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Resumo 

Este trabalho tem como objectivo apresentar uma visão de reinjeção total à escala comercial 

num campo geotérmico. As regiões geotérmicas propícias são ricas em gases com efeito de estufa 

aprisionados debaixo da Superfície da Terra. Durante a produção, os gases com efeito de estufa não 

condensáveis à superfície tornam-se parte do fluído extraído. Uma vez chegados às instalações de 

superfície, o procedimento padrão adoptado pela indústria é ventilar os gases indesejados para a 

atmosfera. A reinjecção integral do caudal extraído de volta para o reservatório complementa um 

esquema de circuito fechado sem descargas para o exterior, intitulando a central eléctrica projectada 

de zero emissões. Um modelo geológico simplificado de múltiplas camadas foi adaptado num sistema 

geotérmico de alta entalpia. O modelo numérico foi realizado com o software TOUGH3. O módulo 

ECO2N V2.0 projectado para misturas de H2O, NaCl e CO2 foi empregue para simular numericamente 

temperatura, pressão e outras propriedades, considerando o volume de reinjeção à escala comercial. 

Finalmente, foram realizados estudos de single e multi sensibilidade para ampliar o conhecimento da 

dependência do modelo em relação às variáveis estudadas e auxiliar a criação de um modelo proxy 

para assistir e prever produção futura. 
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1. INTRODUCTION 

1.1 Objectives of the study 

 The current report addresses a performance research in a geothermal framework of an onshore reservoir 

in Italy. The conducted study intended to support the development of a zero-emission high enthalpy powerplant 

for electrical generation. 

 The awareness to mitigate Greenhouse Gases, GHG, is ever-increasing regarding air pollution. Prone 

geothermal areas contain naturally GHG underground such as CO2, CH4 and marginal trace of other chemical 

substances. Gases may escape from earth’s crust by natural upward geothermal events or due to geothermal 

exploitation activity. 

 Throughout exploitation operations, the output fluid coming from the producers will be composed by a 

variable percentage of underground gases. At surface, while the steam changes phase after releasing the heat, 

the prevailing gases in composition hardly condensate, remaining in the same phase, the so-called Non-

Condensable Gases, NCG. In the examined field, the regional standard practice is a partial reinjection of fluids, 

evidenced on Figure 1. 

 

Figure 1 - Steam outflow (red line) and reinjection inflow (blue line) evolution rates in Valle Secolo 

within Larderello area for 60 years of exploitation from [1]. In addition, gas content is displayed in 

dashed green line. 

Emissions from geothermal powerplants are related mainly to vented NCG into the atmosphere. The 

extracted geothermal fluid composition is strongly dependent on local variations, thus carbon footprint emissions 

released will vary accordingly to outflow content. Even though, emissions discharged by geothermal activity are 

almost negligible compared to fossil fuels power plants. 
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The NCG behaviour assume a significant role on this research. At a commercial level, the presence of 

NCG cause a performance reduction in the power plant, since reduce heat transfer efficiency. Additionally, the 

total NCG reinjection carry further technical challenges to undertake this operation. Surface facilities must be 

appropriately designed in order to maneuver NCG threshold, which in turn will be determined by fluid chemistry, 

water phase, temperature, pressure and the NCG concentration on the influx. 

 Reinjection strategies on geothermal projects are applied to foster valuable benefits towards upgraded 

reservoir management. A zero emission powerplant concept reinjects the entire volume of geothermal fluid 

extracted including NCG, having no gas discharges during operation. Following this direction, it is easier to meet 

local environmental standards and might result in a change of paradigm for geothermal industry. 

 The studied region gave birth to the initial geothermal industry. Meantime, it has been under constant 

investigation since regional geothermal industry flourished. The main reservoir parameters equated are based 

on literature indications together with the available understanding from regional fields. Based on scientific data, 

the model and respective simulations were performed on TOUGH3 simulator. All simulations were executed on 

ECO2N V2.0 module designed for mixtures of H2O, NaCl and CO2. 

On early phases of development in this projects, numerical simulations are of widespread importance, 

helping on modelling the conduct of varied range of parameters and appraising their impact throughout the 

reservoir. This standard practice well comprehended improves reservoir knowledge, strategic management and 

bring value for further improvements on the project. 

 Supplementary single and multi-sensitivities studies intended to support additional data on a wide array 

of parameters. The literature-based parameters heat flux, permeability, porosity, NCG concentration were 

submitted to impact quantification in an overall view. Ultimately, these data will be used for alternative designs of 

production. 

 The last purpose of this project was to create a proxy model to increase predictability during exploitation 

time. In addition, in later stages of the project the proxy model will be coupled with a surface and well models 

ensuring flow perspectives for the entire loop system. 
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1.2 Site X Project 

 The dealt field in this study is a potential site placed in Italy, more precisely in Tuscany region between 

the provinces of Pisa and Siena. The investigated Site X reservoir was located adjacent to Larderello - Travale 

area, supported by Figure 2. 

 

Figure 2 – Regional location of the main geothermal fields, Larderello, Travale, Radicondoli and Monte 

Amiata, on the left side within a national perspective on the right, modified from [2]. 

 The main regional fields for heat harvest are identified on the Figure 2, grouped in 2 different areas, a 

northern zone and a southern one. The studied area is recognized for being the birth of geothermal industry 

worldwide and since then has been produced for more than 100 years. The extension of geothermal power 

leaded to a 25% share of the total annual electricity generated regionally [3]. Overall, there are still local 

opportunities to be explored and developed for the same purposes. 
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1.3 Regional Exploitation Review 

 The starting point befell in 1818 in Larderello area, after innovative discoveries linked to the economical 

extraction of boric acid as hot steam by-product. In 1904 is observed a transformation of geothermal exploitation; 

from chemical extraction to electricity generation. Piero Ginori Conti accomplished to use geothermal vapor as 

energy source for an experience with 5 light bulbs. 

 The year of 1913 marks the beginning operation of the first geothermal unit erected in the region and 

worldwide with an installed capacity of 250 kW. Since then, exploration mapped out shallow and deep targets. 

Following, regional drilling programs were accomplished to allow a wider exploitation of regional heat’s crust. 

Parallelly, outside Italy, geothermal powerplants were installed in other prone geothermal regions fostering the 

industry worldwide. 

 By the end of 2005, regional total outflow from Larderello and Travale fields accounted for more than 

1000 Kg/s. Figure 3 depicts the evolution of the vast contribution of both fields for the total regional production. 

 

Figure 3 – Total and specific historic production flow rates evolution for both Larderello and Travale 

areas from [1]. 

More recently, Italian geothermal capacity installed for power generation are predominantly present in 

Tuscany accounting for 916 MWe, within 795 MWe allocated in Larderello-Travale and the rest at Monte Amiata 

[2]. 
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1.4 Geothermal Emission COntrol - GECO 

 The European Horizon 2020 research and innovation programme subsidized a consortium of 18 partners 

to promote GECO project, that stands for “Geothermal Emission COntrol”. GECO project expect provision of 

cleaner and cost-effective geothermal energy with a restrain of carbon and sulphur emissions from geothermal 

power generation.  

 The core of GECO project shall be focused on research, development and a commercial-scale 

demonstration of innovative technology, recently matured and effectively employed at a pilot-scale in Iceland. 

Additionally, GECO targets to both increase public acceptance and recognition of this novel approach as a new 

standard practice for geothermal power industry. To that end, its application will take place in four distinct 

geothermal sites:  

1) a high temperature basaltic reservoir 

2) a high temperature gneiss reservoir  

3) a high temperature volcano-clastic reservoir 

4) a low temperature sedimentary reservoir 

 Within GECO project, the distinctive approach involves capturing the waste gases, dissolving them in the 

geothermal water stream, and reinject the acidic gas-charged fluid. The aqueous solution is expected to trigger 

the dissolution of subsurface rocks, increasing reservoir permeability and simultaneously the fixation of the 

dissolved gases by mineralization. Another projected outcome is the conception of new and more accurate 

modelling tools to predict the reactions that occur in the subsurface in response to induced fluid-flow and favour 

the scalability of gas capture and purification. This unique method promotes a long-term environmentally friendly 

manner to store waste gases, lowering the costs compared to standard industry solutions.  

 Gas capture and purification methods will also be advanced by lowering consumption of resources like 

electricity, water and chemicals, in order to deliver economical usable CO2 as a commodity. Finally, gas capture 

for reuse will be submitted to a second cleaning stage, accomplished with amine separation with burn and scrub 

processes, producing a CO2 stream with H2S levels below 1 ppm. 
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2. STATE OF ART - LARDERELLO-TRAVALE GEOTHERMAL 

SYSTEM 

2.1 Geothermal System Outline 

 During the last 30 million years, compressive and extensive geodynamic movements governed regional 

geological evolution. Larderello – Travale field was identified as a superheated steam system [4] and the current 

stratigraphic structural setting grants Larderello – Travale hydrothermal system a steady vapour equilibrium [4] 

resulting in a sub-pressure lower than the normal hydrostatic gradient. Based on the stratigraphic profile of the 

region, the existence of the 2 reservoirs, a shallow and a deeper one [5], along with a steam-dominated profile is 

feasible after Travale Sud 1 and Montieri 4 wells proved to be productive. Supporting an identical vision, there is 

a system dominated by vapour being exploited from 2 targets at a maximum of 3500 meters [6]. The first target 

within Mesozoic limestone and anhydrite dolostone and the deeper one within metamorphic complex [6]. Due to 

successful deep drilling programs it was presumed an extension of more than 400 km2 for Larderello-Travale 

geothermal field [7]. 

 

Figure 4 - Regional stratigraphic column representation modified from [1]. 

 The cover rocks of the stratigraphic column, Ligurian series, on account of a nearly zero permeability 

inhibit any vertical flow movements to virtually inexistent [8]. However, inflow of meteoric waters is reported on 

the southward part of the region due to the presence of permeable outcrops [9]. Even though, the impact on 

steam production resultant after a natural recharging of the system was perceived as quite negligent [10]. The 

natural inflow was assessed as close as 300 t/hr with local impact, equivalent to almost 10% of the total production 

flow rate of the region [11]. 
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2.2 Pressure and Temperature Conditions 

 Documented values of temperature distribution for more than 500 regional wells attested for Larderello 

region the following temperature arrays of 120°C – 140°C, 150°C – 170°C, 200°C – 260°C and 300°C – 400°C 

reaching depths between 200 – 300 meters, 300 – 500 meters, 500 – 1200 meters and up to 4000 meters, 

respectively [10]. In the same vein, temperatures for deep steam targets assessed between 300°C - 350°C [4] 

and outflow quality emphasized as high enthalpy stream [12]. The revealed thermal profile of Montieri 4 well 

unveiled for the initial 1000 meters a small geothermal gradient, contrasting with the high geothermal gradient 

reaching 150°C/Km within the deeper metamorphic formations [5]. Permeability distribution seriously impacts on 

heat circulation across the reservoir. In high permeable formations a more homogenous temperature prevails. 

This homogeneity is achieved due to superior fluid circulation [9]. For the top of the shallow reservoir was 

appraised a considerable decline of temperature due to circulation of cold meteoric waters [9].  

A pressure of a few bars was revealed for depleted zones and about 60 – 70 bars for replenished targets 

[4]. Other assessment, specified for deep super-heated steam reservoir a pressure between 40 -70 bar 

throughout the field [2, 12]. 

2.3 Heat Flux and Heat Transfer 

The amplified regional heat was recognised as a consequence of the Ligurian and Sub-Ligurian layer 

crustal thinning leaded by upwelling magmatic bodies [1]. The regional thermal gradient for Tuscany area was 

acknowledged to exhibit a background heat flow higher than 100 mW/m2 [13]. Moreover,  maximum rates up to 

1000 mW/ m2 and 600 mW/ m2
 were detailed relative to Larderello and Mt. Amiata areas respectively [14], as 

illustrated on Figure 5. Anomalous regional heat flow average between 150 - 200 mW/m2 stands out comparing 

with lower continental values of 50 - 60 mW/m2 [15]. 



 

        8  

 

Figure 5 – Regional fault tectonic scheme and heat flow map distribution expressed in 𝒎𝑾 × 𝒎−𝟐 

modified from [2]. 

Inside Larderello perimeter, peak values are reached southward close to Lago area. For the studied model 

was granted a south border heat flow near 300 𝑚𝑊 × 𝑚−2 and the norther cooler border bounded between 100 

to 150 𝑚𝑊 × 𝑚−2. 

As heat transfer methods, low permeability zones were recognized as the preferential features to occur 

conduction [9]. Instead for convection phenomena to happen inside the reservoir, a minimal permeability 

threshold of 1 mD was ascertained with another requirement, if temperature at 10 Km depth reaches at least 500 

± 50 °C [16].  

2.4 Petrophysical Properties 

Primary porosity was ranked as number one impacting parameter permeability of the igneous rock [8]. 

Reservoir effective porosity range of 4-5 % was discovered after local studies were conducted [8]. For cover and 

basement layers of the investigated geothermal system, data obtained from local wells certified effective porosity 

intervals between 0.1% to 10 % and lower than 1% respectively [3]. 

Fractures due to cooling or by geodynamic processes were ranked as second most impacting parameter 

[3]. The existence of a huge reservoir characterized by a fractured permeability was disclosed when a drilled area 

of 400 km2 attested a constant pressure across the entire field [4]. Also, secondary permeability was recognized 

for shallow and deeper reservoirs due to fractures presence [1]. Unveiled by regional deep drilling programs, 

inhomogeneous fractured systems were identified between 2.5 to 4 Km depth [9]. In addition, a wide range of 

permeabilities within the metamorphic basement were characterized [9]. The heterogenous zones evidence 
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permeabilities above 5 mD within the Tuscan Metamorphic Complex, TMC [1]. The presence of focused 

inhomogeneous areas grants a permeability ratio improved by 50-100 times compared to neighbour rocks [16]. 

2.5 Well Productivity and Injectivity 

As for production flowrates, horizons ranging 8 – 16 Kg/s were pointed out together with accomplishment 

ratios of 60% in the neighbourhood of Larderello – Travale – Radicondoli [9]. Furthermore, average production 

of nearly 7 Kg/s were mentioned with maximum rates of 97 Kg/s [12]. Besides, stream flows with 15% threshold 

of NCG were measured and be mainly composed by CO2 and H2S [12]. Production assessments conducted on 

the Montieri 4 well, with a total depth 3721 meters, achieved outflow rates of almost 14 Kg/s [5]. More recently, 

values of steam phase attested ranges between 92 to 98%, with average NCG values around 11% within an 

interval in between 1 to 20 % in mass weight [2]. Typical regional NCG streams identified by weight are composed 

by 97% of CO2, 1.5% of CH4, 0.3% of H2S and other chemical traces [5]. 

A local injectivity process was undertook within the main faults crossing the Montieri 4 borehole, tested 

firstly without stimulation and later with acidification jobs [5]. This operation resulted in an increased injectivity 

rate from 0.2 - 0.7 m3/h/bar to a 5 m3/h/bar in certain fractures at 2880 meters [5]. 
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3. THERMAL NUMERICAL RESERVOIR MODELLING 

3.1 Reservoir Thermo-Physical Properties 

 Mapping fluids at reservoir conditions allows to comprehend the various thermodynamic stages of the 

geothermal fluid development. Figure 6 outlines one possible thermodynamic evolution from the injection point 

until fluid reaches the wellhead. 

 

Figure 6 - Pressure - Enthalpy diagram for thermodynamic mapping of the injected fluid until the 

wellhead. 

 The pressure – enthalpy diagram presented fits only for pure H2O. Would be desirable, even if requires 

a more detailed thermodynamic investigation, analysing the influence of other chemical components in the 

stream. The presence, in solution, of other chemical substances leads to deviations from the pure H2O envelope 

range, where vapor and liquid phase coexist. 

 From the observation of Figure 6, starting at point 1, liquid water is injected. A heat exchange interaction 

prompts between reservoir rock and H2O. Throughout the reservoir, considering losses of pressure, H2O is 

heated up, crosses the bubble line and the entire envelope extension until the final evaporation point at 2. 

Afterwards, until point 3, the vaporized steam reaches the producer well as a nearly isothermal process inside 

the reservoir. Finally, from point 3 to 4 the fluid under pressure and temperature variations all the way up until 

the wellhead describe a fairly isoenthalpic process inside the wellbore.  
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 According to the literature, the main component of the NCG is CO2. For easy treatment and simplified 

analysis, CO2 will be mentioned from this point as representative of the entire percentage of NCGs. Figure 7 

depicts the main thermophysical properties of pure CO2. 

 

Figure 7 – Phase diagram for pure CO2 [6]. 

 Relevant thermo-physical properties of pure CO2 concerning this study are vapour liquid equilibrium line 

and the critical point at 304.128 K (≈ 31°𝐶) and 7.3773 MPa (73.773 bar). Within reservoir temperature estimated 

based on the literature, CO2 is at sub-critical gas phase (scCO2), since examined reservoir pressure range is 

between 60-70 bar is not enough to reach the supercritical state.  

 In this project the injection design consists of a total reinjection of the produced fluid. It implies an 

expected range of NCG between 6% to 10%. The injection temperature set for 89°C assures H2O in liquid phase 

and CO2 in sub-critical gas state, scCO2.  

3.1.1 Dissolution 

 The expected geothermal stream comprises several other gases in solution. At surface conditions H2O 

steam phase condenses and other gases in stream remain in gaseous state. These NCGs as CO2, may not be 

easily injected back into the reservoir. To be able to reinject into the reservoir, NCGs should be dissolved in the 

aqueous H2O stream. Overall, the reinjection program can be considered as multicomponent, NCG with H2O and 

hypothetically in addition solid NaCl, multiphase, liquid and vapor states and non-isothermal. 

 In a simple perspective, dissociation of carbon dioxide gas allows a reaction with liquid water. The carbon 

atom, as electron poor, reacts with the electron rich oxygen donating an electron pair to the carbon.  

𝐻2𝑂 (𝑙)  +  𝐶𝑂2 (𝑔)  ↔  𝐻2𝐶𝑂3 (𝑎𝑞) 

 In equation (1) reaction between water and dissolved carbon dioxide is reversible and rapid. Carbon 

dioxide will be returning to reservoir via injection fluid. Two different scenarios can be anticipated. The first 

scenario, the injection of the aqueous solution trigger interactions between reservoir-rock and the acidic gas 

charged geothermal fluid, prompting a dissolution, changing reservoir permeability and simultaneously a 

(1) 
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mineralization of the dissolved gases. Otherwise, once injected the other development afterwards may be the 

vaporization of carbon dioxide returning to gas phase. 

3.1.1.1 Pressure and Temperature Dependence 

Solubility of CO2 in liquid water depend on temperature and pressure. The importance of measuring the 

solubility will be relevant to determine the feasibility of the designed injection program. Investigating the solubility 

of the CO2-H2O system under the designed operation conditions of temperature, 80 to 300 °C, and pressure, 10 

to 70 bar, is vital to assess the total reinjection of the produced flow. Moreover, the corresponding solubility will 

be different over or under the critical point, CP, as shown in Figure 8. 

 

Figure 8 – Carbon dioxide solubility in water according to temperature and pressure [7]. The blue point 

represents the expected pressure and temperature at surface conditions for this project. Pressure 

values are in atm. 

Overall, under the CP, the solubility for constant pressure, will decrease with an increase of temperature. 

Inversely, over the critical point, the solubility for constant pressure, outlines a “U” shape, in a first phase will 

decrease with an increase of temperature, and after reaching a minimum level starts increasing. 
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After positioning the projected conditions at surface, blue point, on Figure 8, it is evidenced that there is 

no possibility to dissolve more than 2% of CO2. For purposes of analyse the thermal model below is tested with 

an injection program within a theoretical range between 6 – 10%. Ultimately, at surface facilities to reach this 

reinjection levels, since the dissolution in the stream is no higher than 2% additional measures would be required 

to achieve the entire reinjection of NCGs. 

3.2 Mathematical Equations 

 Appropriate mass conservation function must embrace the entire description to govern fluid flow in 

fractured porous medium is defined as follows: 

𝜕

𝜕𝑥
(𝜙(𝑋𝐿

𝐻2𝑂𝑆𝐿𝜌𝐿 + 𝑋𝐺
𝐻2𝑂𝑆𝐺𝜌𝐺))

=  −∇ {𝑋𝐿
𝐻2𝑂𝜌𝐿 (−𝑘

𝑘𝑟𝐿

𝜇𝐿

[∇𝑃𝐿  −  𝜌𝐿𝑔]) + 𝑋𝐺
𝐻2𝑂𝜌𝐺 (−𝑘

𝑘𝑟𝐺

𝜇𝐺

[∇𝑃𝐺  −  𝜌𝐺𝑔])} + (𝑞𝐿
𝐻2𝑂 + 𝑞𝐺

𝐻2𝑂) 

𝜕

𝜕𝑥
(𝜙(𝑋𝐿

𝐶𝑂2𝑆𝐿𝜌𝐿 + 𝑋𝐺
𝐶𝑂2𝑆𝐺𝜌𝐺))

=  −∇ {𝑋𝐿
𝐶𝑂2𝜌𝐿 (−𝑘

𝑘𝑟𝐿

𝜇𝐿

[∇𝑃𝐿  −  𝜌𝐿𝑔]) + 𝑋𝐺
𝐶𝑂2𝜌𝐺 (−𝑘

𝑘𝑟𝐺

𝜇𝐺

[∇𝑃𝐺  −  𝜌𝐺𝑔])} + (𝑞𝐿
𝐶𝑂2 + 𝑞𝐺

𝐶𝑂2) 

Where, 

𝑆 - Saturation [−], 𝑋 - Mass Fraction [−], 𝜙 - Porosity [−], 𝜌 - Density [
𝐾𝑔

𝑚3], 𝑢 - Viscosity [𝑃𝑎. 𝑠], 𝑘 - Permeability 

[𝑚2], 𝑘𝑟𝐿 – Liquid Relative Permeability [−], 𝑘𝑟𝐺 – Gas Relative Permeability [−], 𝑃 - Pore Pressure [𝑃𝑎], 𝑔 – 

Gravity Component [
𝑚

𝑠2], 𝑞 - Flux [
𝑚

𝑠
] 

 Equally, for heat accumulation in two-phase system equation 3 is stated as: 

𝐻 =  (1 − ϕ)ρRockCRockT + ϕ(S𝐿ρLu𝐿 + SGρ𝐺u𝐺) 

Where,  

𝜌𝑟𝑜𝑐𝑘  - Rock Grain Density [
𝐾𝑔

𝑚3], 𝐶𝑟𝑜𝑐𝑘  – Rock Specific Heat [
𝐽

𝐾𝑔.°𝐶
], 𝑇 - Temperature [°𝐶], 𝑢𝐿  – Liquid Specific 

Internal Energy [
𝐽

𝐾𝑔
], 𝑢𝐺 – Liquid Specific Internal Energy [

𝐽

𝐾𝑔
] 

3.2.1 Boundary Conditions 

As for top and bottom boundary conditions, two additional layers without porosity or permeability were 

implemented to support reconstructing closer real-subsurface conditions.  

For the lateral boundary conditions in the investigated model and sub models were implemented Dirichlet 

conditions by assigning very large volumes to grid blocks adjacent to the boundary, so their thermodynamic 

properties remain unchanged. 

3.3 Base Case Numerical Reservoir Model 

 The base case model proposed is a simplified representation of the local geologic structure. Together all 

the blocks act as a porous media network. Singularly, each and every block, as a discretized subdivision of the 

reservoir, express average values of the different reservoir parameters for a particular reservoir volume 

represented. 

(3) 

(2) 

(4) 
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The numerical model can be compared to “shoe box” due to the level of simplicity. This model was 

performed with TOUGH3 and specifically with the ECO2N_V2 module designed for mixtures of H2O, NaCl and 

CO2. 

 A particularity of TOUGH3 software consist of source cells instead of a well modelling feature, distributed 

along the desired layers.  

 The following Table 1 shows the characteristics of designed numerical model. 

Table 1 – Numerical Parameters for Base 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 

 The concession area totals 7.5 Km2 contrasting with a resulting modelled grid area of 56.25 Km2 projected 

to ensure a minimal impact of the boundary conditions, BC, on the results.  

 The designed system relies on 12 layers, where top and bottom layers represent the overburden and 

underburden, respectively and the 10 layers in the middle are the reservoir. 

Concerning the thermal and petrophysical properties of the system, Table 2 and Table 3 resumes all of 

them respectively. 

Table 2 - Thermal Properties of the entire matrix of the base case model. 

Parameter [ Unit ] Value 

Density Matrix [ Kg/m3 ] 2600 

Thermal Conductivity [ W/(m.°C) ] 2.51 

Specific Heat [ J/(Kg.°C) ] 920 

On Table 3 petrophysical properties are listed for the matrix and for the injector well cells. 

Table 3 - Petrophysical parameters on the left, for the entire matrix except injector cells, on the right 

side the properties for the injector well cells. 

Matrix Parameter [ Unit ] Value  Injector Parameter [ Unit ] Value 

Porosity [ % ] 0.02  Porosity [ % ] 0.02 

Horizontal Permeability [m2 ] 1.E-14  Horizontal Permeability [m2 ] 1.E-13 

Vertical Permeability  [m2 ] 1.E-15  Vertical Permeability  [m2 ] 1.E-14 

Table 4, presented below, lists the initial conditions of the reservoir state for the main variables, pressure, 

CO2 mass fraction in gas and temperature. 
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Table 4 - Reservoir main variables for the initial timestep. 

Parameter [ Unit ] Value 

Pressure [ Pa ] 65.E5 

NaCl Content [ % ] 0 

Initial CO2 Gas Fraction [ % ] 8 

Temperature [ °C ] 280 

Concerning the well productivity and injectivity, Table 5Table 4 enumerates the output and input rates 

for the base case model. 

Table 5 - Rates for Outflow and Inflow rates. 

Parameter [ Unit ] Value 

Total Injected CO2 [ Kg/s ] 1.6 

Total Injected H2O [ Kg/s ] 18.4 

Total Mass Production [ Kg/s ] 20 

 The injector and both producer cells are open in all the 10 layers of the reservoir matrix. Since there is 

no well modelling feature, the source cells will be producing/injecting equally distributed through all the layers the 

same mass amount. Figure 9 portrays the entire mesh of the base case model. The source cells were positioned 

at the middle to minimize the effects of boundary conditions of the mesh.  

 

Figure 9 – A whole perspective of the boundaries of the matrix. 
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 Figure 10 pictures the central part of the reservoir, where the source cells are placed.   

 

Figure 10 – A detailed view on the central part the mesh. 

3.4 Initialization Model - Overburden until surface 

The main objective for this particular model consisted in recreating a more accurate natural state of the 

reservoir, especially in terms of temperature and a hydrostatic pressure. Later, once the previous step is 

concluded the obtained result are incorporated to initialize the base case model for future simulations. By doing 

this, is expected to increase the sustainability of the following outputs.  

The investigated model consisted of 22 layers of 50 m; 100 m; 150 m; 200 m; 300 m; 300 m; 300 m; 300 

m; 300 m; 300 m; 200 m; 60 m; 60 m; 60 m; 60 m; 60 m; 60 m; 60 m; 60 m; 60 m; 60 m; 170 m in order and 

respectively from the top. As for this sub model, everything is kept constant from the base case beside all the 

column, extra 10 layers until surface and the respective properties described in Table 6.  
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Table 6 - Properties of the Model with an overburden until the top surface. 

Layer [ Unit ] 1-2 3-4 5-7 8-10 11 12-21 22 

Thickness [ m ] 150 350 900 900 200 600 170 

Matrix Density  [ Kg/m3 ] 1200 - 1400 
1600 - 

1800 

2000 - 

2200 

2300 - 

2500 
2600 2600 2600 

Thermal Conductivity 

[ W/(m.°C) ] 

1.8 - 1.9 
2.1 - 

2.2 
3.5 2.9 2.51 2.51 2.51 

Specific Heat  [ J/(Kg.°C) ] 920.E4 - 2180 2180 2180 2180 2180 2180 2180 

Porosity [ % ] 0 0 0 0 0 2 0 

Horizontal  

Permeability [ m2 ] 

0 0 0 0 0 1.E-14 0 

Vertical Permeability [ m2 ] 0 0 0 0 0 1.E-15 0 

System Over Reservoir Under 

3.4.1 Reservoir Initial State - Temperature 

3.4.1.1 Matching Temperature Profile 

 Prior to any production/injection simulation, is vital to our reservoir’s model reproduce the more truthfully 

what would be the real conditions. As first stage, a calibration process can be established. The model’s 

temperature profile will be correlated with the known temperature profile of surrounding wells in the region.   

According to the Fourier’s Law in the differential form, 

𝑞 = −𝜆 ∗
𝜕𝑇

𝜕𝑧
 

Where, 

𝑞  – Heat flux in z direction, SI units [
𝑊

𝑚2], 
𝜕𝑇

𝜕𝑧
 – Gradient, SI units [

𝐾

𝑚
], 𝜆  – Thermal conductivity, SI units [

𝑊

𝑚.𝐾
]  

 The negative sign is as a result of heat flowing into lower temperatures, indicating that the temperature 

decreases in the direction of heat transport. From Figure 5, a closer location of examined concession places the 

reservoir between 100 - 300 mW/m2. Hence, the geothermal heat flux was set to 200 
𝑚𝑊

𝑚2  . As follows, the 

theoretical gradient value is about 7.97E-2 °C/m or 79.7 °C/Km. 

At surface, z = 300 m a.s.l., the temperature was set to 18° C. To achieve a natural temperature 

distribution along the reservoir, the simulation for this particular sub model was performed with a long-time span 

with the purpose of all grid blocks achieve thermal and hydrostatic equilibrium. This equilibrium is a result of the 

model’s inputs, such geothermal flux and temperature gradient, depth and thickness. 

(5) 
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Figure 11 - Temperature profiles matching between the nearby wells and the deduced thermal profile, 

modified from [8]. 

 As seen in Figure 11, the obtained temperature profile globally is quite similar compared to nearby wells. 

The deepest part is the most difficult to model. For all the surrounding profiles, at some point there is a clear 

change in the thermal gradient, a more vertical one. These suddenly change can indicated a convection zone. 
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3.4.1.2 Reservoir Temperature Distribution 

 

Figure 12 - Temperature profile inside the reservoir. 

 As seen on Figure 12, the simulated thermal profile on the top of the reservoir temperatures reach 280°C. 

The bottom part of the reservoir is assumed to be adjacent to a 300 °C isotherm. Thus, overburden and 

underburden layers as a boundaries conditions of the domain assures no flow across these horizons. Also, lateral 

boundary conditions for temperature, after running the steady-state simulation securing no-flow lateral 

boundaries. Eventually, results in what can be considered a temperature distribution which accounts for 

conductivity and perhaps convective heat flow. The results presented are the final values stored and used as the 

initialization conditions for temperature in the following simulations. 

3.4.2 Reservoir Initial State - Pressure 

3.4.2.1 Matching Pressure Profile 

At chapter 2.2, literature specified for Larderello-Travale deep metamorphic reservoir a pressure closes 

to 7 MPa (70 bar) at 3000 m depth. Also, temperature and pressure are interdependent state properties of the 

fluid. Afterwards, illustration of the pressure behaviour inside the reservoir obtained from the initialisation model 

is represented on Figure 13.  
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3.4.2.2 Matching Reservoir Pressure Distribution 

 

Figure 13 – Reservoir initialisation pressure distribution matched up with a theoretical pressure gradient of 

0.03 bar/m. 

The modelled reservoir achieved a maximum natural pressure at 3000 m of 68 bar approximately, not far 

from the theoretical value of 70 bar. Moreover, is put side by side with a pressure gradient of 0.03 bar/m. The 

range of values obtained are within the literature intervals. 

3.5 Base Case Model Initialized Outcomes 

The previously presented data was integrated to initialize the base case model for future simulations. At 

this point, the reservoir model is closer to the natural state and all the upcoming output results are more solid and 

veracious. 

3.5.1 Gas Saturation 

At the first timestep, the initial saturation of the investigated reservoir is one-phase, 100 % gas. As 

injection take place, liquid H2O dissolved with light acidic gases, the reservoir cells tend to become two-phase. 

Figure 14 illustrate the gas saturation for the final timestep after 30 years. 
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Figure 14 - Model cross-section for gas saturation at the final timestep. 

On one hand, red colored cells represent 100% gas saturation, thus only these cells are single phase. 

On the other side, the non-red cells represent two-phase cells. As expected, liquid extension is radial to the 

injector well and predominantly on the bottom part of the reservoir. In this perspective, is not so evident if no 

liquid phase reaches the producers cells until the final timestep. Therefore, to clarify that, Figure 15 portrays a 

different perspective.   

 

Figure 15 - Gas saturation distribution for the bottom layer at the final timestep. 

 As seen on Figure 15, the detailed gas saturation distribution for the bottom layer of the reservoir, 

confirms the scenario of no water breakthrough during the 30 years of production. 



 

        22  

3.5.2 Non-Condensable Gases 

3.5.2.1  NCG Concentration 

As mentioned before, for analyse simplification purposes, once CO2 composes the largest amount of 

NCG, in this model CO2 will imply the entire sum of NCG.  

As reference, Sesta 6 bis well stream enclosed an average NCG amount of 8.5% [8]. For the studied 

model, Figure 16 depicts the evolution of CO2 along the 30 years of production.  

 

Figure 16 - Model predicted CO2 concentration along the 30 years of production. 

 Figure 16 illustrates the average CO2 evolution for the producer blocks with stabilized CO2 concentrations 

around 9% and a final value at 30 years of 9.26%. Clearly, from the same figure, it’s possible to notice by the end 

of first year that gas breakthrough happens. Moreover, for the values of CO2 to stabilized around 9% takes about 

another year. 

3.5.2.2  NCG Distribution 

As complementary, Figure 17 pretend to unveil the NCG distribution along time for the 20 cells of the 

producer sources to understand the development of the distribution along time. 
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Figure 17 - Delta CO2 gas phase during 30 years of discrete production for each layer of both 

production wells. 

 Clearly, NCG undergoes variations along time. There is one defining instant separating the different 

patterns of CO2 distribution along the cells. A point where the injected fluid previously remote from the producer 

cells, aiming to sustain pressure reach the production cells. This moment, the breakthrough is reached by the 

end of the first year.  Before this point all layers had a homogenous pattern of CO2 distribution, with no possible 

discrimination. After breakthrough, an evident and heterogenous distribution of NCG. Among each layer the 

distribution for each producer is analogous even though there are slightly variations. At the end, distribution 

reaches the maximum difference.  

 The maximum delta, positive and negative, are reached at the extreme layers of the reservoir, top and 

bottom respectively. Most of the CO2 gas phase migrates upward, remaining on the top part of the reservoir. It is 

expected a higher contribution of the top layers for CO2 production. 

 For the final timestep, a reservoir cross-section, Figure 18 shows the distribution of CO2 gas phase 

across the reservoir.  



 

        24  

 

Figure 18 – At the final timestep, a cross section of the CO2 gas mass fraction distribution across the 

reservoir. 

 As can be seen in Figure 18, most of the distribution of CO2 accumulates on the top part of the reservoir, 

specially the top 2 layers with demarcated values around 25%. Blue dark cells representing the smallest amount 

of CO2 mass fraction in gas are mainly distributed on the lower part of the reservoir, validating the upward 

migration from the original NCG distribution. Figure 19 illustrates for the final timestep CO2 mass fraction in liquid.   
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Figure 19 - Model cross-section distribution of CO2 liquid fraction at the final timestep. 

The distribution of carbon dioxide as fraction in liquid follows partially the saturation of liquid closer to the 

injector cells. Remarkably is observed a decrease of carbon dioxide in liquid phase throughout the reservoir, 

since the input occurs at the injector source cells. 

One possible explanation might be related with the dissolubility of CO2 in liquid water, seen at Figure 8. 

Reservoir conditions sets carbon dioxide under the Critical Point. Assuming a reservoir pressure close to the 

isobaric line of 50 atm, after reinjection of the geothermal stream is subjected to a raise of temperature at the 

reservoir. According to the same Figure 8, the raise of temperature for constant pressure, under the critical point 

decreases the solubility of CO2 in liquid water.  

3.5.3 Pressure 

Figure 20 represent the initial pressure distribution for timestep zero, before any production/ injection flow 

occurs. The initialization data was obtained from the model at chapter 3.4. 

 

Figure 20 – Hydrostatic pressure distribution for the initial timestep. 
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 To complement this information, Figure 21, represents the evolution of the pressure delta comparing with 

the initial timestep.  

 

Figure 21 - Pressure evolution according time. 

After a rapid pressure decay until the first 2 years, pressure sustain decrease the pressure loss gradient 

effect until the final timestep. By the end of the 30 years of production, reservoir pressure reaches a maximum 

delta of 17 bar or (1.7 MPa) with final pressure values near 48 bar. Figure 22 depicts the field anisotropy pressure 

distribution after 30 years. 
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Figure 22 - Pressure distribution for the central part of the reservoir. 

Pressure draw-down takes place mainly in the surrounding zone closer to the producer blocks. Meantime, 

the surrounding pressure of the entire model behaves accordingly to the central part.  

3.5.4 Temperature 

 While reservoir temperature is ranged between 280°C - 300 °C and constantly heated by the magmatic 

bodies, the prevailing doubt is the identification of the consequences of reinjecting cooler geothermal water. The 

magnitude of temperature decline, eventually at the producer cells, representing a thermal breakthrough that 

might induce later effects on enthalpy values harvested. Figure 23 portrays the evolution of the delta of 

temperature for the 20 source cells of the producers. This delta is compared to the initial timestep, before any 

production flow occurs. 
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Figure 23 – Temperature delta evolution for both producer cells along the 30 years of production. 

 By analysing Figure 23, after 30 years of production temperature decline for both producer cells are - 4.5 

°C. From the previous chapter, regarding the gas saturation, no water breakthrough reaches the producer cells.  

One possible explanation for this temperature decay might be explained by the difference of specific heat 

between CO2 and H2O. The specific heat capacity describes the ability of a substance to store heat. The specific 

heat of H2O is higher than the specific heat of scCO2 at the conditions of the reservoir, which means H2O can 

store more heat than CO2. Once, along time concentration of CO2 tend be higher closer to the producer cells, this 

difference is emphasized. Figure 24 illustrates the delta of temperature for producer source cells by the end of 

the 30 years of production. 

 

Figure 24 – Representation of temperature delta for producer cells at the final timestep. 

On the other side for the injector well, it’s expected a considerable temperature decline, since water 

injection happens at 89 °C, equally at all layers. Afterwards, at chapter 3.5.2 the consequences on enthalpy for 

the producer cells are discussed.  
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3.5.5 Enthalpy 

Thermal breakthrough and cooling effect of geothermal reservoir may become simpler to analyse just 

concerning the impact on enthalpy. Therefore, for injection purposes the enthalpy of the injected fluid was 

specified to be 3.73E5 J/Kg and 0.11E5 J/Kg for H2O and scCO2, respectively. Specific enthalpy values where 

obtained as a function of the temperature injected fluid, Tinj, and pressure, Pinj, designed for the injector well. 

Figure 25 represents the evolution of the enthalpy for the 30 years of production at the producer cells.  

 

Figure 25 - Enthalpy evolution for 30 years of production. 

According to data results, the final average steam enthalpy reached 2.73 MJ/Kg. The cooling effect of - 

4.5 °C after 30 years of production for both producer cells has a minimal decline impact around 0.02 MJ/Kg. Even 

though the rapid pressure declines at the beginning, enthalpy values remain quite constant for the entire period 

of production. 

3.5.6 Vaporization or Steam Generation 

The injection of liquid water with dissolved gases in the stream introduces a new phase in the researched 

one-phase reservoir. A two-phase reservoir may point toward generation of steam. For that, some conditions 

must be fulfilled. For situations with non-zero water saturation, and as long as the water saturation is below the 

residual water saturation, in this case, water is immobile, facilitating the vaporization. 

If reservoir pressure drops, at constant temperature, the instant the dew line is crossed, vaporization may 

start. Steam generation is replicated by one particular model, Vaporization Model. To achieve this objective, 

instead of controlling CO2 gas mass fraction as a main variable, the idea was to control the initial saturation of 

liquid water in the reservoir.  
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3.6 Vaporization Model 

The current properties from the base case model were preserved with two differences, by specifying gas 

saturation instead of CO2 mass fraction in gas as an input variable. Furthermore, the amount of CO2 gas mass 

fraction become a function of the pressure and temperature. Thus, the initial temperature of the reservoir was 

adjusted to fit an approximate level of initial mass fraction of CO2 in Gas, around 8.00 % since this variable is no 

longer independent. To that end, temperature was set to 278.5 °C, and the model start with a CO2 mass fraction 

in gas value of 8.015%. Table 7 lists all the main changes in the primary variables mentioned above.  

Table 7 - Properties for the vaporization model. 

Parameter [ Unit ] Value 

Pressure [ Pa ] 65.E5 

NaCl Content [ % ] 0 

Initial Gas Saturation [ % ] 95 

Temperature [ °C ] 278.5 

 With 5% of liquid water saturation the goal was to assess the impact of a possible vaporization hypothesis 

of the starting with an initial liquid water saturation in the reservoir, Figure 26 portrays the impact of this 

hypothesis. 

 

Figure 26 - Impact of vaporization in the CO2 content in gas phase. 

  Figure 26 depicts a vaporization taking place inside the reservoir in less than 3 months reaching 100% 

of gas. In the first 4.2 years is attained a concentration lower than 8% in the producer cells. By the end of 

production time, total concentration of NCG value reached 10.69%. 
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4. SINGLE SENSITIVITY ANALYSIS 

 A sensitivity analysis was performed to comprehend how parameters affect reservoir performance under 

a certain set of assumptions. Reservoir simulation involves a significant number of parameters and data, most of 

which are subject to lack of measurements, accuracy or even spatial heterogeneities. Therefore, it is imperative 

to quantify the impact of these parameters’ variations on the simulations.  

 In the context of this work, the concept of sensitivity analysis is widely employed to provide a better 

understanding into the impacting degree that certain parameters can have on the model’s accuracy. Moreover, 

the sensitivities studies intended to generate new data on alternative scenarios supporting alternative designs to 

optimize operation. Throughout the study, the effect of porosity, permeability, initial CO2 gas fraction content and 

injected, and residual saturation were examined by setting up a range of sensitivities. 

4.1 Permeability 

4.1.1  Higher Permeability 

 The first trial intended to expand the perception of the impact of a higher permeability in all directions. As 

seen at Table 3, the absolute permeability for the base case model was set at 1.E-14 m2 which equals to 10 md, 

and with a ratio between 
𝑘ℎ

𝑘𝑣
= 10. 

 After increasing the horizontal permeability by 10 and doing the same for the vertical  direction, the tested 

matrix for this case has a final value of 1.E-13 m2 which equals to 100 md and kept the same ratio. Figure 27 

illustrates the results of the tested model comparing with the base case.  

 

Figure 27 - Base case model on the left and global increased permeability model on the right side. 

As seen in Figure 27, the distribution of CO2 in gas is completely different at the final timestep. After 30 

years of production, the distribution is less spatially distributed on the top confirming a reduction of the upward 

migration. Furthermore, the front displacement is more concentrated and almost vertical for all layers, besides 

the bottom ones. This may be related with a higher saturation of liquid. For the evolution of average CO2 in the 

producer cells, Figure 28 depicts this evolution along time. 
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Figure 28 – Results for NCG evolution for the analysed models, base case (blue line) and increased global 

permeability (orange line). 

 The evolution of average CO2 in gas is different along the production period. Unfortunately, the global 

higher permeability model was not capable to reach the 30 years of production, stopping before at 27 years. As 

for gas breakthrough seems be close for both cases at 1 year. After this point, the average value increases 

differently. For the base case stabilizes around 9%, while the tested model goes until the 10% concentration. As 

for final average amount of CO2 for the base case is 9,26% compared to the 10,02% for the model with higher 

permeability.  

4.2 Anisotropy 

The study of anisotropy makes it possible to evaluate the consequences of the fact that there is a 

preferential direction of flow within the reservoir. 

4.2.1  North – South Anisotropy 

 On this case, the goal was to understand the consequences of having a north-south anisotropy at the 

reservoir. Figure 29 portrays the results obtained for this case.  
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Figure 29 - Comparison between the base case and the north – south anisotropy model. 

 The spatial distribution is absolutely different. Once, the upward migration happen on the tested 

sensitivity model, is evident the alignment of this upward migration is spatial distributed accordingly to the high 

permeable direction. The following Figure 30 show the evolution of the average NCG values along time.   

 

Figure 30 – At the producer cells, the CO2 content evolution along the 30 years. 

 As seen in Figure 30, is clear that is one advantage of this tested model regarding the base case, the 

gas breakthrough will occur 0.5 years later. After the gas breakthrough, values are quite around the 9% line. The 

final average amount of CO2 in gas is 9.17% for the non-base case model. 

4.2.2  East - West Anisotropy 

Parallelly to the previous case, the goal for this trial was to understand the impact of an east-west 

anisotropy at the reservoir. Figure 31 illustrates the east-west anisotropy results comparing to the base case. 



 

        34  

 

Figure 31 – Comparison between the base case and the East – West anisotropy model. 

 The top spatial distribution is also different. The preferable orientation it is patent of the upward migration 

distribution along high permeable direction. Figure 32 present the evolution of the average NCG values during 

the period of production.   

 

Figure 32 - At the producer cells, the CO2 content evolution along the 30 years. 

 The tested east-west anisotropy model regarding the base case, seems to have a gas breakthrough 

occurring at the same time, near 1 year. After this point, carbon dioxide concentration is quite similar for both 

cases around the 9% line. The final average amount of CO2 in gas is 9.08% for the non-base case model. 
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4.3 Permeability ratio Horizontal / Vertical 

4.3.1 Permeability Ratio Horizontal / Vertical increased by 10 

After sensitivity cases of global higher permeability and anisotopy studies, was performed a trial with an 

increased ratio 
𝑘ℎ

𝑘𝑣
= 100. Figure 33 depicts the results of this trial matched up with the base case. 

 

Figure 33 – Comparison between the base case and the increased permeability ratio models. 

For this case, the ratio 
𝑘ℎ

𝑘𝑣
= 100 results in a very equal distribution of CO2 in a general way. The front 

displacement is more homogenous and radially distributited around the injector cells. Figure 34 presents the 

evolution of carbon dioxide around the producer source for the increased permeability ratio model.  

 

Figure 34 – Evolution of carbon dioxide concentration for the increased permeability ratio model.  

The results observed on Figure 34, allow to conclude a gas breakthrough occurring at the same time as 

the base case. Carbon dioxide concentration is steady around the 9% line. The final average amount of CO2 in 

gas is 9.08%. 
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4.4 Injection and Production within a High Permeable Layer 

For this case, injection and production was set for top, middle and bottom part of the reservoir within a 

higher permeable layer on the 2nd, 5th and 9th layer respectively. The idea was to study the effects of an eventual 

injection and production recreation scenario within high permeable medium as fractures or faults. 

4.4.1 Top Injection and Production within a High Permeable Layer 

 

Figure 35 - Mass fraction CO2 distribution between base case and top high permeable layer models. 

4.4.2 Middle Injection and Production within a High Permeable Layer 

 

Figure 36 - Mass fraction CO2 distribution between base case and top high permeable layer models. 
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4.4.3 Bottom Injection and Production within a High Permeable Layer 

 

Figure 37 – Mass fraction CO2 distribution between base case and top high permeable layer models. 

 Clearly, the difference in each case is patent from the base case. In all cases upward migration of CO2 

is evident but with a different distribution. Another difference in these sub-models is that injection and production 

only occurs at 1 source cell, which makes 1 cell for the injector instead of the usual 10 blocks and 2 cells for both 

producers instead of the usual 20 blocks. The NCG concentration evolution are illustrated in Figure 38. 

 

Figure 38 – Evolution of the top (green), middle (orange) and bottom (brown) high permeable layer CO2 

mass fraction in gas comparing with the base case model in blue throughout the 30 years of production. 

4.5 NCG 

4.5.1 Decreased Initial NCG Content Model 

One central point of the present report relies on the study around the NCG concentration in the producer 

cells. In this chapter, two properties are replaced compared to the base case model, the initial CO2 mass fraction 
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in gas content in the reservoir plus the amount of carbon dioxide injected by the source cells. If the base case 

model was performed with 8% for both parameters, the decreased initial NCG content model was launched with 

6% identically for the two elements. Figure 39 illustrates the contrast between the two models.   

 

Figure 39 – Mass fraction in gas for carbon dioxide for 2 models, base case and decreased initial CO2 

content. 

 The NCG spatial distribution is quite comparable, however, as expected, appears in poorer concentration 

on the top and as front displacement. For analyse of the average carbon dioxide along time Figure 40 clarifies 

this evolution. 

 

Figure 40 – NCG mass fraction in Gas evolution for decreased initial CO2 Content model. 

 Since the initial NCG content is reduced, as due to the direct impact there is a shift down of the base 

case evolution average CO2 in the scale. After gas breakthrough the gradual increase leads to final NCG 

concentrations around 6.82%. 
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4.5.2 Increased Initial NCG Content Model 

For this case, two properties are replaced with higher values. The initial CO2 mass fraction in gas content 

in the reservoir plus the amount of carbon dioxide injected by mass was performed with a value of 10% identically 

for the two elements. Figure 41 demonstrates the divergence between the two models.   

 

Figure 41 – Analyse of the NCG distribution for both cases, base case and increased initial CO2 content. 

 Parallelly, to the previous case, the NCG spatial distribution is quite comparable, however, as projected, 

appears in richer concentrations on the top and front displacement. Figure 42 exhibit the average carbon dioxide 

along 30 years of production.  

 

Figure 42 – Evolution at the producer cells for carbon dioxide amount for increased initial CO2 content 

model. 

 Analogous, with an initial NCG content increased, occurs an expected shift up of the base case evolution 

average CO2 in the scale. Later the first gas coming from the injector sources reaches the producer cells, there 

is a regular increase of NCG concentrations around 11.5%. 
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4.6 Porosity 

4.6.1 Decreased Porosity Model 

The base case model was performed with porosity of 2%. The sensitivities models tested are launched 

first with 1% and later with 10%. Figure 43 illustrates the contrast for both models, the base case and the reduced 

porosity one.  

 

Figure 43 – NCG distribution throughout the reservoir for the models, base case and decreased porosity. 

 The porosity of both models is quite similar. So, Figure 43 confirms that in terms of NCG distribution 

there are no great variations, as expected. Following, Figure 44 demonstrates the average NCG concentrations 

around the producer source cells for the studied model. 

 

Figure 44 – CO2 evolution at the producer cells for decreased porosity model. 

Gas breakthrough for this studied model in this section it occurs after 3 months, earlier than the base 

case. Though, the final CO2 values are lower around 8.78% compared to the 9.26% from base case model. 
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4.6.2 Increased Porosity Model 

As mentioned before, after testing one model with a porosity of 1% this trial is launched with 10% of 

porosity. For this case is presented evidences of pressure support of this sub model relative to the base case. 

Figure 45 demonstrates the contrast for both models, the base case and the increased porosity.  

 

Figure 45 – Pressure distribution for both cases, base case and increased porosity models, closer to the 

wells. 

 The pressure support for this circumstance is evident by Figure 45. On the base case is clear the lighter 

blue cells around the producer blocks. On the right side the tested increased porosity model for the surrounding 

area of the producer cells represent green colours. As for carbon dioxide distribution, Figure 46 portrays the 

difference between the two models.  

 

Figure 46 – Carbon dioxide distribution inside the reservoir for the base case and the increased porosity 

models. 

 Figure 46 highlights the contrast of the top spatial spreading between models, with a reduced expression 

for the increased porosity model on the top and a front displacement more adjacent to the injector blocks. Figure 

47 describes the average carbon dioxide evolution for the increased porosity model. 
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Figure 47 - Evaluation of carbon dioxide at the producer cells for increased porosity model. 

In this section, the studied sub model of the base case presents a gas breakthrough after 5 years, later 

than the base case. Though, the final CO2 values are lower around 10.4 % compared to the 9.26% from base 

case model. 

4.7 Adjusted Relative Permeability Model 

The final sensitivity analyses performed was related to changes in the relative permeability of the model.  

Figure 48 illustrates the relative permeability applied for both models. 

 

Figure 48 - Relative permeability employed on the base case model on the left, and for sensitivity analyse 

of the relative permeability studied on the right. 

 Next, Figure 49 portrays the distribution impact for both cases. 
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Figure 49 – Distribution of NCG inside the reservoir between base case and the adjusted relative 

permeability model. 

 The greater mobility of both fluids impacts directly on the spatial distribution of carbon dioxide throughout 

the reservoir. The upward migration is more concentrated in the central part, followed with higher concentrations. 

The evolution of the NCG along time is presented by Figure 50. 

 

Figure 50 – Comparison between base case carbon dioxide evolution at the producer cells and the model 

with adjusted relative permeability. 

The gas breakthrough is similar to the base case. The development after the first year is different. The 

concentrations of CO2 for adjusted relative permeability case increase slowly reaching 9.78% after the 30 years 

of production, while the base achieved 9.26%. 
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5.  MULTI SENSITIVITY STUDY 

5.1 Uncertain Parameters Definition 

On the previous chapter, a single sensitivity studied was performed for a series of parameters resulting in 

several sub models. The different trials were basically new versions launched with one parameter substituted 

with different magnitudes in order to assess their impact relatively to the base case. In this section, the aim was 

to implement a multi sensitivity study applying ATOUT software, a powerful tool conceived to treat uncertainty. 

Moreover, a deterministic sensitivity analysis served to compare the relative importance of input variables and 

handle this knowledge to generate a proxy model. Table 8 lists the introduced parameters into this study.  

Table 8 - Input parameters for 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 seen at Table 8, for each input independent parameter is associated one interval with a minimum, 

maximum and mean value of the range. The variables description is the follow, iCO2 symbolizes the initial CO2 

content in the reservoir and the mass percentage of injected CO2 through the inflow cells; iPor, describes the 

initial porosity of the reservoir cells; XY_Per represents a homogeneous horizontal permeability for X and Y 

direction. Pre_Res controls the initial pressure of the reservoir. LL indicates the lower limit of the relative 

permeability for gas and water opposing to UL that characterizes the upper limit of the same property and for 

both components. R_per equals for the ratio between horizontal and vertical permeability. 

5.2 Responses of interest 

Two different designs were conceived in order to generate a sequence of runs. 

The first experimental design, ED, was performed to ensure a resolution that guarantees the parameters 

and all possible interactions terms are free, having no confounded terms. The mentioned ED consisted in a 

quadratic design, QD. The QD covered all the boundaries and the mid points for each independent variable 

presented on Table 8. The arrangement structure comprehends three possible values, the upper and lower limit 

plus the mean value of the intervals. In total, this quadratic design consisted in 79 runs. 

The second set of combinations comprised a Latin Hyper Cube design, LHC. In total, the LHC design 

consisted in 37 runs. Generating this second set aimed to assist the first ED as confirmations runs, to increase 

the predictivity assessment. So, for the LHC design the boundary values and mid points of the intervals are no 

longer concerned. The values covered by the LHC design are intermediate points between the 3 reference points 

of the QD for each independent variable. 

Next step consisted in launching all the runs. Each run resulted as an adjustment of each independent 

variable at a time, while holding all the other variables at their baseline values to quantify the effect on the resulting 

https://en.wikipedia.org/wiki/Sensitivity_analysis
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output. Every run generates a different output, since the values introduced for each parameter are not similar 

compared from the previous run. Simulations results are recovered and produce responses of interest for 

properties like enthalpy, pressure and CO2 mass fraction in gas and liquid for the producer cells and pressure for 

injector blocks. 

While doing quality control, QC, of the data analysed, it was found that some of the runs during the 30 

years of production presented water breakthrough. Since, water breakthrough did not occur for all the simulations, 

for this property was created a composite response. Thus, another surface of interest for the study was the 

breakthrough time response. The utility of creating a new response of interest will be explained later in chapter 

5.4. 

5.3 Screening the most impacting parameters 

From the beginning, the weight of each independent variables as well as the relationship between the 

response and the independent variables were unknown. From all responses studied some experienced a straight 

influence of several variables under study. Pressure and carbon dioxide responses are directly related with 

independent variables as initial pressure and initial CO2 content value, respectively. Therefore, is expected a 

great influence of the mentioned parameters. These variables are obviously placed in the top of the respective 

tornado plots for pressure responses at producers and injector cells or even for responses of CO2 mass fraction 

in gas or gas plus liquid. Although, for other responses like enthalpy the same logic might not pertinent. Figure 

51 shows two elements of screening for enthalpy property, on the left a Spider Plot and on the right a Tornado 

Plot. 

 

Figure 51 - Enthalpy screening analyse for Timestep at 15 years. 

Both elements shown in Figure 51 provide for each independent variable the related impact of each 

variable for a given response of interest at a specific timestep. However, the important idea concerning the spider 

plot is the shape of the curve for each variable. While the tornado plot presents the impact of each variable more 

perceptibly. 
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For the steam enthalpy case presented as seen in Figure 51, there are 3 main parameters that affect 

greatly the final output value of enthalpy, which is the amount of CO2 in the reservoir, the initial pressure and the 

horizontal permeability value at 15 years. In the producer cells, if CO2 gas concentration increases and since 

CO2 gas specific heat is one order of magnitude lower than steam, the total enthalpy value decreases. In addition, 

enthalpy is a function of pressure, so there is a direct relationship between both. Permeability may be related 

owing to the heat distribution across the reservoir impacting later on enthalpy effect. 

5.4 Multi Sensitivity Analysis 

The last step of this analysis comprised the realization of a global sensitivity analysis over time. Overall, 

responses are time-dependent since the impact of each variable changes over time. Figure 52 depicts the 

evolution of enthalpy considering simulations with water breakthrough.  

 

Figure 52 - Enthalpy variability along time considering simulations with no breakthrough runs. 

As seen in Figure 52, CO2 starts with a high variability at the beginning, losing importance on the outcome 

result along time, while horizontal permeability and porosity increase their impact. Almost constant is the 

behaviour of pressure over time. Figure 53 presents the predictivity parameters achieved for the presented 

response of enthalpy during the entire time of production. For the generation of the enthalpy surface all the QD 

runs were employed as well as confirmed the 37 runs of LHC design. 

 

Figure 53 - Accuracy results from results obtained with simulations with water breakthrough. 

Simulations with water breakthrough carry another problem. The parameter values are affected  from the 

moment water breakthrough arrives introducing a considerable variability in the response surfaces. Once, 

variability increases with water breakthrough, predictivity decreases. As seen in Figure 53, the predictivity decays 

over time as a consequence of water coming into the producer cells. Thus, for analyse purposes was interesting 

to comprehend the validity of a water breakthrough time response and its application domain. After that, can 
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guarantee that the proxy model could provide reliable information regarding predictivity. Figure 54 portrays 

enthalpy evolution property over time considering simulations with no water breakthrough. 

 

Figure 54 - Enthalpy variability along time considering simulations with breakthrough. 

As seen in Figure 54, parameters display constant and homogeneous values without water breakthrough 

over production time. In this case, the response can only be valid for predicting outputs before water breakthrough 

time. As complementary information, Figure 55 describes for the different timesteps the accuracy and predictivity 

results without water arriving at the producer blocks. The results for enthalpy response were generated with 49 

QD simulations and confirmed with the 22 runs of LHC design, the respective runs of each design without any 

water breakthrough. 

 

Figure 55 - Accuracy and predictivity results for surface generated without water breakthrough 

simulations. 

Comparing Figure 55 with Figure 53, the predictivity results over time are higher, keeping predictivity close 

to almost 1. Although, each response will be valid in different domains, with or without water breakthrough. 

Afterwards, allows a complete perspective about the validity of each surface for the respective domain of 

application. 

In addition, as mentioned before, runs of both designs with water breakthrough were used to generate a 

water breakthrough time response. This surface of interest was built to be capable of predict the time when water 

might arrive at producer cells.  

5.5 Proxy Model 

 Another benefit of using software such as ATOUT is the possibility of creating a proxy model. The use of 

proxy models allows easily and quickly to estimate the value of a desired parameter to support production outputs. 

The proxy model equation is stated as follow: 
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 In equation 6, second order models include linear terms ∑ 𝛽𝑖𝑋𝑖
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and a second order terms ∑ 𝛽𝑖𝑖𝑋𝑖
2𝑛

𝑖=1 . The experiments were assumed to be continuous and the errors negligible. 

 For demonstration purposes was generated one surface for enthalpy property. To perform this task the 

coefficients applied are at Table 10 in annexes section, for one chosen timestep 3,16E+08 [s] approximately 10 

years. The results can be observed at Table 9. It is important to mentioned that all coefficients are parametrized 

at a scale range of [-1, 1], where the integers -1 and 1 represent the minimum and the maximum value of the 

natural numbers introduced as seen at Table 8 for a given parameter chosen, in this case initial CO2 content, 

iCO2. Equally, the same logic is valid for the second parameter representing pressure reservoir, Pre_Res. 

Table 9 - Pressure reservoir and initial CO2 content as chosen parameters to generate a response 

surface of Enthalpy after 10 years. 

iCO2 

    -1 -0,6 -0,3 0 0,3 0,6 1 

Pre_Res 

-1 2,72E+06 2,71E+06 2,70E+06 2,69E+06 2,68E+06 2,68E+06 2,67E+06 

-0,6 2,70E+06 2,69E+06 2,68E+06 2,67E+06 2,66E+06 2,66E+06 2,65E+06 

-0,3 2,68E+06 2,67E+06 2,67E+06 2,66E+06 2,65E+06 2,64E+06 2,63E+06 

0 2,67E+06 2,66E+06 2,65E+06 2,64E+06 2,64E+06 2,63E+06 2,62E+06 

0,3 2,65E+06 2,64E+06 2,64E+06 2,63E+06 2,62E+06 2,62E+06 2,61E+06 

0,6 2,64E+06 2,63E+06 2,62E+06 2,62E+06 2,61E+06 2,60E+06 2,59E+06 

1 2,62E+06 2,61E+06 2,60E+06 2,60E+06 2,59E+06 2,58E+06 2,57E+06 

 A proxy model presents quantitative values for the field outcomes. The following presented surface was 

directly generated from the equation of the proxy model is illustrated by Figure 56.  

 

Figure 56 - Enthalpy surface response generated directly from proxy model for timestep of 10 years. 

(6) 
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 As seen is Figure 56, the advantage of the proxy model is the easiness regarding the information is 

queried. Therefore, once production data values are known for the given parameters that were used to construct 

this surface, an immediate prediction is forecasted. 
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6. CONCLUSIONS 

 The overall aim of this research was to establish a reservoir model supported by scientific literature and 

information from regional surrounding elements. The model was submitted to a series of reservoir performance 

studies to comprehend the higher impacts on temperature, enthalpy pressure and NCG distribution. In addition, 

single sensitivity study was carried out in order to extend the analyse regarding the NCG behaviour. Another 

main contribution of this project is a multi-sensitivity analyse to provide additional data on the most impacting 

parameters, allowing the development of a proposed proxy model to increase the predictability during the 

production stage.  

 To meet legislative pollution criteria regarding atmospheric pollution, the projected production was 

conceived to be reinjected entirely. This measure exposes the project to the effects of non-condensable gases, 

NCG, within geothermal steam. In the context, high NCG content tend to lower conversion efficiency particularly 

on heat exchanger equipment hence the electrical power generation. A high H2S content generally promotes 

metallurgical problems such as corrosion, stress corrosion cracking and metal fatigue. A high CO2 content in 

geothermal fluid below 200°C accelerates calcite scaling and may promote corrosion. Therefore, at the producer 

source cells, NCG distribution values provide an estimative about the concentration of the undesired gases. 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 of 4.5 °C is insufficient to impact the enthalpy of the 

outflow. Contrary, for the injector cells the temperature decline is considerable, since the injected stream at 89 

°C 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. Even if, pressure support via injector starting to take effect from the 2nd year of 

injection.  

6.1 Future Work 

 Numerous different adaptations and experiments have been left for the future. Upcoming work will consist 

in deeper analysis of particular mechanisms, strategies and integration of potential data that may be released in 

the next periods related to subsurface geology and underground parameters. The following ideas could be 

established for future analyse: 

 The implemented model, due to lack of more detailed geologic data of the site is quite homogenous. This 

introduce a level of simplicity that could not reproduce a real geologic structure of the reservoir. Upcoming 

geologic data could enrich the model towards a more realistic performance.  

 Strategic simulations could be targeted for completion development such as performing a run closing the 

first and second layer on the top part of the reservoir together with the bottom layer to delay gas and water 

breakthrough. 
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 One of the acknowledged limitations of this study was discovered during the process of natural state 

deduction. The objective of the initialisation was to approximate our reservoir initial conditions closer to the real 

initial conditions. As a result, this approximation, set up the reservoir initial conditions very close to the 

thermodynamic capacities of the module used in this procedure inside TOUGH software. The module ECO2N_V2 

has some thermodynamic constraints and the simulations were performed very close to its limits. Afterwards, 

output inconsistencies or even  numerical anomalies might be originated.  

Furthermore, due to TOUGH software restrictions was impossible to set a real time dependant injection 

rate of CO2 for the injector well. Injecting equally the same amount of NCG as it was produced by source cells. 

Instead, all the simulations comprise a constant injection of carbon dioxide along time, not representing a pure 

impact of this time dependant injection.  

Additionally, would be important to recreate all the simulations with a discretized fracture, a dual 

permeability model instead of a continuum media model.  

 It could be interesting to consider a more detailed thermodynamic analyses of the NCG surface 

dissolution in reinjected water stream or even a better comprehension on the likely subsurface interactions 

between NCG - reservoir rock complementing even more the variations on the petrophysical properties.  

In later stages on the project production-history matching should be performed in the future, once data 

from well testing or operation are available to check the predictability of the proxy model are reasonable. 

 Finally, coupling the proxy model obtained with a well and surface models, completing the work, allowing 

a complete perspective and fully understand of NCG behaviour in the entire closed loop system. 
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8. ANNEXES 

Table 10 - Enthalpy coefficients obtained with water breakthrough. 

Time [ Seconds ] 1,58E+08 3,16E+08 4,73E+08 6,31E+08 7,89E+08 9,47E+08 

Time [ Years ] 5 10 15 20 25 30 

(Intercept) 2646000 2644000 2640000 2645000 2645000 2623000 

LL 0 0 2986 6239 7635 6370 

Pre_Res -23560 -29530 -32700 -32930 -36790 -38630 

R_Per 0 4804 12680 27350 40860 45650 

UL 0 0 0 4686 0 0 

XY_Per -12370 -15850 -23370 -37280 -48010 -55090 

iCO2 -42960 -42260 -45860 -41510 -40910 -45250 

iPor 4505 2004 4068 8968 0 7612 

LL:UL 0 3785 0 -7396 0 0 

Pre_Res:R_Per 0 0 0 3683 0 0 

Pre_Res:UL 0 3874 6846 4256 0 0 

XY_Per:LL 0 0 0 3554 0 0 

XY_Per:Pre_Res 0 0 0 0 6245 0 

XY_Per:R_Per 0 0 0 0 -7177 0 

iCO2:Pre_Res 0 -2796 -6959 -3359 0 0 

iCO2:R_Per 0 4478 11830 20730 25400 21390 

iCO2:UL 0 0 0 0 6532 0 

iCO2:XY_Per 0 0 0 -4266 0 0 

iCO2:iPor 3244 6774 2888 10640 5998 0 

iPor:Pre_Res 0 -3763 0 -2797 0 0 

iPor:R_Per 0 0 0 -4194 0 0 

iPor:XY_Per 887,361 4161 0 3452 0 0 

I(LL^2) 0 -5648 -3831 -3336 0 -5539 

I(Pre_Res^2) 0 0 0 -3664 0 0 

I(R_Per^2) 3026 5131 8127 0 0 11490 

I(UL^2) -1219 -9753 -14390 -16670 0 0 

I(XY_Per^2) 0 0 0 -3747 0 0 

I(iCO2^2) -373,768 10020 15090 17450 0 0 

I(iPor^2) 2033 0 0 -22190 -39140 -27960 
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Table 11 - Enthalpy coefficients for simulations without breakthrough. 

Time [ Seconds ] 1,58E+08 3,16E+08 4,73E+08 6,31E+08 7,89E+08 9,47E+08 

Time [ Years ] 5 10 15 20 25 30 

(Intercept) 2645000 2644000 2643000 2645000 2645000 2644000 

LL 0 741,939 1139 2139 2922 3612 

Pre_Res -23700 -25850 -25710 -23530 -24820 -23960 

R_Per 0 0 0 0 0 3925 

UL 0 0 0 1426 662,784 1792 

XY_Per -12480 -12060 -10190 -11270 -11580 -16310 

iCO2 -42950 -46160 -46580 -47670 -47510 -47800 

iPor 3623 -6389 -7756 -10760 -8720 -9796 

LL:R_Per 0 0 0 -757,389 -652,03 -1139 

LL:UL 300,315 342,686 0 0 -319,251 -511,322 

Pre_Res:LL 0 -393,257 0 205,686 -442,82 0 

Pre_Res:R_Per 0 0 0 -950,753 0 -390,532 

Pre_Res:UL 0 0 -358,674 -146,961 -269,584 0 

UL:R_Per 0 0 0 -901,722 0 -955,31 

XY_Per:LL 0 0 0 266,382 1232 1456 

XY_Per:Pre_Res 90,919 530,445 372,238 1660 304,311 805,008 

XY_Per:R_Per 0 0 -1356 -1143 -3294 0 

XY_Per:UL 0 -404,703 0 733,768 483,911 875,105 

iCO2:LL 0 0 0 0 0 9,03 

iCO2:Pre_Res 3223 2164 3282 4391 3787 3797 

iCO2:R_Per -249,039 0 0 240,239 0 167,072 

iCO2:UL 0 0 0 50,962 99,105 477,963 

iCO2:XY_Per 938,196 395,74 1532 1172 1277 821,431 

iCO2:iPor 0 -2405 -2736 -3254 -3129 -2352 

iPor:LL 0 0 0 0 0 -255,194 

iPor:Pre_Res 3805 666,276 0 -1061 -733,605 -1814 

iPor:R_Per 0 -634,82 -2494 -1261 -2829 -2180 

iPor:UL 0 0 0 -378,569 0 -580,806 

iPor:XY_Per -1180 1802 2513 2196 4440 4398 

I(LL^2) 0 964,369 0 777,093 0 -2326 

I(Pre_Res^2) 0 0 0 -8836 -6980 -5475 

I(R_Per^2) 0 0 0 4097 4572 5340 

I(UL^2) 0 1083 0 1532 0 -3082 

I(XY_Per^2) 7973 4236 8593 10380 11210 12030 

I(iCO2^2) 690,429 1487 0 -2223 -1706 -1467 

I(iPor^2) 8721 836,624 889,353 4000 2866 4127 

 

 


