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Abstract

Hydrogen (H ) is an attractive energy carrier to move, store, and deliver energy in a form that can be

easily  used.  Field  proven  technology  for  underground  hydrogen  storage  (UHS)  is  essential  for  a

successful  hydrogen economy.  Options for  this  are manmade caverns,  salt  domes/caverns,  saline

aquifers, and depleted oil/gas fields, where large quantities of gaseous hydrogen have been stored in

caverns for many years. The key requirements intrinsic of a porous rock formation for seasonal storage

of hydrogen are: adequate capacity, ability to contain H , capability to inject/extract high volumes of H ,

and a reliable caprock to prevent leakage. We have carefully evaluated a commercial non-isothermal

compositional  gas reservoir  simulator  and its  suitability  for  hydrogen storage and withdrawal  from

saline aquifers and depleted oil/gas reservoirs. We have successfully calibrated the gas equation of

state model against published laboratory H  density and viscosity data as a function of pressure and

temperature. Comparisons between the H , natural gas and CO  storage in real field models were also

performed. Our numerical models demonstrated more lateral spread of the H  when compared to CO

and natural gas with a need for special  containment in H  projects.  It  was also observed that the

experience with CO  and natural gas storage cannot be simply replicated with H .

Keywords:  underground  hydrogen  cyclic  storage

(/search?q=underground%20hydrogen%20cyclic%20storage);  saline  aquifer

(/search?q=saline%20aquifer);  depleted oil  reservoir (/search?q=depleted%20oil%20reservoir);

reservoir  simulation  (/search?q=reservoir%20simulation);  sensitivity  analysis

(/search?q=sensitivity%20analysis)

1. Introduction

Hydrogen is the most abundant substance in the universe, but it must be separated from some

other substance such as water or fossil fuels, since it does not exist as a gas. For example, industries

such as oil refineries use large quantities of hydrogen that mostly comes from separation of hydrogen

from natural gas called steam methane reforming. Some of its potential usages are in powering long-

haul trucks, trains, and air travel. Some energy companies are also looking into blending hydrogen with

natural  gas for  home heating and cooking.  The existing natural  gas infrastructure already has an

advanced and mature hydrogen production process through natural  gas reforming. Currently,  large

central plants of natural gas reforming are responsible for 95% of the hydrogen production from the

United States [1]. This is an important path for the production of hydrogen in the short term. Carbon

capture and storage can be combined with these processes in order to reduce the overall  carbon

emissions from industrial activities. The National Aeronautics and Space Administration (NASA) began

using liquid hydrogen in the 1950s as a rocket fuel; NASA was one of the first to use hydrogen fuel

cells to power the electrical systems on spacecraft.

There are already experiences in storing H  in geological  sites.  In Texas, hydrogen has been
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stored since the 1980s in a solution-mined salt cavern by the Chevron Philips Clemens Terminal. The

cavern roof is about 2800 ft underground, comprised of a cylinder with a diameter of 160 ft with 2520

metric tons storage capacity [2]. Another example is the RAG Austria AG storing H  in a depleted oil

and gas field in Austria in 2017 [3]. Their research included the development and testing of technology

for storing excess wind and solar powered electricity through its use in the production of natural gas,

for later use in power generation, in storage facilities. The same infrastructure and technology can be

used to replace the natural gas by hydrogen.

A first assessment of risk factors associated with subsurface hydrogen storage is essential for fact-

guided policy and investment decisions, and for effective communication with stakeholders, including

regulators and the general public [4].  While hydrogen storage in salt  caverns is being practiced in

Texas and the UK for  decades and can be considered tested in a commercial-scale environment,

experience of storing hydrogen in porous reservoirs that include depleted oil and gas fields and saline

aquifers is currently limited to H -natural gas mixtures (town gas or syn gas with subsurface storage in

Europe until the 1980′s and the recent Underground SUN Storage and Conversion projects by RAG

AG in Austria).

Underground storage is widely practiced for natural gas and oil, with about 350 storage sites in the

US (79% in depleted O&G fields, 11% in aquifers, 10% in salt domes) and with established regulatory

guidelines in place (for natural gas storage in salt caverns [5]  and natural gas storage in depleted

hydrocarbon reservoirs and aquifer  reservoirs [6]).  The lower viscosity  and higher diffusivity  of  H

relative to methane or  natural  gas leads to a higher tendency of  H  to  spread laterally  in  porous

reservoirs with an ensuing economic risk of reduced recoverability of stored product and an enhanced

physical  risk  of  leakage.  Increased lateral  spread increases the probability  for  stored H  to  reach

abandoned and leaky wells or leaking faults. These risks can be minimized by proper storage site

selection  with  attention  to  trap  geometry,  reservoir  properties,  reservoir  pressure  monitoring  and

management, and caprock capacity, careful design of injection and production well geometry through

reservoir simulations, and by plume and leakage monitoring during operations [4].

Pipelines are a safe and economical way for transporting large quantities of petroleum product

daily, but several threats may produce the risk of pipe failure when not properly managed [7]. Some

examples for disruption include corrosion, construction defects, and many others [7].  A robust  risk

mitigation system is required to keep Risk Factors (RF) as low as possible. Kraidi et al. [7] identified

several RF’s that can affect oil and gas pipelines and grouped them into different categories. While not

being considered in this study, such risk analysis should be considered in the design of hydrogen

storage projects for preventing leakage and improving the safety of transporting hydrogen between the

storage site and operating facilities.

While there are recent studies on numerical simulations of underground hydrogen storage, most of

these focus on H  storage in synthetic aquifer models and building an anticline with one well to inject

and withdraw, with no details of the modeling of phase behavior, fluid properties, relative permeability

and capillary pressure [8,9,10,11,12,13,14,15,16].

Other authors considered application in models generated from real field data but still presented

no details regarding the phase behavior and fluid properties. Sainz-Garcia et al. [17]  presented the
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numerical simulation of H  in the San Pedro Aquifer in Spain [18]. They studied the impacts of number

of  producers  and  the  locations  on  H  recovery.  The  results  of  very  fine  grid  models  showed  a

significant water coning in one well case where the addition of a horizontal well below the cap rock

reduced the water coning and multiple extraction wells increased recovery of H . Hydrogen recovery

increased from 63 to 78% by adding 3 producers in 3 years. Lysyy et al. [19]  conducted numerical

simulations  based  on  the  Norne  field  in  Norway.  Their  simulations  considered  three  scenarios  of

injecting hydrogen using one vertical well either in top gas zone, middle oil zone, or bottom water zone

of the reservoir for 5 years with 7 months injection and 5 months production cycles. They injected CH

as the cushion gas prior to H  injection. Their results indicated a better performance if H  is injected in

the gas zone. The final  H  recoveries from gas,  oil,  and water zones were 87%, 77%, and 49%,

respectively. They also conducted sensitivities to different mixtures of CH  and H  injection. Ershadnia

et  al.  [20]  presented a sensitivity  study of  UHS in an aquifer  model  named PUNQ-S3 which was

constructed based on field observations by Elf exploration and production Company [21]. Some of their

conclusions included that aquifers with high anisotropy ratio were more beneficial for UHS, hysteresis

should  be considered to  avoid  underestimating the residual  trapping of  hydrogen,  and perforation

placement is one of the most important parameters affecting storage efficiency. Additionally, Delshad et

al. [22] performed sensitivity studies for the hydrogen storage in saline aquifers and depleted oil and

gas  reservoirs.  However,  the  work  from Delshad  et  al.  [22]  did  not  present  a  comparative  study

between the storage of hydrogen, CO , and natural gas which is the focus of this paper.

We searched and collected publications on measured data for H  properties such as density and

viscosity as a function of temperature and pressure [23,24,25], interfacial tension with water [26,27,28],

water/rock/H  contact angle and wettability [27,29,30]; water/rock/H -CH  contact angle and wettability

[28,31] and relative permeability and capillary pressure [32]. The impacts of geochemistry [33]  and

biochemistry [34,35] are also of an interest as potential loss mechanisms for stored H .  There are

several research groups that have published on the large-scale geologic storage and their challenges

[11,19,36].

In this paper, a non-isothermal compositional reservoir simulator was evaluated for its suitability for

the  hydrogen  seasonal  storage  process  in  saline  aquifers  and  depleted  oil  reservoirs.  The  Peng

Robinson  equation  of  state  model  [37]  was  successfully  calibrated  against  published  H  density.

Likewise, the LBC [38] correlation for viscosity as a function of pressure and temperature was also

calibrated.  The numerical  simulation results  for  the hydrogen obtained in  this  study indicated that

containing the stored volume of H  (working gas) is critical for both the saline aquifer and the depleted

oil reservoir. This is a consequence of hydrogen’s high mobility due to its low density and viscosity.

Such containment can be achieved by integrating the selection of the storage site, while considering its

geological features (i.e., faults) and the well strategy (such as location and if pump wells are required).

To the best of our knowledge, this is the first time that the suitability of hydrogen storage is performed

and compared in real sites that were considered for natural gas and CO  storage using compositional

reservoir simulation.
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2. Materials and Methods

We selected one natural gas storage model in a depleted oil reservoir and one CO  storage model

in a saline aquifer to evaluate their suitability as hypothetical storage candidates for H . Main goals of

the simulations were to assess the H  capacity, working volume, and cushion gas volumes. There are

other  factors  that  can  impact  the  H  cyclic  storage  such  as  reservoir  minerology,  geochemical

reactions, biological reactions, interfacial tension, physical dispersion, and hysteresis effects on relative

permeability  and  capillary  pressure  curves  that  were  not  included  in  the  work  presented  here.

Additionally, the geomechanical evaluation of the seal integrity is not considered in this work.

The cushion gas is  the amount  of  gas that  cannot  be recovered and is  needed to  keep the

reservoir pressurized. It includes both free and dissolved gas. It is important to mention that there is no

free gas in the sites considered here. The consequence of this is that a portion of injected hydrogen

volume is the cushion gas and is no longer recoverable. For this reason, minimizing the volume of

cushion gas is the key objective of optimizations. Different gases such as Nitrogen, Methane and CO

have been as the cushion gas [10,15,17,39,40,41,42].

2.1. Gas Storage Site in Colorado, USA

A dynamic reservoir model of a natural gas storage in a depleted oil reservoir in Colorado, USA, is

chosen to  perform a  comparative  simulation  study  between natural  gas  (NG)  and  hydrogen (H )

storage. Suitability of this field for gas storage suggests that it may be potentially suitable for hydrogen

storage [43]. We have used a compositional reservoir simulator for this study (CMG-GEM). Two key

factors are defined as primary contributors to the successful storage operation: gas containment and

gas  working  capacity.  Gas  containment  in  the  reservoir  was  carefully  tracked over  entire  storage

process and compared between natural gas and hydrogen storage at different timesteps of storage

process. Gas working capacity was defined as the largest injected gas volume at one cycle. High gas

working capacities imply that more gas could be stored in one cycle. Natural gas and hydrogen storage

are mostly compared based on these two aspects. The next part of this study is an attempt to enhance

hydrogen  storage  in  terms  of  working  capacity  and  containment  by  optimizing  well  locations  and

operational  constraints.  Impact  of  reservoir  properties  on  loading  cycle  was  examined  in  detail

considering relative permeability curves, critical gas saturation, and reservoir temperature. The goal of

this study was to identify the possibility of storing hydrogen in abandoned oil/gas fields and conditions

under which it would be possible.

Simulation model of a depleted oil field in Colorado (production from 1953–2011) converted into

natural gas storage site in 2011 was chosen to compare between storage/withdrawal of natural gas

and hydrogen and its suitability for H  storage. Two historical field waterflooding periods (1959–1966

and 1999–2011) dramatically  increased in  situ  water  saturation.  About  16.4 MMSTB of  water  was

injected in the first period, and only nominal volumes were injected in the second phase. The influence

of  water  saturation  values  at  the  start  of  the  H  storage  can  be  critical  and  deserves  further

investigation. The reservoir fluid is undersaturated black oil with 37.2 API, bubble-point pressure of

1240 psig, temperature of 194 °F and solution gas-oil ratio of 475 SCF/bbl at initial conditions. Two
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different rock types are present in the reservoir shown in Figure 1:  channel sand with an average

permeability  of  400 mD at  the top (shown in  red)  and non-channel  sand (shown in blue)  with an

average permeability of about 10 mD.

Figure 1. Two rock types in the reservoir model—Colorado site. Adapted from [22].

The model is based on the history match of measured field production rates of oil, gas, and water,

and pressure. We used the Carter-Tracy analytical aquifer model to account for the aquifer presence

and its connection to the oil reservoir (arrows in Figure 2).

Figure 2. Location of the wells (circles), aquifer (arrows) and water saturation at the beginning of

production in 1953 for model—Colorado site.

The reservoir model gives about 25.5 MMSTB of initial oil-in-place and 8.4 BSCF of solution gas.

A  detailed  summary  of  the  model  is  presented  in  Table  1.  Oil/water  and  oil/gas  relative

permeability curves are shown in Figure 3. An upscaled model was considered for these simulations

and we did not study the grid refinement or local grid refinement to minimize the numerical dispersion.
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Figure 3.  Relative  permeability  curves (kr).  (a)  Oil/water  vs.  water  saturation (Sw);  and (b)

oil/gas vs. total liquid saturation (Sl).

Table 1. Reservoir model summary—Colorado site.

The Peng-Robinson Equation of State with 13 components was used based on produced fluid

samples taken from years 1953 through 2010. Figure 4 shows oil composition of the reservoir fluid and

lumping of the components.
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Figure 4. Oil composition of the reservoir fluid—Colorado site.

Figure 5 shows the oil saturation at the end of the production history. Note that the average oil

saturation is 10.9%, average water saturation is 88.7%, and average gas saturation is 0.4% at the

beginning of gas storage operation.

Figure 5. Oil saturation prior to gas storage project—Colorado site.

About 19.7 MMSTB of water is injected via injection wells during waterflood operations and 7.1

MSTB of water is from the aquifer, replacing oil in the reservoir. The mobile water should be produced

to free up additional pore spaces for gas storage. Hence, one of the main objectives for conversion

process from abandoned oil field to gas storage site is removing as much liquids from it. Additionally,

gas containment in the reservoir is another goal for an efficient gas storage as well as increasing gas

working capacities. These strategies are considered to enhance hydrogen capacity.
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Two  different  types  of  wells  are  considered  to  meet  these  objectives.  The  first  type  is

injection/withdrawal (I/W) wells. These wells inject and produce gas at specified locations. Maximum

well-head pressure (MAX WHP) and maximum gas injection rates (MAX STG) are used as injection

constraints, while minimum well-head pressure (MIN WHP) and minimum bottom-hole pressure (MIN

BHP) are utilized as withdrawal constraints. The second case is using wells equipped with electrical-

submersible pumps (ESP) and defined as ‘P’ or pump wells. These wells are used to produce excess

water from the reservoir and free up pore spaces for gas storage. Pump wells are constraint by the

maximum liquid flow rate (MAX BHL), minimum bottom-hole pressure (MIN BHP), and maximum gas

production rate (MAX STG). The gas produced from pump wells is reinjected into I/W wells, achieving

a net zero gas withdrawal during the injection period.

Three cases considered for NG storage are: (1) all-vertical  well  case with 16 I/W wells and 8

P-wells, (2) all-horizontal well case with 5 horizontal I/W wells and 4 horizontal P wells, and (3) a case

with 5 horizontal I/W wells and 8 vertical  P wells.  However, since the original field reports did not

specify the exact locations of the wells, a new case with fewer injection wells and more pump wells was

constructed to assess the impact on the working capacity. This case has 9 I/W and 15 P vertical wells

to compare with hydrogen storage. Figure 6 shows well locations and Table 2 summarizes the well

data. The numerical layers of 1 to 4 are where the gas is injected and reservoir fluids are extracted

(referred to perforated layers in Table 2).

Figure 6. Location of wells during gas storage project—Colorado site.

Table 2. Description of I/W and Pump wells—Colorado site.
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An initial  twelve-month loading (fill-up) period marks the beginning of  the gas storage project.

Subsequently a six-month withdrawal period was simulated. The same initial fill  up period that was

considered for  the  natural  gas  storage was also  followed for  hydrogen.  From that  point,  3-month

injection and 3-month withdrawal cycles were initiated for 5 years.

Nitrogen component of the gas phase is replaced by hydrogen in the Peng Robinson EOS model.

Hydrogen fraction is zero for initial conditions and fractions of other components are re-normalized.

The conversion of  oil  field into a hydrogen storage site is  simulated using the same strategy and

development plan as the NG base case.

A manual sensitivity approach for hydrogen storage is primarily focused on three aspects: well

locations, completion, and orientation, reservoir properties, and injection operation. Initial case has 9

I/W wells and 15 pump wells with perforations in the first 4 numerical layers out of 6. Gas is being

produced  mostly  from the  top  layers,  while  oil  and  water  are  produced  from the  lower  structure.

Ultimately, we studied 4 different designs for I/W and pump wells: (1) all vertical wells (initial case), (2)

horizontal I/W wells and vertical pump wells, (3) vertical I/W wells and horizontal pump wells, and (4)

lastly all horizontal wells. A summary of these cases is presented in Table 3. Note that Case 0-A is the

base case for the natural gas storage, and Case 1-A is the base case for the hydrogen storage.

Table 3. Well locations for optimization cases—Colorado site.

For the sensitivity studies, Case 1B from Table 3 is used as the base case. The sensitivity studies

are performed on reservoir/fluid properties such as relative permeabilities, critical gas saturation, and

reservoir  temperature  by  changing  their  values  from  those  used  in  the  base  case  simulation.

Multiphase relative permeability data present one of the biggest uncertainties in reservoir simulation.

Hence, it is necessary to include different relative permeability curves in almost any modeling study to

account for its uncertainty. The lack of published experimental H  relative permeability  data in the

presence of both oil and water encouraged us to use measured water/H  relative permeability curves

from Yekta et  al.  [32]  for  this  sensitivity  case but  keeping oil/gas relative permeabilities  as before

(Figure 7).
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Figure 7.  H -water relative permeabilities adapted from Yekta et al.  [32].  The points refer to

different experiments.

The oil  relative  permeability  is  the same as the NG case and water/gas relative  permeability

curves  are  changed  according  to  Figure  7  to  incorporate  such  data  into  three-phase  relative

permeability  input  tables.  In  the  original  model,  the  critical  gas  saturation  was  0  causing  an

overestimated gas withdrawal rate. The critical gas saturation is a minimum saturation above which the

gas  phase  starts  flowing.  A  large  critical  gas  saturation  value  indicates  that  significant  hydrogen

volumes are trapped in the reservoir. Four new cases are set up with critical gas saturation values from

5 to 20% to study its effects on the storage efficiency [44]. Figure 8 shows oil/gas relative permeability

curves using different critical gas saturations.

Figure 8. Oil/gas relative permeability curves (Kr) with the modified critical gas saturation vs.

liquid saturation (Sl).

The hydrogen properties such as viscosity and density are functions of the reservoir temperature

and  have  an  effect  on  the  hydrogen  spreading  and  distribution  in  the  reservoir.  The  reservoir

temperature  of  244  °F  is  used  as  a  sensitivity  case  for  the  phase  behavior  and  fluid  property

calculations.  The  last  step  in  the  sensitivity  studies  is  to  alter  gas  injection  strategies  such  as

injection/withdrawal times, ‘soaking time’, and the time to activate pump wells. Initial cycles consist of
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3-month injection/3-month of withdrawal. Two more scenarios, 6-month injection/6-month withdrawal

and  10-month  injection/10-month  withdrawal,  are  also  considered.  However,  total  injection  and

withdrawal times are kept the same as 42-month injection/30-month withdrawal. Next, the ‘soaking

time’ is modeled when there is either no gas injection or gas withdrawal, mimicking gas storage for

scenarios of  no hydrogen supply  or  demand.  ‘Soaking time’  is  modeled as 3-month and 6-month

periods executed after 5 cycles. Lastly, activation time for the pump wells is studied and they can be

active  during  either  injection  or  withdrawal  cycles.  The  initial  natural  gas  storage  design  was

implemented in the first case (pump wells are producing oil and water during injection cycles). The

pump wells are then activated during the withdrawal cycle to compare the efficiency of pump wells

during  injection  and  withdrawal  cycles.  A  new  case  is  also  simulated  without  pump  wells  for

comparison purposes. A summary of the manual sensitivity and optimization workflow is in Figure 9.

Figure 9. Manual sensitivity and optimization workflow used in this study.

2.2. Cranfield Site, Mississippi, USA

A numerical  model  which  was developed for  modeling  CO  storage  demonstration  project  in

Cranfield formation in Mississippi, USA [45,46]  is used to study the feasibility of hydrogen storage.

Technical  focus areas of  this  study are documenting hydrogen retention in  the injection zone and

quantifying gas working capacity. This study is intended to demonstrate the potential of using saline

aquifer for hydrogen storage.

The Cranfield site is a highly heterogeneous formation composed of stacked and incised channel

fills at about 10,000 feet depth in the lower Tuscaloosa formation of the cretaceous age. It consists of a

simple 4-way anticline overlying a deep salt  dome with a large gas cap surrounded by an oil  ring

(Figure  10)  and  has  produced  oil  and  gas  between  the  1940′s  and  1960′s  with  62  wells.  A

representative thickness of the hydrocarbon-bearing formation is 60 ft. CO  injection started in July

2008.  A numerical  model  of  the field’s  northern section was developed using the multiphase-flow,

2
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compositional CMG-GEM software. The interpretation of logs from old and recently drilled wells and

geophysical data were used to build the model [46]. The dynamic model is history matched considering

oil, gas, and water production starting from the reservoir natural state to the first CO  injection phase.

The modeling results of the production period are consistent with historical  production. Due to the

heterogeneous nature of the reservoir, both permeability and porosity are extremely variable (ranging

from 1 mD to 1000 mD and from 10 to 30%, respectively). Figure 11 shows permeability and porosity

distributions. The residual oil saturation is 0.25 and maximum residual gas saturation is 0.3. Relative

permeability  curves follow a Brooks-Corey model.  A summary of  model  properties is  presented in

Table 4. For more details on the reservoir characterization and simulation model refer to Delshad et al.

[45] and Hosseini et al. [46].

Figure  10.  Contour  map  of  the  Cranfield  reservoir.  Reproduced  with  permission  from [22].

Copyright 2022 SPE.

Figure 11. Porosity and permeability distributions—Cranfield site.

Table 4. Cranfield numerical model description.
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Seven CO  injectors located in the Northern section of the field are activated in July 2008, totaling

about  24  MMSCF/D  following  historical  injection  rates  (Figure  12).  Water  is  produced  from  5

production wells. There are seven pseudo horizontal wells on the boundary of the model to account for

the  aquifer  dynamics  and  maintaining  a  constant  pressure  boundary  condition.  Figure  13  shows

location of these wells and Table 5 summarizes essential information about these wells.

Figure 12. Historical injection rates—Cranfield site.

Figure 13. Well locations—Cranfield site.

Table 5. Well data—Cranfield site.
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CO  was then replaced with hydrogen and its injection followed the same schedule as the CO .

The difference in injection between these two gases is investigated by comparing average reservoir

pressure  and  gas  saturation.  Hydrogen  storage  was  simulated  considering  only  one  vertical

injection/withdrawal well and seven boundary wells. It consisted of initial fill up (12-month injection and

6-month production), and two cycles (3-month injection and 3-month production). Hydrogen injection

was constrained by a maximum bottomhole pressure of 6000 psia and maximum injection rate of 25

MMSCF/D. Additional pump wells were introduced into the model in order to speed up the hydrogen

storage process.  They primarily  produced water  during the withdrawal  cycle to increase free pore

space for subsequent gas injection. The effect of perforation was also studied. Table 6  presents a

summary of simulation cases.

Table 6. Description of the H  storage cases—Cranfield site.

3. Results and Discussion

The results and discussion for the two storage sites tested here is presented next.

3.1. Gas Storage Site in Colorado

The performance of  hydrogen and natural  gas storage in  a depleted oil  field  is  compared by

conducting compositional reservoir simulations using the commercial reservoir simulator CMG-GEM.

Geochemical and biological reactions are neglected in these simulations. The key results compared

are the injection volume, working capacity, and production volume. The results indicate that 10% less

volume  of  hydrogen  is  injected  compared  to  the  natural  gas  because  of  the  H  properties  and

consequent impact on reaching the maximum wellhead pressure for the H  case. For example, the

well-head pressure reaches the imposed constraint for H  almost 12 days earlier in the first injection

cycle compared to natural gas. In other words, natural gas is injected 12 days longer at maximum rate.

Moreover,  39%  less  working  gas  capacity  is  calculated  in  the  last  storage  cycle  with  hydrogen

compared  to  the  natural  gas  because  of  smaller  volumes  injected  and  the  difference  in  physical

properties of the two gases (Figure 14).
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Figure 14. Gas volumes for H  and NG—Colorado site.

About 4.3 BSCF more hydrogen is produced and reinjected through pump wells  compared to

natural gas, even though more volume of natural gas is injected. Finally, during hydrogen storage 3.5%

less  oil  volume  is  produced,  indicating  that  natural  gas  mimics  huff-n-puff  enhanced  oil  recovery

process due to partial miscibility of NG in the reservoir oil. Table 7 gives a summary of the storage

performance of hydrogen and natural gas.

Table 7. Comparison of hydrogen and natural gas storage results—Colorado site.

Gas  saturation  distributions  at  different  times  are  provided  to  highlight  gas  containment  and

vertical growth of the gas saturation bubble. Figure 15 shows gas saturation at the end of initial fill-up:

14.9 BSCF of natural gas and 13.7 BSCF of hydrogen is injected. These images give insights into the

development of  the gravity  override for  both gases (layer 2 vs.  layer 5 saturations) and the more

spreading of hydrogen in both layers in comparison with NG.
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Figure 15. Natural gas (left images) and hydrogen (right images) saturation profiles in layers 2

(top images) and 5 (bottom images) after initial fill-up cycle—Colorado site.

Figure 16 shows the NG and H  saturation distributions at the 3  year of operations in layers 2

and 5 to demonstrate their vertical migrations and more concentrated natural gas at the dome of the

channel sand in comparison to spreading of H  across the entire high permeability channel sand.

Figure 16. H  (right images) and NG (left images) saturation growth in the middle of storage

time in layers 2 (top images) and 5 (bottom images)—Colorado site.

Figure 17 compares the NG and H  saturations in layers 2 and 5 at the last injection cycle with

working  capacities  of  approximately  5.80  BSCF natural  gas  and  3.55  BSCF hydrogen.  Note  that

natural gas with higher working capacity is still more contained within the channel sand, while hydrogen

spreads almost close to the numerical model boundaries. Hydrogen is more buoyant and migrates

towards the top of the dome with nearly 3% higher saturation in the top layer due to its low density.
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Figure 17. H  (right images) and NG (left images) saturation growth and containment in layers

2 (top images) and 5 (bottom images) after the last injection cycle—Colorado site.

Figure 18 comparing the saturation distributions for NG and H  and hydrogen clearly has a larger

swept volume and is less confined, and spreads through the channel sand downdip.

Figure 18. NG (left image) and H  (right image) saturation distributions after the last injection

cycle—Colorado site.

Figure 19 gives the pressure distributions at the beginning and at the end of the last storage cycle.

Note that the pressure transient is dominated in the channel sand shape. Pressures at both loading

and extraction cycles change very little outside the channel sands during natural gas storage, while

more pressurization occurs during hydrogen injection.

Figure  19.  Pressure  distribution  in  psi  after  the  last  injection  (top  images)  and  withdrawal

(bottom images) cycles for NG (left side images) and H  (right side images)—Colorado site.

In addition to comparing gas working capacities, gas withdrawal as a fraction of the previously

injected gas volume is also calculated. Gas withdrawal values indicate the fraction of injected gas that
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is produced in one cycle. For example, H  withdrawal rate increased from 91% after the second cycle

to 99% after the last cycle compared to 77 and 99% for NG. Initial cycles of storage are less effective

for both gases, more gas remains in the reservoir, and cushion gas volumes increase. However, 99%

of both gases is produced in the last storage cycle.

The cushion gas is defined as the volume of gas in the reservoir including the solution gas. A

greater cushion gas volume of about 5.10 BSCF is obtained for natural gas compared to only 3.72

BSCF for H  (Figure 20) for the base case. Figure 21 shows hydrogen mole fraction in produced gas

from withdrawal wells with a reduction of 94 to 50% in the first cycle. However, the H  concentration is

always above 90% in all subsequent cycles. Moreover, hydrogen composition in produced gas is more

than 99% in the last withdrawal cycle, more hydrogen remains in the reservoir initially but almost all the

injected hydrogen is produced back in the last cycles. The high purity of the hydrogen produced is the

lack of free initial gas. Hence, the purity of produced hydrogen can only be reduced by vaporized water

and oil components.

Figure 20. Cushion gas volumes during natural gas and hydrogen storage—Colorado site.

Figure 21. Hydrogen molar fraction in produced gas from withdrawal wells—Colorado site.

The  next  step  is  to  optimize  hydrogen  storage  to  increase  working  capacity  and  hydrogen

containment within the high permeability channel sand. Well location sensitivity simulations indicate

that injected gas and recycled gas volumes are strongly dependent on well configuration. More than

50% change in injected gas volume and 38% change in recycled gas volume is achieved by optimizing

well locations. However, such a big difference in injected gas volumes did not indicate any injectivity

issues in the model since injected gas consists of hydrogen from a hypothetical production plant and

hydrogen  is  produced  through  pump  wells  and  reinjected.  The  most  effective  hydrogen  storage
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strategy is believed to be the case with the lowest injected volumes, lowest recycled volumes, and

highest working capacity.  This strategy has most likely a lower compression cost.  The changes in

cumulative water and oil volumes are 6 and 5% accordingly. The highest gas working capacity is 4.20

BSCF for Case 2B and the lowest is 1.17 BSCF for Case 2A. However, working capacities in other

cases are close with a maximum difference of 0.54 BSCF. Table 8 presents well location sensitivity

results.

Table 8. Summary of well location sensitivity and manual optimization results—Colorado site.

Sensitivity simulations indicate that relative permeability curves have the greatest impact on the

storage performance. The changes in relative permeability curves cause higher injected volumes, less

recycled gas volumes, higher cumulative water and oil  production, and 69% less working capacity.

Critical  gas saturation and reservoir  temperature have minor impact on injected, recycled, working

capacity, and cumulative water productions. However, critical gas saturation had significant impact on

cumulative oil production, increasing it by 25% for 20% critical gas saturation compared to the value of

zero in the base case (Table 9).

Table 9. Physical property and temperature sensitivity simulation results—Colorado site.

Sensitivity  studies  on  gas  injection  operational  parameters  suggest  that  the  number  of

injection/withdrawal cycles in a fixed period of storage has a moderate effect on final hydrogen storage.

There  is  a  reduction  of  11.2% (6/6-month  case)  and  14.6% (10/10-month  case)  in  gas  volumes.

Recycled gas volumes and cumulative water and oil productions remain almost the same. However,

working capacity increased by 9% (6/6-month case) and 12% (10/10-month case). The soaking time

has no effect on final  hydrogen performance. On the other hand, activating the pump wells has a

considerable  effect  on  storage  results.  There  is  an  26%  increase  in  working  capacity  and  65%

reduction in injected gas volumes when pump wells are activated during the withdrawal cycle. The

activation of pump wells during withdrawal period seems more efficient to store hydrogen for this case.

Withdrawal and pump wells produce both hydrogen and water during the withdrawal period creating a

more favorable storage conditions by creating more free space in the reservoir for the next hydrogen
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injection period. A new case without pump wells is simulated to assess the benefits of pump wells. The

results show reduction of 53% for gas working capacity and 87% for injected gas volume (Table 10).

Table 10. Summary of sensitivity results on gas operational parameters—Colorado site.

For the Colorado site, the following insights were obtained:

• Stored hydrogen volume is smaller than that of the natural gas for the reference case. Maximum

working capacity of hydrogen is about 39% lower than the natural gas since the increase in pressure

is much faster with hydrogen causing a reduction in injection rate. Less injected gas volumes lead to

smaller working capacity, more hydrogen is produced via pump wells and recycled to reduce the net

injection volume requirement.

• There is a substantial difference in saturation distributions of the two gases. Natural gas is contained

within the channel sand in anticline structure and hydrogen spreads throughout the storage process

resulting noticeable differences in gas distribution in top layers. H  saturation front almost reaches

the  model  boundaries  by  the  last  cycle  indicating  that  it  is  more  challenging  to  confine  H  in

reservoirs with geological characteristics as of this study site. Hydrogen is more mobile and buoyant

and the natural gas storage strategies may not be optimum for the hydrogen storage. Hydrogen

working capacity is increased by optimizing well completions, a longer storage period (i.e., 6.5 yrs of

reference case to 13.5 yrs), and activating pump wells during the unload cycles.

• Physical properties and injection well  operational constraints can have significant impacts on the

storage efficiency. Relative permeabilities and the time of activating pump wells have the greatest

impact on storage process. Relative permeability curves need to be measured for the relevant fluid

systems. The activation of  pump wells  during withdrawal  period significantly increases hydrogen

working capacity. The benefits of pump wells during withdrawal period to speed up gas storage and

increase working capacities need to be considered for each storage site.

3.2. Cranfield, Mississippi

The average reservoir  pressure is  slightly  higher  during hydrogen injection compared to  CO

(Figure 22).  This  observation suggests that  pressure build  ups faster  with  hydrogen injection and

injection well constraint is reached earlier compared to either natural gas or CO  injection. CO  is well

contained around injection wells, while hydrogen spreads in the entire reservoir model and approaches

the model boundary by the end of injection cycle (Figure 23).
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Figure 22. Comparison of average reservoir pressure during injection of CO  vs. H —Cranfield

site.

Figure 23. CO  (left image) and H  (right image) saturations at the end of injection—Cranfield

site.

About 13.56 BSCF of hydrogen is injected but only about 66% is produced with working capacity

of 2.25 BSCF in the last cycle. The well perforations have minimal effect on hydrogen storage (Table

11).  The pump wells also had negligible effect on total  gas volume injected and working capacity.

However, since the pump wells produced both water and H , the produced gas volume is about 2

BSCF greater than the Case 1. Hydrogen reaches the boundaries of the model in all  three cases

(Figure 24). Note the difference in saturation between layers 4 and 11, indicating vertical movement of

hydrogen. Additionally, hydrogen was spreading even more in Case#3 because pump wells created

additional free pore space by producing water. Figure 25  shows 3D view of the model along with

hydrogen  saturation  in  the  end  of  storage  process,  indicating  severe  spreading  of  gas.  This

propagation might be because of the presence of boundary wells, which produced water in order to

keep constant pressure at the edges of model. Finally, we have also observed very low solubilization of

hydrogen into the aqueous phase.
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Figure 24. H  saturation distributions in layer 4 (top images) and layer 11 (bottom images) at

the end of last injection cycle for cases 1–3 (left to right).

Figure 25. H  saturation distributions in last injection cycle for Cases 1–3 (left to right).

Table 11. Summary of the hydrogen storage cases.

4. Summary and Conclusions

The simulation results indicated that hydrogen spreads more laterally in both saline aquifer and

natural gas cases compared to both CO  and natural gas and there is a need to optimize the well

operations for efficient H  cyclic injection/production. The benefit of using pump wells to improve the

working gas capacity was demonstrated. The numerical simulation results indicated that containing the

stored volume of H  (working gas) is critical for both the saline aquifer and the depleted oil reservoir.

This  is  a  consequence  of  hydrogen’s  high  mobility  due  to  its  low  density  and  viscosity.  Such

containment can be achieved by integrating the selection of  the storage site,  while considering its

geological features (i.e., faults) and the well strategy (such as location and if pump wells are required).

The reservoir properties and the geological features for example faults, natural fractures, and caprock
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properties are also critical parameters for the site selections but are not included in this paper.

Some conclusions based on the two cases studied here regarding the comparison between the

depleted oil reservoir and the saline aquifer, while neglecting the potential impacts on seal integrity

(geomechanics), geochemical, and biological impacts on H  injectivity and H  loss in these formations,

are:

• Modeling  of  H  injection  in  saline  aquifer  is  simpler  with  respect  to  phase  behavior,  physical

properties, and analysis of residual trapping and dissolution compared to the depleted oil  or gas

reservoirs.

• Both aquifer and depleted oil reservoir have significant storage and deliverability capacity.

• Reservoir  structure and high permeability  channel in the depleted oil  reservoir  require additional

wells to contain the hydrogen.

• The cushion gas is higher in the aquifer case (4.57 BSCF against 3.72 BSCF for the depleted oil

case).

• We might be limited in the number of withdrawal wells in saline aquifer cases whereas existing wells

in depleted oil and gas fields can be utilized pending a careful evaluation of integrity of the legacy

wells.

• Presence of reliable caprock/seal needs to be evaluated in saline aquifer cases.

Despite the vast experiences in storing CO  and natural gas in different geological settings of

saline aquifers and depleted oil/gas reservoirs, H  storage has its own challenges, and more research

and development is needed to select, design, and execute efficient and safe storage projects. Some of

these challenges and future research studies are:

• Impact of H  properties on swept volume and its containment in contrast to carbon dioxide and

methane storage.

• Physical properties and injection well operational constraints have significant impacts on the storage

efficiency. Relative permeabilities and the time of activating pump wells will have the greatest impact

on the storage process. Relative permeability curves need to be measured for the relevant fluid

systems.

• Suitability of saline aquifers compared to depleted oil or gas reservoirs considering storage integrity,

mixed gases, and potential impact of H  on rock properties.

• Managing large variations in volumes/rates to load and unload.

• Impact of H  purity on fluid separation and transport.
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