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Introduction 

The report describes the investigated scenarios and the analysis of the results of the numerical fluid-

flow simulations developed by Politecnico di Torino (Underground Energy Systems) (WP3): 

“WP3: Dynamic simulation of the pore pressure distribution. The same geological reference 

scenarios representative of the lithology of The Netherlands reservoirs defined in the KEM-01 study 

are used. The pore pressure evolution in time and space is simulated via commercial software for 

the most representative storage strategies of CO2, H2, and N2 in depleted gas fields (to be agreed 

with the MEA supervisor). The Eclipse software (Schlumberger) is adopted to simulate the fluid flow 

and the dynamic pressure of each pure gas; no thermal and geochemical effects are taken into 

consideration in this phase.” 

 

The pore pressure evolution in time and space is simulated by using commercial software (Eclipse 

Compositional, Schumberger®) for the most representative storage strategies of CO2, H2, and N2 

in depleted gas fields. The scenarios are defined in agreement with MEA supervisors. The following 

assumptions are adopted: 

1) the same reference geological scenarios representative of the lithology of The Netherlands 

reservoirs defined in the KEM-01 study are used;  

2) the same wellbore position and configuration defined in KEM-01 are adopted; 

3) the gas originally present in the reservoir is assumed to be methane; 

4) no thermal and geochemical effects are taken into consideration; 

5) the chemical composition and the thermodynamic behavior of different gases are taken into 

consideration by using a compositional simulator. 
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1 Dynamic grid definition and characterization 

The reference geological scenarios defined in the KEM-01 study are summarized in the following. 

The plan view of the model is shown in Fig. 1-a. The reservoir, located at the center of the 

geomechanical grid, is subdivided into two square blocks, 2X2 km2 wide by fault F3. Other four 

faults, named F1, F2, F4 and F5, bound the reservoir in four directions West, East, North and South, 

respectively. All the faults are supposed to be sealing for the scope of the dynamic simulations. 

The thickness of the reservoir is 200 m; the reservoir top, assumed as datum depth, is located at 2000 

m ssl. The initial pressure of the reservoir is 200 barsa (absolute bar) @datum depth. The reservoir 

temperature is 373 K. 

The dynamic grid represents one of the hydraulically independent pools of the reservoir. The grid 

consists of 4000 cells: ix=20, jy=20; kz=10; the areal dimension of each cell is 100x100 m2 and the 

vertical thickness is 20 m (Fig. 1-b).  

Constant values for petrophysical parameters as well as for the fluid-rock interaction properties are 

imposed: 

• Porosity: 0.2 

• NTG: 1 

• Absolute permeability: kx=ky= 600 mD; kz=300 mD 

• Rock compressibility: 2.4 10-5 bar-1 

• capillary pressure=0 

Primary production occurs through two wells located next to a fault (i.e. the model boundary). The 

wells are both open to production in the first layer. The same wells are successively converted into 

injection/storage wells. 
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Fig. 1 (a) Plan view of the model (KEM-1): the black dots highlight the wells. (b) Plan view of the 

dynamic grid. 

 

2 Investigated scenarios 

Numerous dynamic scenarios were investigated for identifying the most representative ones for the 

scope of the present project. The scenarios selected in agreement with the MEA advisor and the 

representative of the KEM panel are described in the following sections. 

2.1 Methane primary production 

The primary production scenario is referred to the production of 100% methane and it is common 

to all the storage cases; it is targeted to approximate the reservoir static pressure maximum drop 

considered in the KEM-01 project (Fig. 2). The initial CH4 volume in place (GOIP) is 2.11 1010 m3
SC. 

The production constraints are reported in Tab. 1. At the end of the 10-year production period, 

the reservoir static pressure drop is in approximately 180 barsa. The targeted final Recovery Factor 

(the ratio between the cumulative produced volume of gas and the gas originally in place) is in the 

order of 90%, in line with theoretical reference behavior for a depletion driven gas reservoir (i.e. 

main production mechanism is gas expansion).  

  

a b 
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Fig. 2 KEM-01: reservoir pressure variation 

 

 

Tab. 1. Production constraints  

Fluid  
Max well gas 

production rate 

Minimum bottom hole 

pressure  
Time frame 

 (m3SC/day) (barsa) (years) 

100% CH4 4 106 20 10 

 

 

2.2 Carbon dioxide sequestration  

At the end of primary production, 100% CO2 is injected up to the initial static pressure of the pool 

(200 barsa @ datum depth). Two scenarios are considered: in “CO2_CASE1” the maximum 

injection rate at each well is 40 106 m3
SC/day and the injection period is 2 years. Even if the injection 

rate largely exceeds what would be a reasonable value, it is imposed in order to reproduce the 

results of the KEM-01 study and simulate a significant pressure increment in a very short time 
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(around 170 barsa in 2 years) (Fig. 2). The “CO2_CASE2” considers a realistic maximum injection 

rate at each well, equal to 4 106 m3
SC/day. Injection lasts for 13 years so as to reach the system initial 

pressure. The final pressure increment is equal to 180 barsa. The injection constraints are reported 

in Tab. 1 

The simulation results are shown in Fig. 3, Fig. 4, Fig. 5, Fig. 6. 

 

 

Tab. 2. CO2 sequestration constraints  

Case 
 

Injection fluid 
Max well gas 

injection rate 
Max bottom hole pressure 

Injection 

duration 

  (m3SC/day) (barsa) (years) 

CO2_CASE1 
100% CO2 

40 106 200 2 

CO2_CASE2 
100% CO2 

4 106 200 13 
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Fig. 3 CO2_sequestration: average reservoir static pressure vs time 

 

 

Fig. 4 CO2_sequestration: field gas in place vs time 
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Fig. 5 CO2_sequestration: field gas production total vs time 

 

 

 

Fig. 6 CO2_sequestration: field gas injection total vs time 
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2.3 Nitrogen sequestration  

The definition of the nitrogen sequestration scenarios follows the same approach adopted for the 

CO2 sequestration cases. At the end of primary production, 100% N2 is injected up to the initial 

static pressure of the pool (200 barsa @ datum depth). Two scenarios are considered: in the 

“N2_CASE1” the maximum injection rate at each well is 40 106 m3
SC/day and the injection time 

frame is 2 years. Again, even if the injection rate largely exceeds what would be a reasonable value, 

it is imposed in order to reproduce the results of the KEM-01 study and simulate a significant 

pressure increment in a short time (around 180 barsa in 2 years) (Fig. 2). The “N2_CASE2” 

considers a realistic maximum injection rate at each well, equal to 4 106 m3
SC/day. Injection lasts for 

6 years so as to reach the system initial pressure. The final pressure increment is equal to 180 barsa. 

The injection constraints are reported in Tab 2. 

The results are shown in Fig. 7, Fig. 8, Fig. 9, Fig. 10. 

 

 

Tab. 3. N2 sequestration constraints 

Case 
 

Injection fluid 
Max well gas 

injection rate 
Max bottom hole pressure Time frame 

  (m3SC/day) (barsa) (years) 

N2_CASE1 
100% N2 

40 106 200 2 

N2_CASE2 
100% N2 

4 106 200 6 
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Fig. 7 N2_sequestration: average reservoir static pressure vs time 

 

 

Fig. 8 N2_sequestration: field gas in place vs time 
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Fig. 9 N2_sequestration: field gas production total vs time 

 

 

Fig. 10 N2_sequestration: field gas injection total vs time 
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2.4 Hydrogen storage  

At the end of primary production, 100% H2 is injected up to the initial static pressure of the pool 

(200 barsa @ datum depth) imposing a maximum injection rate at each well equal to 4 106 m3
SC/day. 

Injection lasts 13 years. At the end of the refilling phase, 10 years of storage activity are simulated: 

it consists of 10 cycles comprising 6-month withdrawal and 6-month injection periods. 

Two storage scenarios are considered, which differ in terms of production constraints and number 

of storage wells. In the “H2_CASE1” the maximum injection rate at each well is 80 106 m3
SC/day and 

the maximum bottom hole pressure is 200 barsa; during the withdrawal phase, a minimum bottom 

hole pressure of 20 barsa and a maximum well rate of 70 106 m3
SC/day are imposed. The two storage 

wells are the same ones adopted for the primary production and the infilling phases.  

The “H2_CASE2” considers 9 storage wells, which are open to injection/withdrawal in all grid layers. 

The wells (Fig. 11) are rather uniformly distributed in the model because there aren’t any structural 

or petrophysical features to suggest specific well locations. The maximum injection rate at each well 

is 4 106 m3
SC/day and the maximum bottom hole pressure is 200 barsa; during the withdrawal phase, 

a minimum bottom hole pressure of 100 barsa and a maximum well rate of 4 106 m3
SC/day are 

imposed.  

The storage constraints are reported in Tab. 4. 

 

 

Fig. 11  H2_storage: location of the storage wellbores for the “H2_CASE2” 
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Tab. 4. H2 storage constraints  

Case 

Injection 

fluid 

Storage well 

numbers 
Max well gas 
injection rate 

Max bottom 
hole pressure 

Max well gas 

production rate 

Minimum 

bottom hole 

pressure 

   (m3SC/day) (barsa) (m3SC/day) (barsa) 

H2_CASE1 
100% H2 2 

80 106 200 
70 106 

20 

H2_CASE2 
100% H2 9 

4 106 200 
4 106 

100 

 

 

The results are shown in Fig. 12, Fig. 13, Fig. 14, and Fig. 15 for “H2_CASE1” and in Fig. 16, Fig. 17, 

Fig. 18, and Fig. 19 for “H2_CASE2”. 

In both cases the working gas volume is balanced (i.e. for each cycle, the injected volume is very 

similar to the withdrawn volume) and stabilized (i.e. the produced volume for each cycle remains 

nearly constant during the 10-year simulation). The “H2_CASE1” is simulated to highly stress the 

system in terms of pressure variation (around 135 barsa) during each storage cycle through the 

application of unrealistically high withdrawal/injection rates. Conversely, “H2_CASE2” considers 

realistic constraints and additional storage wells and the pressure variation during each cycle equals 

92 barsa. 

 

 

Fig. 12 “H2_CASE1”: average reservoir static pressure vs time.  
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Fig. 13 “H2_CASE1”: field gas in place vs time 

 

 

Fig. 14 “H2_CASE1”: field gas production total vs time 
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Fig. 15 “H2_CASE1”: field gas injection total vs time 

 

 

Fig. 16 “H2_CASE2”: average reservoir static pressure vs time 
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Fig. 17 “H2_CASE2”: field gas in place vs time 

 

 

Fig. 18 “H2_CASE2”: field gas production total vs time 
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Fig. 19 “H2_CASE2”: field gas injection total vs time 
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3 Remarks and conclusion  

The present report summarizes the dynamic simulations performed to evaluate the pore pressure 

distribution for a worst-case scenario and for a representative storage strategy of CO2, H2, N2 in 

a depleted gas field (WP3).  

The primary production scenario refers to the production of 100% methane and it is common to all 

the storage cases. At the end of 10-year production period, the reservoir static pressure drop is 

approximately 180 barsa.  

At the end of primary production, different scenarios concerning the injection of 100% N2 or 100% 

CO2 are simulated. In both cases, the constraint on the maximum pressure is set equal to the initial 

static pressure of the pool (200 barsa @ datum depth). An extremely high and not realistic maximum 

injection rate is imposed to simulate a very high and rapid pressure increment (around 180 barsa in 

two years): this represents the worst condition taken into account in the KEM-01 study. More 

realistic scenarios in terms of the maximum injection rate are also considered so that the same 

pressure drop is achieved over a longer production period.  

Concerning H2 storage, after a refilling phase where 100% H2 is injected, 10 years of storage activity 

are simulated. Each storage cycle comprises a 6-month withdrawal period and a 6-month injection 

period. Two storage scenarios are considered, which differ in terms of production constraints and 

number of storage wells. A very significant pressure variation (around 135 barsa) within each cycle 

is obtained through the assumption of unrealistically high withdrawal/injection rate. Conversely, by 

imposing realistic constraints and additional storage wells a pressure variation of around 92 barsa is 

obtained for each cycle. 

Furthermore, some sensitivity analyses are developed to evaluate the effect of rock compressibility 

on pressure variation: no effects can be appreciated when increasing or decreasing the reference 

constant value (2.4 10-5 1/bar) by one order of magnitude. 
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