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a b s t r a c t

The underground hydrogen storage (UHS) capacities of shut down oil and gas (O&G) fields

along the Norwegian continental shelf (NCS) are evaluated based on the publicly available

geological and hydrocarbon production data. Thermodynamic equilibrium and geochem-

ical models are used to describe contamination of hydrogen, loss of hydrogen and changes

in the mineralogy. The contamination spectrum of black oil fields and retrograde gas fields

are remarkably similar. Geochemical models suggest limited reactive mineral phases and

meter-scale hydrogen diffusion into the caprock. However, geochemical reactions between

residual oil, reservoir brine, host rock and hydrogen are not yet studied in detail. For 23

shut down O&G fields, a theoretical maximum UHS capacity of ca. 642 TWh is estimated.

We conclude with Frigg, Nordost Frigg, and Odin as the best-suited shut down fields for

UHS, having a maximum UHS capacity of ca. 414 TWh. The estimates require verification

by site-specific dynamic reservoir models.

© 2023 The Author(s). Published by Elsevier Ltd on behalf of Hydrogen Energy Publications

LLC. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).
Introduction

One of the most critical challenges in a forthcoming energy

society with low carbon emissions is the storage of energy

generated from renewable sources [1,2]. The generation of
tef.no (B. Emmel).
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energy using renewable sources like wind, solar, and hydro-

power is intermittent, and it is essential to account for the

variation in energy supply and demand between seasons [3].

To assure a stable, secure, and safe European energy supply,

temporary storage of excess energy is one of the key strategies

[4] to balance energy production and demand fluctuations [5].
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Energy storagemust be targeted at all scales, frombattery type

(kWh), tanks and pipelines (MWh) to high-capacity under-

ground reservoirs (TWh) in order to build strategic energy

reserves [6]. One option is converting surplus renewable en-

ergy into hydrogen through water electrolysis [7], and then

storing the produced hydrogen until the energy is needed [8].

Hydrogen can be stored on the surface, on the seabed in tanks

or underground in depleted O&G fields, porous aquifers, or

manufactured salt caverns [9,10] similarly to CO2 and natural

gas storage. Compared to surface storage, UHS in shut down

O&G fields has several advantages: (i) huge quantities of

hydrogen can be stored; (ii) the underground conditions are

well characterised; (iii) field exploration and decommissioning

costs can be reduced; (iv) available infrastructure might be

reused; (v) safety risks related to caprock leakage and human

manipulations are low; (vi) low specific investment costs per

MWh of storage [11,12]. The risks of UHS are comparable to

CO2 and natural gas storage, risks which have been well

described during the last decades [13]. The release of stored

fluids into the biosphere and/or atmosphere can occur due to

catastrophic events such as seismic or volcanic activity,

seepage through fault zones or inadequate caprocks, or

leakage along human-made routes such as oil and gas wells

[14,15]. The primary distinction between hydrogen and CO2

storage is in their storage duration. Hydrogen is meant to be

stored temporarily (weeks/months) upon cyclic injection/

retrieval, whereas CO2 needs to be stored permanently over

geological time scales [16,17]. Compared to the long-term

storage of CO2, the periodic subsurface operations for

hydrogen will affect the mechanical, chemical and hydraulic

properties of the storage reservoir rocks and the sealing cap-

rocks and well barrier cement [18]. Field data can provide

important information about potential hydrogen sources and

loss mechanisms [19]. Ideally, a UHS reservoir is well char-

acterised, has good reservoir and caprock units and pressure/

temperature changes have been monitored over extended

periods as is the case for O&G fields.

A total of 112 fields have been developed along the Nor-

wegian continental shelf since 1971, when O&G production

started in Norway. At the end of 2019, 87 fields were in pro-

duction and 25 fields were shut down [20]. This paper evalu-

ates 23 fields, excludingMurchison and Troll B, regarding their

UHS potential (Fig. 1). To evaluate each field, we convert O&G

production data into theoretical maximum UHS capacities.

Our approach for estimating the H2 storage capacity of shut

down O&G fields follows the strategy employed by the Joule II

project for CO2 storage [21]. At first, we collect all essential

geological data, including the reservoir lithologies, depths,

temperatures and pressures, caprock lithologies and thick-

nesses. Then, we analyse and review the impact of various

contaminations with (i) residual hydrocarbons that remain in

a “depleted field”, (ii) formation brine that remains, migrates

or is injected into the reservoir, (iii) host rock that interacts

with hydrogen and (iv) microbes.

Up to 80e95% of the hydrocarbons may remain in the pore

space of depleted oil reservoirs when oil is extracted solely

using its in-situ pressure. This can be reduced to 50% if addi-

tional water is injected into the reservoir unit [22]. In a pro-

duced natural gas field, the amount of residual gas is usually

lower [23] and depends mainly on the influx of aquifer water,
filling pore spaces and trapping gas. Residual hydrocarbons

may react with the injected hydrogen, and parts of the re-

sidual hydrocarbonmay contaminate the produced hydrogen.

The impurities can become a large issue depending on the

further use of hydrogen. For example, if hydrogen is intended

for use in fuel cells, impurities can negatively impact fuel cell

performance [24,25]. Moreover, if hydrogen purification is

required after production, it can become a major cost factor

[26]. So far, detailed discussion about contamination risks has

been restricted to depleted dry gas reservoirs [5,27]. Consid-

ering that depleted retrograde gas (gas condensate) and oil

reservoirs contribute significantly to the potential offshore

UHS capacity at the NCS, we focus on the contamination issue

of such storage sites. To evaluate the influence of residual

hydrocarbon phases on the chemical compositions of the

produced gas phases, we used thermodynamic equilibrium

models and analysed the streamed hydrogen composition/

purity. The inorganic geochemical reactions and hydrogen

diffusion out of the UHS units are analysed using a simplified

generic geochemical model. We conclude with maximum

theoretical hydrogen storage capacities for the shutdownO&G

fields at the NCS. Fig. 2 summarizes the workflow applied in

this study.
Methods and data generation

Geochemical and equilibrium modelling

The chemical fluid composition after injecting hydrogen is

modelled using the PVTSIM software (calsep.com) and is

analysed for two simplified fluid compositions representa-

tive of most shut down fields. During UHS, the gas must be

injected as cushion gas (the amount of gas that is perma-

nently stored) and working gas (the gas volume that can be

injected, stored, and withdrawn). In thermodynamic equi-

librium models, we assume that hydrogen is utilized as both

the cushion and working gas, except for two models which

use CO2 as the cushion gas. These models are applied to

retrograde gas and black oil reservoirs that have been

depleted to a pressure of 50 bar and a temperature of 100 �C.
We assume that the front of the injected cushion gas dis-

places the reservoir hydrocarbon gas and water (in the case

of waterflooded oil reservoir) from the region around the

injection well. The lagging cushion gas equilibrates with the

residual (immobile) hydrocarbon liquid phase. After the in-

jection of cushion gas, the working gas is injected and

retrieved in a cyclic manner. Here we assume (i) no mixing

between the cushion and working gas and (ii) no mixing

between the newly injected working gas in each cycle (per-

fect batch process). The composition of the working gas is

estimated throughout the first three cycles using the com-

mercial equation-of-state fluid simulator PVTSIM Nova 5 [28]

employing the Soave-Redlich-Kwong Peneloux equation of

state. The estimates are based on typical North Sea hydro-

carbon fluid compositions. The retrograde gas has a gas-

condensate ratio of approximately 1500 Sm3/Sm3 and con-

tains approximately 76 mol % methane. The black oil has a

gas-oil ratio approximately 90 Sm3/Sm3 and contains

approximately 44 mol % methane.



Fig. 1 e Location of O&G fields, pipelines and planned and installed wind parks in the UK and Norwegian North Sea. The red

circles show the areas with shut down O&G fields; names of discussed fields are given with numbers. Yttergryta field in the

Norwegian Sea is not shown on this map.

Fig. 2 e Workflow description of the study.
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Inorganic hydrogen reactions (þ microbial activities) are

simulated using the PHREEQC software with the phreeqc.dat

thermodynamic data file [29] for a generic case. We usemodal

compositions of representative caprock (shale from Draupne

Fm [30]) and reservoir rock units (sandstone from Froan Basin

[31]). To calculate the reactive amounts of eachmineral phase,

the rock porosity is filled with fluids (reservoir brine, residual

gas, stored gas), and the mineral-specific density is consid-

ered. We assume that only the minerals in contact with the

pore space participate as reactive phases. We apply the

modelling strategy described by Hemme and Van Berk [18].

The model is restricted to the reservoir/caprock boundary

with a 20 m thick sandstone reservoir sealed by a 10 m thick

shale caprock (with shale porosities of 9.5%, 5% and 1%). To

model the reservoir and caprock fluid compositions, we as-

sume seawater in contact with reservoir/caprock to be in a
chemical equilibrium [32]. The models are performed at a

reservoir pressure of ca. 200 bar and a temperature of 60 �C.

Capacity estimates

We categorized the O&G fields into gas (dry andwet gas fields),

gas-prone (retrograde gas fields), oil, and black oil fields (Table

2) based on the production gas-to-oil ratio (PGOR).

(1) PGOR ¼ VUoil(st)/Vgas(st)

A field that produced only gas is classified as a dry gas field.

The further subdivision depends on the produced amounts of

O&G,with solution: PGOR>9000¼ gas; 9000> PGOR>590¼ gas

prone; 590 > PGOR >360¼ oil; PGOR <360¼ black oil (similar to

[33]).



Table 1 e Assumptions for the PVTSIM models. All
models are calculated at a constant pressure of 50 bar and
temperature of 100 �C for one cushion gas and three
working gas injection cycles.

Model ID Initial fluid Mixture (% H2) Cushion gas

R95H2 Retrograde gas 95 Hydrogen

R80H2 Retrograde gas 80 Hydrogen

R50H2 Retrograde gas 50 Hydrogen

BO95H2 Black oil 95 Hydrogen

BO80H2 Black oil 80 Hydrogen

BO50H2 Black oil 50 Hydrogen

R95CO2 Retrograde gas 95 CO2

BO95CO2 Black oil 95 CO2
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Maximum hydrogen storage capacity estimates
To calculate the maximum hydrogen storage capacities, we

use the sum production of gross oil (Voil(st) in mill Sm3), gas

(Vgas(st) in bill Sm3) and condensates (from [34]). These vol-

umes at standard conditions are back-calculated to reservoir

conditions (underground volume of oil (VUoil) and gas (VUgas)

using the simplified oil formation volume factor (FVF) or the

gas expansion factors (GEF). Both factors are given for most

shut down Norwegian O&G fields [21,35].

(2) VUoil ¼ Voil(st) x FVF/1000

(3) VUgas ¼ Vgas(st)/GEF

If FVF is not available, we use the mean value of 1.52

calculated from 20 FVFs from Norwegian oil fields [21]. For

cases with unavailable GEF, we calculate the GEF using the

given reservoir pressures (P) and linear relationship based on

British and Norwegian well data [21].
Table 2 e Shut down fields summarizing production data, flui
Abbreviations: PGOR: production gas to oil ratio, Hy_Dens: hyd
hydrogen storage capacity.

Field Name Oil (mill sdm3) Gas (bill sdm3) G

ALBUSKJELL 9.56 17.13 1792

BRYNHILD 0.53 e 51.78

COD 4.08 e 1827

EDDA 5.17 2.11 409.0

FRIGG e 115.87 1013

FROY 5.88 e 294.5

GAUPE e 0.56 2365

GLITNE 8.88 e 53.61

GYDA 41.00 e 225.6

HULDRA e 18.00 4430

JETTE 0.43 e 97.26

JOTUN 23.14 e 55.81

LILLE-FRIGG e 2.26 1636

MIME 0.39 e 206.8

NORDOST FRIGG e 11.61 2968

ODIN e 27.74 2231

OSELVAR 0.77 e 544.8

OST FRIGG e 9.42 2352

TOMMELITEN GAMMA 5.29 10.48 1982

VARG 16.33 e 298.4

VEST EKOFISK 15.46 e 1811

VOLVE 10.07 e 143.9

YTTERGRYTA e 2.57 8768
(4) GEF ¼ 4.8 x P þ 93.1

To calculate the gravimetric hydrogen storage capacity in

the underground QUH2 (in a million tonnes, Mt), the density of

pure hydrogen (rUH2 in kg/m3) at reservoir conditions is

calculated using data provided in the NIST WebBook [36].

(5) QUH2 ¼ (VUgas þ VUoil) x rUH2

The calculated mass of hydrogen is converted to potential

energy (in TWh) using the heating value for hydrogen (HHV) of

39.4 kWh/kg [37].

(6) EUH2 ¼ QUH2 x 39.4
Results and interpretation

Thermodynamic equilibrium modelling of hydrogen loss and
upstream impurities

The equilibrium between hydrogen and hydrocarbon is

calculated for eight different models (Table 1). Three cases are

modelled (i) low hydrocarbon residues (95 mol % hydrogen),

(ii) intermediate hydrocarbon residues (80 mol % hydrogen),

and (iii) high hydrocarbon residues level (50 mol % hydrogen)

for gas condensate and black oil. Hydrogen concentrations

>80 mol % are relevant for retrograde gas reservoirs, whereas

concentrations <80 mol % are relevant for oil reservoirs. The

two models use CO2 instead of hydrogen as cushion gas.

The results for retrograde gas and black oil, with hydrogen

as cushion gas, indicate a significant difference between the
d characterisation and storage capacity estimates.
rogen density at reservoir conditions; UHS: underground

OR Reservoir type Hy_Dens
(kg/m3)

UHS
(Mt)

UHS
(TWh)

.24 Retrograde gas 23.84 0.35 13.68

Black oil 28.44 0.02 0.89

.76 Retrograde gas 26.05 0.16 6.37

1 Volatile oil 21.17 0.17 6.57

277.45 Wet gas 12.93 7.76 305.83

8 Black oil 11.10 0.10 3.91

.24 Retrograde gas 18.65 0.04 1.52

Black oil 12.769 0.17 6.79

7 Black oil 23.45 1.52 60.00

.99 Retrograde gas 4.96 0.66 25.83

Black oil 10.900 0.01 0.28

Black oil 12.14 0.43 16.82

.02 Retrograde gas 10.36 0.12 4.70

5 Black oil 25.08 0.01 0.59

94.79 Wet gas 13.07 0.77 30.35

34.40 Wet gas 13.19 1.81 71.38

2 Volatile oil 24.73 0.03 1.15

3.27 Wet gas 12.80 0.62 24.60

.75 Retrograde gas 22.12 0.18 7.02

7 Black oil 17.03 0.42 16.66

.32 Retrograde gas 22.11 0.54 21.34

5 Black oil 16.12 0.25 9.72

.25 Retrograde gas/Wet gas? 11.18 0.15 5.99
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contamination levels in the cushion gas injection step and the

following threeworking gas injection cycles (Fig. 3). In general,

the hydrogen content increases and contaminants decrease

during the first three injection cycles. The composition of the

initial fluid (supplementary data) affects the contamination of

the stored hydrogen. There is a significant difference in

composition between the retrograde gas, containing more

light and intermediate-weight components (C1 to C4) and the

black oil, containing more heavy-end hydrocarbon compo-

nents (C6 to C42-80).

At reservoir conditions, mass transfer between hydrogen

and hydrocarbon phases will occur, i.e. (i) hydrogen will be

dissolved/condensed into the hydrocarbon phase, and ii) hy-

drocarbon will be extracted/evaporated into the hydrogen

phase. The equilibrated compositions of the hydrogen-rich

phase (working/cushion gas) and hydrocarbon-rich phase

(initial fluid occupying the pore space) depend on the initial

hydrocarbon composition, reservoir pressure and tempera-

ture. In general, hydrogen will predominately extract lighter

hydrocarbon components [38,39]. Consequently, more hy-

drocarbon components will be extracted into hydrogen for the

retrograde gas compared with black oil, leading to a higher

contamination level for the retrograde gas than for the black

oil scenario (Fig. 3). In agreement with [38,39], the hydrogen

cushion gas predominately extracts the more volatile (lighter)

components of the residual hydrocarbon liquid phase (Fig. 4).

Fig. 5 shows the liquid phase composition of representative

retrograde gas and black oil before (Fig. 5a) and after equili-

bration (Fig. 5b) with hydrogen in the cushion gas injection

(Models R95H2 and BO95H2). The equilibrium hydrocarbon

liquid contains approximately 4 mol % hydrogen. The

hydrogen cushion gas extracts and removes a large part of the

more volatile components of the residual hydrocarbon liquid

phase (Fig. 4). It is noted that the contamination level is higher

(lower amounts of hydrogen) for the retrograde gas than for

the black oil scenario (Fig. 3).

Fig. 6 compares the contamination profiles of the first three

working gas cycles using CO2 and hydrogen as cushion gas

(Models R95H2, R95CO2, BO95H2 and BO95CO2). The level of

hydrocarbon contamination is less if the cushion gas is CO2.

The reduced hydrogen contamination implies that CO2 as a

cushion gas could be a cost-effective alternative method. CO2
Fig. 3 e Mol percentage hydrogen in equilibrated cushion gas an

oil (b) scenarios with hydrogen as cushion gas and initial mol %
can extract more light and intermediate-weight components

from the residual hydrocarbon liquid phase, accompanied by

higher solubility of CO2 in the hydrocarbon liquid residues.

The black oil and retrograde gas scenarios using hydrogen as

cushion gas give approximately 4 mol % hydrogen in the hy-

drocarbon liquid phase (Fig. 5). In comparison, CO2 as cushion

gas gives 6e7 times higher CO2 concentration in the hydro-

carbon liquid.

Inorganic geochemical reactions in the reservoir and caprock

The modelling results indicate a minimal hydrogen con-

sumption related to mineral reactions in the reservoir and

caprock units within the first 30 yrs (Fig. 7 a, f). Models show

an increase of caprock brine pH values from ca. 7.1 to 8.7, but

in the reservoir rock pH remains at its initial value of 8.7. The

pH increase might trigger geochemical reactions in the

caprock units.

The models indicate the dissolution of quartz, calcite,

kaolinite, and k-feldspar within the first 5e10 yrs depending

on the rock porosities (Fig. 7 e vs j). Illite and albite are the

precipitating phases in the first 5 yrs (Fig. 7 d, i). In the 9.5%

porositymodel, kaolinite is dissolved in the first 5 yrs, but after

10 yrs starts to precipitate. Also, in the caprock unit quartz,

calcite and kaolinite are mainly dissolved within the first

10 yrs (Fig. 7 c, h). The precipitating phase in the caprock unit

is K-feldspar (Fig. 7 b, g). The amounts are negligible with e.g.,

the highest values for the solving phases reaching up to

0.05 mol/kgw per year of quartz which equals 1.5 g/kgw per

year. Hydrogen diffusionmainly influences the first 5 m of the

modelled caprock lithology (porosity of 5%) in the first 100 yrs.

In longer timescales, hydrogen might diffuse through a 10 m

caprock unit (Fig. 8, 1000 yrs). All presented results are case-

specific and cannot be generalised.

Hydrogen storage capacities

Twenty-two fields are in the Norwegian North Sea and the

Yttergryta field is in the Norwegian Sea. The reservoir rocks

are mainly sandstones (19 fields); only in Vest Ekofisk, Albu-

skjell, Tommeliten Gamma, and Edda fields the reservoir units

are chalks (supplementary data Table 3). The maximum ca-
d three working gas cycles for retrograde gas (a) and black

of hydrogen in the gas mixture.



Fig. 4 e Component profile of hydrogen contamination in cushion gas step and first three working gas cycles in

representative North Sea retrograde gas (aed) and black oil (eeh) scenarios. Themol percentage numbers of the components

and pseudo-components refer to the whole gas composition (but the dominant hydrogen content has been omitted to

highlight the contamination part).
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pacity estimates must be regarded as theoretical estimates as

we neglect here water injection during O&G production, as-

sume that the fully produced hydrocarbon volumes can be

replaced by hydrogen, and do not include volumes needed for

the usage of cushion gas.
The O&G reservoir depths vary from 1900 to 4200 m with

temperatures between ca. 60 �C and 120 �C. The pressures

scatter from 85 to 640 bar (pre- and post-production pressure

data, see supplementary data). The caprock sequences are

mainly 10e185 m layers of shale or variations of claystones.



Fig. 5 e (a) The liquid phase composition in the representative North Sea retrograde gas (blue) and black oil (orange)

scenarios. (b) The liquid phase composition of representative North Sea retrograde gas and black oil equilibrated for models

R95H2 and BO95H2.
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For the different fields, the storage capacities vary between ca.

0.01 Mt and 7.75 Mt, which equals heating capacities spanning

between ca. 0.3 TWh and 305 TWh (Table 2). A field-specific

description of the results and assumptions is provided in the

supplementary data file.
Discussion

Hydrogen as an energy source and carrier has been identified

as a pre-condition for the shift to a renewable energy

network within Europe and to reach carbon net zero by 2050

[4], with the North Sea as an important energy storage and

supply hub (Fig. 1). To substitute natural gas, a constant
hydrogen supply must be guaranteed; hence cyclical, sea-

sonal storage must be provided to cover peak demand and

allow electrolysers to operate flexibly [4]. Furthermore,

strategic hydrogen storage can secure energy supply in times

of conflict. The best option to store GWh to TWh of hydrogen

is UHS in salt caverns, saline aquifers, and depleted O&G

fields. The advantages and disadvantages of UHS in salt

caverns and saline aquifers are discussed in recent publica-

tions, and we refer to these for detailed information [8,9]. The

re-usage of shut down O&G fields provides a promising so-

lution to enable large-scale UHS storage within the next

decade. Herein, we discuss some key features for hydrogen

storage of the shut down O&G fields on the NCS and conclude

by identifying the most suitable for UHS.



Fig. 6 e Contamination component profile for the first three working gas cycles using hydrogen (blue and orange) or CO2

(grey) as a cushion gas for the 95 mol % hydrogen scenarios. Results for the retrograde gas field (aec) and black oil field (def).
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Geochemical considerations of hydrogen reactions and
equilibrium phases

At first, we elaborate on the chemical reactions

between hydrogen and hydrocarbon-bearing residual fluids.

At the end of a production life-cycle of a hydrocarbon field,

residual fluids remain in the depleted fields [22]. When

hydrogen is injected into the pores of water-saturated

reservoir rocks, it replaces the formation fluid (including
residual hydrocarbons) and changes the in-situ chemical

equilibrium. The displacement patterns are controlled by

the fluid and rock properties (fluid viscosity and density,

miscibility, wettability, pore features, etc.). Geochemical

reactions can cause loss of hydrogen, contamination of the

stored hydrogen (by e.g., H2S), affect well activity by mineral

dissolution/precipitation, and change migration pathways

by changing mechanical properties of the reservoir and

caprock [37].



Fig. 7 e PHREEQCmodelling results showing hydrogen concentration and selectedmineral reactions over 30 yrs assuming a

caprock porosity of 1% (aee) and 9.5% (fej). The precipitating and solving mineral phases are shown for the caprock/

reservoir rock boundary at a model depth of 10.5 m (the last meter of the reservoir unit and the first meter of the caprock unit

at 9.5 m).
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Fig. 8 e PHREEQC modelling results showing hydrogen

diffusion after 10, 100 and 1000 years from the reservoir

rock (10e30 m) into a caprock (0e10 m), assuming a

porosity of 5% and a hydrogen tracer diffusion coefficient of

5.13 x 10¡9 m2/s (diffusion in pure water from [18]). The

initial hydrogen concentration in the reservoir unit is fixed

at 0.001 mol/kgw and 0 in the caprock.
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Hydrogen equilibrium with residual hydrocarbons
Oil fields are typically regarded as not suitable for hydrogen

storage because of possible working gas contamination and

thus extra costs for top side hydrogen purification [8,40]. This

hypothesis is partly examined by the presented thermody-

namic equilibrium models suggesting moderate contamina-

tion levels. The models, however, are based on a few

assumptions that might not represent a real-case storage

scenario.

The PVTSIM modelled equilibration process assumes bulk

mixing, whereas more realistic equilibration between

hydrogen and hydrocarbon residues in the reservoir depends

on pore network properties and fluid distribution. In the

reservoir, the interaction between hydrogen and hydrocarbon

residues may be more limited than indicated by the bulk

mixing simulations. For that reason, the contamination levels

derived from the mixing ratios should be considered upper

bound estimates. On the other hand, the reservoir pressure is

not constant during the injection of cushion gas and the

following working gas cycles. The solubility of hydrogen and

hydrocarbon liquid residues increases with increasing pres-

sure. The simulations reported here assume for simplicity a
constant low reservoir pressure of 50 bar. The simulations will

therefore probably underestimate the effective contamination

level of the hydrogen gas (which will vary during hydrogen

cycling).

In the presented PVTSIM models, we assume hydrogen (or

CO2) injection as cushion gas before injecting hydrogen as a

working gas. The cushion gas displaces the original reservoir

fluid phase from the reservoir volume around the injector. A

mixing zone between the original reservoir gas and cushion

gas moves outwards from the injector as new cushion gas is

injected. Upon migration, the cushion gas extracts different

hydrocarbon components from the residual phases (Fig. 4a, e).

Fig. 3 shows a significant difference between the contamina-

tion level in the cushion gas injection and the following

working gas cycles. The cushion gas extracts and removes a

large part of the more volatile components of the residual

hydrocarbon liquid phase. Depending on the composition of

the residual fluid, the extracted part can contain heavier hy-

drocarbon components from the residual liquid hydrocarbon

phase in the pore space (Fig. 4a, e). In our models, maximum

hydrogen losses to the residual liquid phase are approxi-

mately 4 mol % (Fig. 5). The results indicate that the working

gas phase can be contaminated with light to medium weight

hydrocarbon components (C1 to C12), with most models

indicating less than 1 mol % of contamination from the

different hydrocarbon components (Fig. 6). If CO2 is used as a

cushion gas, the produced working gas will additionally

contain CO2 contaminations in the first working gas cycles

(Fig. 6). Models show that the total contamination level is

remarkably similar for the retrograde gas and black oil fields

(Fig. 3). Fractions of the injected hydrogen cushion gas is lost

to the liquid hydrocarbon residues. Losses of hydrogen to the

residual hydrocarbon increase with reservoir pressure and are

higher for a retrograde gas residual fluid compared to a black

oil residual fluid (Fig. 9). After the hydrocarbon residues are

saturated, there is no significant loss of hydrogen in the sub-

sequent working gas cycles. However, the mass of hydrogen

loss depends on the amount of liquid hydrocarbon residues

near the injector that can equilibrate with the injected

hydrogen. In contrast to a gas field, a depleted oil field con-

tains higher amounts of hydrocarbon residues. Thus, despite

a similar mol percentage of hydrogen loss and contaminating

hydrocarbon components in the presented PVTSIM results

(Figs. 4e8), this would cause higher total volumes of hydrogen

losses and contamination in the depleted black oil reservoirs

compared to retrograde gas reservoirs.

Hydrogen reactions with reservoir rocks, caprocks and
formation water
Besides residual hydrocarbons, the reservoir rock formation

water and injected production water will be in contact with

hydrogen.We focus on sandstone reservoirs because 19 out of

23 of the discussed reservoirs are in sandstones sealed by clay/

shale. The main major minerals are silicates (quartz), clay

minerals (kaolinite, illite) and carbonates (calcite). Various

secondary minerals constitute specific reservoir units (e.g.,

pyrite). Injected hydrogen will react with the formation water

and increase the pH [18,27,41]. In our simulations, pH

increased in the caprock brine from ca. 7 to 8.7. The change in

the geochemical equilibrium can cause mineral dissolution or



Fig. 9 e Saturation level of hydrogen in residual hydrocarbon liquid phase in cushion gas injection.
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precipitation depending on pressure-temperature conditions,

reservoir rock composition and formationwater compositions

[18]. We point out that geochemical model results for sand-

stones might not be reproduced in laboratory batch experi-

ments as exemplified on calcite [42]. However, because

sandstone is mostly composed of slow reacting minerals (e.g.,

quartz in ourmodels 54wt%). Such long termedmodelsmight

not be reproducible by short-termed core-scale experiments

using the standard kinetics of these slow reacting minerals

[43].

Onemajor uncertainty in hydrogen storage is the increase/

decrease of porosities and permeabilities in the caprock and

reservoir units by mineral reactions. Our models suggest

several phases of minerals dissolution (mainly quartz, calcite,

and kaolinite) and precipitation (mainly albite, illite and kali-

feldspar). We did not quantify the total volumes of dissolved

and precipitated mineral phases but amounts in mol/kgw

suggest negligible amounts. Yeka et al. [44] studied the reac-

tivity of hydrogen in sandstone at PT conditions of max

100 bar and 100e200 �C. In summary, the experimental results

indicate extremely limited modifications of sandstone min-

erals after exposure to hydrogen for up to 6 months. However,

after longer hydrogen exposure, muscovite and hematite

(Fe2O3) are chemicallymodified due to reactions of Fe3þ. Long-
term geochemical simulations point to the accelerated

dissolution of hematite and magnetite (Fe3O4) and the neces-

sity to map and quantify the concentration of Fe-bearing

minerals in the reservoir and caprock units. Another major

risk concerns impurities in the upstream product. The risks of

hydrogen storage in depleted O&G fields include the conver-

sion of hydrogen to CH4 and H2S due to microbial activity and

gasewatererock interactions in the reservoir and caprock. A

study by Truche et al. [41] showed that 2 wt % of pyrite (FeS2)

can lead to H2S in a reaction with hydrogen via reduction to

pyrrhotite (FeS1þx) in a calcite buffered system. In the absence

of catalysts, most redox reactions caused by hydrogen remain

insignificant at low temperatures. Our models assume 2.1 wt

% of pyrite in the caprock unit, but reactions remained insig-

nificant. However, in seven of the evaluated fields, pyrite is
observed in the caprock or reservoir unit (supplementary data

Table 3). A geochemical modelling study (based on PHREEQC)

indicated that geochemical reactions associated with

hydrogen dissolution in formation waters would be negligible

for hydrogen loss reacting with silicate and clay minerals [45].

Additionally, recent laboratory batch reaction experiments

with several types of reservoir sandstones revealed no risk of

hydrogen loss or reservoir integrity degradation due to inor-

ganic geochemical reactions [46].

Due to its small molecular size and very low density

(0.08988 g/l at STP), hydrogen diffuses easily and therefore

requires gas-tight storage conditions; for UHS this means

reservoirs with excellent seal [11]. Caprocks in the southern

North Sea are mainly shales and claystones from different

formations. One of the best-described caprock unit is the

mudrock of the Draupne Fm.: mineralogical composition [30]

indicates that >50 wt % of the rock relates to the clay fraction

(kaolinite, smectite and illite). The results of our geochemical

simulations show that in a 0e100 yrs time scale, hydrogen

may diffuse into the first 5 m of a Draupne type shale caprock

unit. According to the model predictions, hydrogen will

diffuse through a 10 m thick shale caprock unit in a 1000 yrs

time-scale. In these models, permanent hydrogen saturation

is assumed, which is unrealistic for storage projects with cy-

clic injection and production. However, the results of

hydrogen diffusion models suggest using a minimum shale

caprock thickness of 20 m. Hemme and Berk [18] modelled the

hydrogeochemical mechanisms of storage at 160 atm and

80 �C, involving the reactions of bacterial metabolism,

focusing on the hydrogen diffusion through a 180 m thick

caprock for 30 yrs and 300 yrs. Their results indicate that

hydrogen accumulated in the lower 4 m of the caprock after

30 yrs, and hydrogen reached the lower 10 m after 300 yrs,

with a slight decrease in reservoir porosity due to mineral

reactions. However, they calculated a loss of 25% of aqueous

hydrogen by diffusion into the caprock after 30 yrs. Experi-

ments from Wolff Boenisch et al. [47] suggest that hydrogen

adsorption is temperature dependent but generally weak.

They expect a hydrogen saturation in a clay caprock of 3e6 ml/



Fig. 10 e Black oil (black), gas (green) and gas prone (blue) fields storage capacities in relation to reservoir temperature (filled

circles) and pressure (open circles). The red dashed line indicates the suggested temperature range from 20 to 100 �C
[49e51], and the green dashed line the suggested pressure range from 1 to 500 bar [49] for hydrogen storage. Grey shaded

area is the temperature range with the best microbial growth conditions [54].

Fig. 11 e The area around the Frigg gas field with maximum UHS capacities given in TWh and infrastructure (partly legacy

infrastructure) located around the fields. Black dots are well locations within the Norwegian economic zone, grey dots well

bores within the British economic zone and black lines are pipelines.
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m2. Liu et al. [48] found the self-diffusion coefficient of

10�8 m2/s (0.32 m/yr) for hydrogen in clay attain-situ condi-

tions. Increasing temperature and slit aperture increase

diffusion moderately. This diffusion coefficient is higher than

assumed in our models.

The mineralogical reactions are complex and depend on

model assumptions such as reactive mineral amounts, PT

conditions, reservoir, caprock and brine compositions [18].

Furthermore, many mineral reactions occurring in equilib-

rium batch models will not occur in short-time intervals [27].

To obtain more realistic geochemical reaction models, sam-

ples from specific fieldsmust be analysed and used as amodel

input parameter.

Pressure and temperature (PT) conditions for hydrogen
storage and microbial side effects

The optimum PT for UHS have been defined as pressures be-

tween 1 and 500 bar [49] and temperatures of 20 �C to 100 �C
related to the recommended depth range from 500 m to 2000

m in depleted O&G fields and saline aquifers [49e51]. This

might be an oversimplification because geothermal gradients

and pressure distribution vary significantly in sedimentary

basins [52,53]. Other processes threatening successful

hydrogen storage are methanogenesis, homoaceto genesis,

and sulphate reduction of hydrogen in the subsurface

[40,54,55]. Low-temperature reservoirs (<70 �C), with a low

saline reservoir brine (0e0.6 M NaCl) and close to neutral pH

values, provide the optimal conditions for microbial growth.

The subsurface microorganisms can use hydrogen in their

metabolism, causing hydrogen loss into hydrogen sulfide,

methane and acid formation [55]. Biotic hydrogen consump-

tion might be limited at temperatures >122 �C and higher

brine salinities (>4.4 M NaCl). However, compared to other

factors (e.g., the amount of needed cushion gas), the hydrogen

loss with >0.001e3.2% is negligible [54]. Microorganisms are

used for enhanced oil recovery [56] also in Norwegian hydro-

carbon fields [57]. However, microbial activity or usage of

bacteria for enhanced oil recovery are not reported in publicly

available data and thus not included in our evaluation pro-

cess. The possibility of countermeasures against microbial-

related hydrogen losses, such as biocides or specific in-

hibitors against single metabolic groups, are under research

[55]. A recent micro-CT imaging study of hydrogen displace-

ment and trapping in a sandstone (at 2e7 MPa) indicates that

higher pressure is less favourable for hydrogen storage

because higher percentages of hydrogen are trapped in the

pore space [58].

Taking these conditions into account, it seems that the

Glitne, Jette, Jotun, Varg (black oil fields) and the Frigg, Odin,

Nordost Frigg, and Yttergryta (retrograde gas and gas fields)

are most suitable for hydrogen storage (Fig. 10).

Maximum underground hydrogen storage capacities

A maximum UHS capacity of ca. 642 TWh is estimated for all

shut down fields. However, this sum contains fields which

might not be optimal for hydrogen storage. The suitable black

oil fields (Glitne, Jette, Jotun, Varg) have a combinedmaximum

UHS capacity of 40.53 TWh. The new PVTSIM results indicate
that hydrogen contamination due to residual oils in such

fields would be similar to retrograde gas fields (Figs. 4e6).

However, the simplistic model we employed glosses over an

array of possible practical problems [37]. For example, black-

oil reservoirs may pose other challenges, such as a higher

risk of chemical interaction between hydrogen and hydro-

carbon components [40]. The larger quantities of complex

hydrocarbon components in black oil increase the risk of

hydrogen getting lost in chemical reactions. If economically

feasible, techniques can be used to purge hydrogen stored in

depleted black-oil reservoirs.

Taking only suitable gas fields into account (Frigg, Nordost

Frigg, Ost Frigg, and Odin) 432 TWh can be stored (Fig. 11;

Table 2). The presented geochemical models suggest

hydrogen diffusion into the first 5 m of the caprock after

100 yrs (Fig. 8). Thus, the caprock thickness of Ost Frigg with

10 m? might not be sufficient to guarantee economic and safe

hydrogen storage. Excluding Ost Frigg, the remaining shut

down gas fields could store hydrogen with an energy equiva-

lent of 414 TWh. All these estimates do not include the

amount of cushion gas required to maintain operational

pressure and desired production rates [37]. In depleted gas

fields, the amount of needed cushion gas is ca. 20e50% of the

total available gas volume. For an economically feasible

hydrogen storage project, cheaper gases such as CO2 (Fig. 6),

N2, or natural gas can be used as cushion gas. Models using

natural gas obtained 95% hydrogen recovery factors with

minimal amounts of mixing in the reservoir [59]. Also, the

equilibrium models presented here indicate that impurities

are similar to hydrogen cushion gas (Fig. 6). However, to

calculate the amount of working gas, the amount of cushion

gas must be estimated correctly [37], and detailed dynamic

reservoir models must be used to estimate the practicality of

each field [60]. Using 20e50% cushion gas volume as a first

estimate, the combined working gas volumes for the Frigg,

Nordost Frigg, and Odin are in the range of 331 to 207 TWh.

This is the range of Norway's 2020 energy consumption of

211 TWh [61]. Additionally, these fields have a below average

well density between 0.46 and 0.6 (supplementary data Table

3), indicating that potential plugging and abandonment costs

for legacy wells will be below average.
Conclusion

Twenty-three Norwegian shut down O&G fields have been

evaluated for their hydrogen storage potential using publicly

available data assisted by generic thermodynamic equilibrium

and geochemical modelling. Generic thermodynamic equi-

librium models and geochemical models explain the

contamination potential and possible mineral reactions in a

sandstone reservoir with residual hydrocarbons sealed by a

shale caprock. The total hydrogen losses during different in-

jection/production cycles must be evaluated by case-specific

reservoir models.

The maximum UHS capacity in the Norwegian shut down

O&G fields has an energy equivalent of 642 TWh. Considering

more reasonable reservoir conditions suitable for feasible

hydrogen storage, three wet gas fields are our recommended

storage locations: Frigg field with a maximum UHS of ca.
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306 TWh, Nordost Frigg field with 30 TWh and Odin field with

71 TWh. From these estimates, 50e80% can be used as work-

ing gas. This energy storage capacity would be sufficient to

satisfy the energy needs of Norway for a year.
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