire percentage of 

NCGs. Figure 3 depicts the main 

thermophysical properties of pure CO2. 

 

Figure 3 – Phase diagram for pure CO2 [2]. 

The relevant thermophysical properties were 

analysed. Within the reservoir, the temperature 

estimated based on literature, the CO2 at 

subcritical gas phase (scCO2).  

The reinjection consists of a total reintroduction 

of the produced fluid. An expected range of 

NCG is considered based on the literature. The 

injection temperature ensures H2O in the liquid 

phase and CO2 in the subcritical gaseous state, 

scCO2.   

6. Dissolution 

Under surface conditions, the H2O vapour 

phase condenses and the other gases in the 

flow remain in the gaseous state. In order to 



 

4 
 

inject them, NCGs should be dissolved in the 

aqueous stream of H2O.  

The carbon dioxide will return to the reservoir 

through the injection liquid. Two different 

scenarios can be foreseen. The first scenario, 

the injection of the aqueous solution triggers 

interactions between the reservoir rock and the 

geothermal fluid charged with acid gas. 

Otherwise, might lead to the vaporization of 

carbon dioxide returning to gas phase. 

7. Pressure and Temperature 

Dependence 

The solubility of CO2 in liquid water is not 

independent from temperature and pressure. 

The corresponding solubility will be different 

above or below the critical point, CP, as shown 

in Figure 4. 

 

Figure 4 - Carbon dioxide solubility in water 

according to temperature and pressure [3]. 

Pressure values are in atm. 

Overall, under CP, solubility at constant 

pressure will decrease with increasing 

temperature. Inversely, beyond the critical 

point, the solubility at constant pressure, 

outlines a "U" shape, in a first phase will 

decrease with increasing temperature, and after 

reaching a minimum level begins to increase. 

After positioning the projected conditions at 

surface, the blue point, in Figure 4, it is shown 

that there is no possibility of dissolving more 

than 2% of CO2. 

8. Base Case Numerical Reservoir 

Model 

The proposed base case model is a simplified 

representation of the local geological structure.  

The model can be compared to "shoe box" due 

to the level of simplicity. This model was 

realized with TOUGH3 and more particularly 

with the ECO2N_V2 module designed for H2O, 

NaCl and CO2 mixtures. 

The TOUGH3 software has the particularity of 

being composed of source cells instead of a well 

modelling feature distributed along the desired 

layers. Figure 5 below presents the tested 

model. 

 

Figure 5 - A whole perspective of the 

boundaries of the matrix. 
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The injector and the producing cells are opened 

in the layers of the reservoir matrix. The 

following Table 1 shows the characteristics of 

designed numerical model. 

Table 1 - Numerical Parameters for Base 

Case Model. 

Parameter [ Unit ] Value 

Matrix Dimension [X, Y, Z] 125*125*12 

Reservoir Block Volume [ m3 ] 60*60*60 

Overburden Block Volume [ m3 ] 60*60*190 

Underburden Block Volume [ m3 ] 60*60*170 

 

9. Initialization Model – Overburden 

until Surface 

This specific model tries to recreate a more 

accurate natural state of the reservoir, 

especially in terms of temperature and 

hydrostatic pressure. The results obtained were 

incorporated to initialise the base case  model 

for future simulations. In this way, the 

sustainability of the following results is expected 

to increase. 

At surface, z = 300 m above sea level, the 

temperature has been set to 18° C. In order to 

obtain a natural distribution of the temperature 

along the reservoir. The simulation for this 

particular model was carried out over a long 

period of time with the aim of achieving thermal 

and hydrostatic equilibrium. The balance is the 

result of the model's inputs, such as geothermal 

flow and temperature gradient, depth and 

thickness. 

 

Figure 6 - Temperature profile matching 

between the nearby wells and the deduced 

thermal profile, modified from [4]. 

As seen in Figure 6, the deepest part is the most 

difficult to model. At some point there is a clear 

change in the thermal gradient, a more vertical 

one. These may indicate a convection zone. 

Eventually, results in what can be considered a 

temperature distribution which accounts for 

conductivity and perhaps convective heat flow. 

Figure 6 results presented above are the final 

values stored and used as initialization 

conditions for temperature in the ensuing 

simulations for single sensitivity. 

Afterwards, at the same time pressure 

behaviour inside the reservoir model was 

deduced from the initialisation model and 

compared with the literature numbers. 

Furthermore, an examination of the results for 

the key properties within integrated data from 

the initialization model was also analysed . 
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10. Single sensitivity studies 

A sensitivity analysis was performed to 

understand the influence of the parameters on 

the performance of the reservoir in certain 

hypotheses. Reservoir simulation involves a 

large number of parameters. Therefore, it is 

imperative to quantify the impact of variations of 

these parameters on the simulations. 

Moreover, the sensitivity studies aimed to 

generate new data on alternative scenarios 

supporting alternative designs to optimize the 

operation. Throughout the study, the effect of 

porosity, permeability, initial content of CO2 

fraction and injected were examined by 

establishing a range of sensitivities. 

11. Multi Sensitivity Study 

Additionally, a multi sensitivity study was 

performed with ATOUT software. A 

deterministic sensitivity analysis was used to 

compare the relative importance of input 

variables for a following proxy model. Table 2 

lists the parameters introduced in this study. 

Table 2 - Input parameters for multi 

sensitivity analysis studies. 

Parameter 
Min 

Value 
Max 

Value 
Mean 
Value 

iCO2 0,06 0,1 0,08 

iPor 0,02 0,08 0,05 

XY_Per 1,00E-14 1,00E-13 5,50E-14 

Pre_Res 6,00E+06 7,00E+06 6,50E+06 

LL 0,25 0,35 0,3 

UL 0,9 1 0,95 

R_Per 10 100 55 

 

As shown in Table 2, each input parameter is 

associated with a minimum, maximum and 

average value of the range. The description of 

the variables is as follows: iCO2 symbolizes the 

initial CO2 content in the reservoir and the mass 

percentage of CO2 through the input cells; iPor, 

describes the initial porosity of the cells of the 

reservoir; XY_Per represents a homogeneous 

horizontal permeability for the X and Y 

directions. Pre_Res controls the initial pressure 

of the reservoir. LL indicates the lower limit of 

relative permeability for gas and water. R_per is 

equal to the ratio between horizontal and 

vertical permeability. 

12. Screening the most impacting 

parameters  

From the beginning, the weight of each 

independent variable and the relationship 

between the response and the independent 

variables were unknown. Of all the responses 

studied, some experience a direct influence of 

several variables in the study. Therefore, a 

large influence of the mentioned parameters is 

expected. Although, for other responses such 

as enthalpy, the same logic may not be relevant. 

13. Proxy Model 

After a multi sensitivity analysis comprising a 

global sensitivity analysis over time, all the 

conditions were gathered to develop a proxy 

model. 

The benefit of using software as ATOUT is the 

ability to generate a proxy model. Using proxy 

model makes it easy to estimate the value of a 

desired parameter to support production output. 

A proxy model presents quantitative values for 

the field outcomes for a given range. An 

assembled response surface is illustrated by 

Figure 7. 



 

7 
 

 

Figure 7 - Enthalpy surface response 

generated directly from proxy model for 

timestep of 10 years. 

Therefore, once production data values are 

known for the given parameters that were used 

to construct this surface, an immediate 

prediction can be forecasted. 

14. Conclusions 

The overall objective of this research was to 

establish a reservoir model based on scientific 

literature and information from regional 

environments. The model has been subjected 

to a series of reservoir performance studies. In 

addition, the study of NCG behaviour was 

performed. Another main contribution of this 

project is a single analysis and a multi-

sensitivity analysis, which allows to develop 

alternative exploitation scenarios and strategies 

as well as a proxy model to increase 

predictability during the production phase. 

To meet legislative pollution criteria regarding 

atmospheric pollution, the projected production 

was conceived to be entirely reinjected. This 

measure exposes the project to the effects of 

non-condensable gases, NCG, within 

geothermal steam.  

Therefore, at the producer source cells, NCG 

distribution values provide an estimative value 

about the concentration of the undesired gases 

can achieve. Even though, TOUGH software 

does not have a well modelling feature.  

With strategic completion techniques it is 

possible to decrease the NCG values at 

producer cells implemented towards an 

improvement of the usable steam rate, by 

limiting the NCG based on previously acquired 

knowledge from the base case and sub models. 

At the end, the obtained rates for the different 

parameters can be considered as threshold for 

future production. 

As for temperature decline at the producer cells 

is insufficient to impact the enthalpy of the 

outflow. Contrary, for the injector cells the 

temperature decline is considerable, since the 

injected stream is much cooler than the 

reservoir temperature. In addition, some 

vaporization might take place, reducing NCG 

concentration by generating new steam. 

The base case design easily benefits of 

pressure maintenance and enhancement of 

energy extraction once produced fluid is 

reinjected at similar magnitude to the 

production. This way sustains the pressure by 

not decaying rapidly over time. 
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