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Underground hydrogen storage (UHS) has been considered as an integral part of energy transition from fossil
fuels to renewable sources. Porous aquifers can serve as typical sites for this purpose due to their worldwide
distribution and huge storage capacity. However, the diverse microbial species that inhabit the aquifers are
known to be able to catalyze in-situ biochemical reactions within the hosting rock. These reactions can normally
lead to microbial consumption of hydrogen, microbial clogging of pore space and thus affect hydrogen injection
and withdrawal rates as reported in the literature. So far, these phenomena have been widely reported but rarely
quantified. In this study, we build a coupled hydrological-mechanical-chemical-biological (HMCB) multiphysics
model to simulate these microbe-related processes during UHS in aquifers. The model consists of a complete set
of partial differential equations to describe: (1) rock deformation; (2) water-hydrogen two-phase flow; (3) mi-
crobes and dissolved hydrogen transport; (4) mineral dissolution/precipitation; and (5) microbial activities
involving adsorption/desorption and growth/decay. All these processes are linked together through the porosity/
permeability models which consider the joint impacts of microbial clogging, mineral dissolution/precipitation
and effective stress. This multiphysics model is verified against laboratory biochemical reaction data and mi-
crobial transport data. Then, the verified model is used to investigate the impacts of iron-reduction bacteria (IRB)
activities on UHS in aquifers. Based on the simulation results, it can be concluded that (1) hydrogen saturation at
the top surface of the aquifer is the greatest while microbial activities surrounding the injection well is stimulated
the most; (2) microbial activities influence the initial few cycles of hydrogen injection and withdrawal but the
impacts gradually diminish with the dissolution of Fe30s; (3) hydrogen recovery efficiency is degraded due to the
combined effects of hydrogen consumption, water production and microbial clogging with the microbial clog-
ging impact being the most significant; and (4) effective stress impacts aquifer permeability throughout UHS
operations while microbial clogging influences it in the initial few cycles. For mineral dissolution/precipitation,
the impact can be neglected.

1. Introduction

In the context of decarbonization and achieving the net-zero emis-
sion target, renewable energies like solar energy, wind energy and tidal
energy are now attracting more and more attention around the world
[1-4]. However, production of these renewable energies is greatly
dependent on seasonal atmospheric conditions (i.e., sunlight level and
wind scale) and geographic locations [5]. Considering the annual
varying but steady energy demand, the fluctuating production of these
renewable energies inevitably leads to the mismatches between energy
demand and supply [6]. Therefore, renewable energy production with
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excess energy storage should be adopted to bridge this energy gap [7].

The excess renewable energy can be converted to hydrogen, a type of
low-carbon energy carrier, and then stored to be used during high en-
ergy demand periods. As surface hydrogen storage facilities have limited
storage and discharge capacity, UHS in geo-structures like salt caverns,
aquifers and depleted oil and gas reservoirs is required [8-12].
Compared to surface storage options, UHS requires lower investment
and smaller surface space, offers higher safety standards, induces less
environmental impacts, and more importantly provides a large-scale
and long-term storage option [13-17]. However, most of these subsur-
face environments are not life-free and harbor a variety of microbial
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Fig. 1. Schematic diagram of hydrogen injection and withdrawal in aquifers where microbes live.

communities [18-21]. The activities of these microbes can be stimulated
by the stored hydrogen and then have significant impacts on UHS
operations.

In some underground gas storage (UGS) field tests, the phenomenon
of microbial consumption of hydrogen has been observed. For example,
an UGS project in Lobodice, Czech Republic [22] reported that nearly
half of the stored hydrogen in sandstone reservoir was microbially
converted into hydrogen sulfide and methane. Isotropic analysis has
proofed the microbial origin of the formed gas. Meanwhile, a decrease in
reservoir pressure and an increase in microbe cell numbers during UGS
operations were reported. In another example of UGS project in Lehen,
Austria [23,24], 10% hydrogen was mixed with natural gas and then
stored in sandstone reservoir for four months. In this period, nearly 16%
of the stored hydrogen cannot be recovered. The DNA analysis and RNA
data suggest that different microbial metabolisms like methanogenesis,
acetogenesis and sulfate-reduction could be triggered in this process. In
addition, the Argentinian HyChico project [25] stored hydrogen in a
depleted sandstone reservoir. During the storage cycle, microbe-induced
hydrogen loss was also observed.

In addition to field tests, laboratory experiments have also been
conducted to investigate the impacts of microbial activities on UHS.
Strobel et al. [26] and Khajooie et al. [27] performed a series of
biochemical experiments by use of methanogens and hydrogen/carbon
dioxide gas mixture. The experiments were performed in pressurized
batch reactors and the experimental results showed that microbial
metabolism and growth leads to the decrease of hydrogen concentration
and increase of methane concentration. Liu et al. [28] conducted the
pore-scale  biochemical experiments by use of halophilic
sulfate-reducing bacteria and hydrogen. In their experiments, a
silicon-wafer micromodel with a pore pattern from natural sandstone
was used for direct observation of microbe-induced sulfate reduction
under the conditions of 35 bar and 37 °C. A significant loss of hydrogen
from microbial consumption and a change in surface wettability due to
microbial growth were observed from the experiments.

Although laboratory experiments are the most direct way to study
microbial impacts on UHS, it is sometimes expensive, time-consuming
and massive manpower required. Even in some cases, the experiments
can only be performed under the very simple conditions. Therefore,
theoretical approaches are vital for us to study this problem. Strobel
et al. [26] proposed a mathematical model for microbial growth, sub-
strates conversion and phase mass transfer in batch reactors. This model
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can only be used to quantify the microbial impacts under the static
conditions while for UHS in porous reservoirs where fluid flow involves
the model cannot be applied. Ebigbo et al. [29] proposed a numerical
model to investigate microbial impacts on UHS which couples biofilm
growth process with fluid flow and solute transport processes, but the
model application is limited to the pore scale. To this end, Hagemann
et al. [30] developed a two-phase bio-reactive transport model to study
microbial impacts on UHS in porous reservoir. In their model, microbial
growth/decay was considered. Applying this model, the variation of gas
composition and concentration during UHS can be captured but an
important mechanism, i.e., microbial clogging of pore space, was missed
in their study. Eddaoui et al. [31] built a multi-component two-phase
flow model to study the impact of microbial clogging on UHS in porous
reservoir. In their model, both microbial growth/decay and adsorp-
tion/desorption were considered. However, the model only studied
microbial impacts on porosity/permeability variation during UHS while
many other important parameters like gas composition, hydrogen in-
jection and withdrawal rates, and hydrogen recovery factor were not
investigated.

As can be summarized from the above literature review, both field
tests and laboratory experiments have confirmed the undesired side
effects induced by microbial activities during UHS. To quantify these
microbial impacts, several theoretical studies have been undertaken.
However, works on modeling the impacts of microbial activities on UHS
in porous reservoirs are still very limited at the current stage which
limits our understanding of this problem. To this end, a coupled HMCB
multiphysics model is developed in this work to quantify all important
processes involved. In the following, the conceptual model for UHS in
aquifers in first introduced. In this conceptual model, the impacts of
microbial activities on UHS are illustrated in detail. Then, a complete set
of partial differential equations are defined to describe the involved
processes with all these processes linked by the porosity and perme-
ability models. After that, the proposed model is verified against labo-
ratory iron reduction data and microbial transport data. In the end, the
multiphysics model is applied to analyze microbial impacts on UHS in
aquifers.

2. The conceptual model

The starting point to model the impacts of microbial activities on
UHS in aquifers is to understand the fundamental processes involved.
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Fig. 2. Coupling relations among different physical fields during UHS
in aquifers.

Table 1
Input parameters for model verification on the chemical reaction process.
Parameters (unit) Symbols Values
The maximum microbial growth rate (1/h) &1 max 0.08
Microbial decay rate (1/h) dy 0.005
Reaction yield coefficient (mol/m®/h) 1Y 0.02
Half-saturation constant for iron reduction (mg/mL) Kinys 0.2
Half-saturation constant for microbial growth (mg/mL) K, s 0.5
Half-saturation constant for microbial growth (mg/mL) Kre(m) /s 200
Initial hydrogen concentration in aqueous phase (mg/mL) Ch,0 8.5e-10
Initial microbial concentration in aqueous phase (mg/mL) Cmpo le-4
Initial Fe(III) concentration (mol/m>) Cre(uny 0 500
Initial Fe(IT) concentration (mol/m?) Cre(m),0 0
10 1.6
o experimental data_Fe(ll) conc.
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Fig. 3. Comparison between the modeling results and the experimental data
reported by Roden and Zachara [45].

During UHS, hydrogen is cyclically injected into and withdrawn from
the subsurface aquifers, see Fig. 1. Depending on the underground
pressure, temperature and salinity conditions, a certain amount of
hydrogen would dissolve into the formation water. The dissolved
hydrogen serves as one of the most important electron donors for many
subsurface microbial processes. According to the available literatures, it
is expected that at least seven hydrogenotrophic microbial processes
could be important for UHS [32,33]. Simultaneous survival and
competition among these microbes are possible. Studies have also
shown that these microbes have different minimum threshold concen-
trations for hydrogen consumption. Among these microbes, IRB have the
lowest threshold concentration and consequently have the best potential
to out-compete other species [30]. Therefore, in this work, we take IRB
as an example to investigate the impacts of microbial activities on UHS
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Table 2

Input parameters for model verification on the microbial transport process.
Parameters (unit) Symbols Values
Reversible microbial adsorption rate (1/h) ky 0.065
Microbial desorption rate (1/h) ko 0.0012
Irreversible microbial adsorption rate (1/h) ks 0.01
Microbial growth rate (1/h) & 2.5e-3/5e-3/1e-2
Microbial decay rate (1/h) dy 0
Microbial density (kg/m>) Pm 1600

1E+00

1E-02

1E-04

experimental data
——modeling result_g1=0.0025[1/h]
——modeling result_g1=0.005[1/h]
modeling result_g1=0.01[1/h]

1E-08

Relative concentration, C,/Cyg

1E-08 T T T
200 300 400
Time (h)

0 100 500

Fig. 4. Comparison between the modeling results and the experimental data
reported by Henry et al. [46].
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Fig. 5. Geometry of the 2D numerical model for UHS modeling.

in aquifers. It is worth noting that microbes can only survive in sub-
surface formations under constrained temperature and salinity condi-
tions [34] and in this work we assume that the aquifer we investigate
satisfy these conditions.

Following hydrogen injection, the elevation of hydrogen concen-
tration in formation water stimulates the growth of IRB in subsurface
pore space. The microbial growth occupies a fraction of pore space and
reduces the porosity and permeability of aquifers. Thus, bioclogging
occurs during UHS and this will impact hydrogen injection and with-
drawal rates. Meanwhile, during IRB growth, specific enzymes are
produced which can catalyze the chemical reaction between hydrogen
and the mineral Fe;O3 [32] in porous rock:

3Fe;03 + Hy, — 2Fe304 + H,O (€8]

The above reaction couples hydrogen oxidation with Fe(III) reduc-
tion. From the chemical reaction equation, it can be known that during
iron reduction process a certain amount of hydrogen is consumed and
additionally a certain amount of water is produced. This process lowers
hydrogen saturation and relative permeability in aquifers and thus
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Table 3

Input parameters for the base case simulation.
Parameters (unit) Symbols  Values References
Pore compressibility (MPa™ 1) [ 0.02 -
Elastic modulus (GPa) E 20 -
Poisson’s ratio v 0.2 -
Confining pressure (MPa) o 20 -
Initial porosity Do 0.1 -
Initial permeability (m?) ko le-13 -

Rock density (kg/m%) Pe 2400 -
Reversible microbial adsorption rate (1/ k1 0.065 Kim [53]; Li
h) et al. [39]
Microbial desorption rate (1/h) ko 0.0012 Kim [53]; Li

et al. [39]
Irreversible microbial adsorption rate (1/ k3 0.01 Kim [53]; Li
h) et al. [39]
The maximum microbial growth rate (1/ &1 max 0.024 Kim [53]; Li
h) et al. [39]
Microbial decay rate (1/h) d; 0.005 Kim [53]; Li
et al. [39]
Microbial density (kg/mS) Pm 1600 Kim [53]; Li
et al. [39]
Reaction yield coefficient (mol/m>/h) 1/Y 0.02 -
Half-saturation constant for iron Kins 0.2 -
reduction (mg/mL)
Half-saturation constant for microbial K, s 0.5 -
growth (mg/mL)
Half-saturation constant for microbial Kre,0,/s 200 -
growth (mg/mL)
Hydrodynamic dispersion coefficient for Dy, le-6 -
hydrogen (m?%/s)
Hydrodynamic dispersion coefficient for Dp, 1le-9 Kim [53]; Li
microbe (m?/s) et al. [39]
Initial water saturation Swo 1 Zhao et al. [54]
Irreducible water saturation Swi 0.2 Zhao et al. [54]
Residual gas saturation Ser 0 Zhao et al. [54]
Nonwetting phase entry pressure (KPa) De 5 Zhao et al. [54]
Pore size distribution coefficient i 2 -
Initial hydrogen concentration in Cu,0 0 -
aqueous phase (mg/mL)
Initial microbial concentration in Cmo 0.0001 -
aqueous phase (mg/mL)
Initial fraction of porosity occupied by D10 le-6 -
reversibly adsorbed microbes
Initial fraction of porosity occupied by D20 le-6 -
irreversibly adsorbed microbes
Initial Fe,O3 concentration in porous CFey05.0 450 -
rock (mol/m%)
Initial Fe30,4 concentration in porous CFe;04,0 0 -

rock (mol/m®)

impacts hydrogen injection and withdrawal rates as well. From the
chemical reaction equation, it can also be known that mineral dissolu-
tion and precipitation simultaneously take place during UHS. The
dissolution of Fe;O3 leads to porosity and permeability increase while
the precipitation of FegO4 leads to porosity and permeability decline.
Thus, hydrogen injection and withdrawal rates may also be changed
under the impacts of these two competing processes.

Overall, UHS in aquifers involves the interactions of multiple pro-
cesses. These processes mainly include rock deformation, water-gas two-
phase flow, multispecies reactive transport, and microbial growth/
decay and adsorption/desorption. All these processes can be linked
together through the porosity and permeability models. During UHS in
aquifers, rock porosity and permeability are mainly influenced by the
following three factors including effective stress, microbial clogging,
and mineral dissolution and precipitation.

3. Governing equations for the coupled processes

From the above introduced conceptual model, it can be known that
complex interactions occur among rock, formation water, hydrogen and
microbes during UHS in aquifers. These interactions exert strong in-
fluences on rock deformation, water-gas two-phase flow, multispecies
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reactive transport, microbial activities, and porosity and permeability
change. Therefore, in this work, we define UHS operations as the
coupled HMCB processes, which implies that one physical process af-
fects the initiation and progress of another. The inclusion of cross-
coupling relations among these physical processes is the key to formu-
late the mathematical model to describe UHS operations. In the
following, the derivation of the governing equations for the coupled
processes involved is presented.

3.1. Rock deformation

In the following equations, all derivations are made after the tradi-
tional conventions: A comma followed by subscripts represents the dif-
ferentiation with respect to spatial coordinates, and repeated indices in
the same equation imply the summation over the range of indices.
Following the conventions, the stress equilibrium equation ignoring the
inertial term is expressed as:

Gij J Jrfl =0 (2)
where ¢y is the component of stress tensor, and f; is the component of
body force.

The relation between strain and displacement is expressed as:
3

&y =5 (W + )

5 (
where ¢; is the component of strain tensor, and u; is the component of
displacement.

The relation between strain and stress can be defined in the form of:

a

3K 4

1
Ejj ) O kk5U + péij

1 1
=267~ (@ “oK
where G is shear modulus, K is bulk modulus, « is Biot coefficient, oy =
011 + 022 + 033, & is Kronecker delta, and p is pore pressure.

Integrating Eqgs. (2)-(4), the Navier-type equation for rock defor-
mation can be derived:

Ui —api+fi=0 5)

G
Gujpx + 19

It should be mentioned that water-gas two-phase flow presents in
aquifers during UHS. Thus, the pore pressure term in Eq. (5) should be

treated as the average pressure of water and gas phases [35,36]:

D=3Su, w+sgpg (6)

where S,, and Sg represent the water saturation and hydrogen saturation,
respectively. p,, and p, represent the water pressure and hydrogen
pressure, respectively.

3.2. Water-gas two-phase flow

During UHS in aquifers, water-gas two-phase flow presents in the
pore system. The mass conservation equation for each phase can be
expressed as:

"Sut) g [p Mo (5, )]+, @
02Spy) [ Kk
TV pey (V)| o ©

where @ is porosity; p,, and p, are densities of water and hydrogen,
respectively; k is absolute permeability; k., and k. are relative perme-
abilities of water and hydrogen, respectively; y,, and y, are viscosities of

water and hydrogen, respectively; g is gravitational acceleration; Q,, and
Qg are source terms for water and hydrogen, respectively, which are
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Fig. 6. Hydrogen saturation distribution in aquifer at the end of different injection and withdrawal cycles.
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defined in the following forms:

1 Cn
Qw:?.m.MHZO )
Q= —&(ps — HeCu,) (10)

where %, is the reaction yield coefficient; C,, is microbial concentration in
aqueous phase; Ky, ; is the half saturation constant for iron reduction;
My, 0 is the molar mass of water; ¢ is the hydrogen mass transfer rate
from gaseous phase to aqueous phase; H, is the corrected Henry’s con-
stant; and Cy, is hydrogen concentration in aqueous phase.

Egs. (7)-(10) define the fluids flow process during UHS in aquifers. In
these equations, hydrogen density, viscosity and solubility are not
constant and will change under different temperature, pressure and
salinity conditions. The equations describing the variation of these
hydrogen properties are provided in the appendixes at the end of the

8

@

7

paper.
In addition, the total saturation of water and hydrogen should equal
to one in the pore system:

SytS;=1 (11)

In the pore system, water and hydrogen are separated by a well-
defined interface and there exists a pressure difference between the
two phases across the interface [37]. This pressure difference is called
capillary pressure. The magnitude of capillary pressure is equivalent to
the difference between the non-wetting phase pressure and wetting
phase pressure. In this work, hydrogen is considered as the non-wetting
phase and water is considered as the wetting phase. Thus, capillary
pressure can be expressed as:

Dc=Pg — Dw 12)
where p. denotes the capillary pressure which can also be defined as a
function of wetting phase saturation [38]:

pe=p.S, a3
where p, is the entry pressure, S}, is the effective saturation of water, and
A is the pore size distribution coefficient.

The effective water saturation S;, and effective hydrogen saturation
S, are expressed in the forms of:

Swfswi
. _ 1
S 1 -84 — S as
. Sg_sgr
=15, 5m as

where S,; is the irreducible water saturation, and Sy is the residual
hydrogen saturation.

Then, relative permeabilities of water and hydrogen can be defined
as [38]:

Ky = S:V(3+2//1) (16)
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Fig. 8. Distribution of adsorbed microbe population (@ + @2) in aquifer at the end of different injection and withdrawal cycles.
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(1+2/2)
kg =S;2 {1 ~(1-s)" } an

3.3. Multispecies reactive transport

During UHS in aquifers, the movement of dissolved hydrogen and
microbes in aqueous phase is mainly controlled by advective-dispersive
transport [39,40]. The transport equations for dissolved hydrogen and
microbes can be expressed as follows:

(@S Cr,
% —V o (@8,D1,VCr,) — V& (vuCut,) + R, (18)
%:v o (@SyDnVCn) — V & (vyCr) + R 19

where Cy, and C, represent hydrogen concentration and microbial
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concentration in the aqueous phase, respectively; Dy, and Dy, represent
the hydrodynamic dispersion coefficients of dissolved hydrogen and
microbes, respectively; v, is the Darcy flow velocity for the aqueous
phase; and Ry, and Ry, represent the reaction source terms for dissolved
hydrogen and microbes, respectively, which can be defined in the
following forms:

1 Cn
Ry, = f(Pg - HcCH2) /MH2 % L] m (20)
Ry = — (k1 +k3)@784Crn +k2p@1 + (81 — d1)BrSwCni (21)

where My, is the molar mass of hydrogen, k; is the reversible microbial
adsorption rate, k3 is the irreversible microbial adsorption rate, ks is the
microbial desorption rate, p,, is the microbial density, @; is the volu-
metric fraction of microbes adsorbed reversibly on pore surface, g; is the
microbial growth rate, and d; is the microbial decay rate. Here, more
explanation is given for these two reaction source terms. The two terms
on the right-hand side of Eq. (20) represent hydrogen transfer from
gaseous phase to aqueous phase and the consumption of hydrogen
induced by chemical reaction, respectively. The three terms on the right-
hand side of Eq. (21) represent microbial adsorption on pore surface,
microbial desorption from pore surface, and microbial growth and
decay, respectively.

The microbial growth rate can be defined by the double Monod
model with hydrogen and Fe;O3 serving as the limited substrates [30,
417]:

Ch, . Cre,0,
Ky, /s + Cr,  Kre,04/5 + Cre,0,

81 =81 max ® (22)

where gi mq is the maximum microbial growth rate, Cre,0, is the FeoO3
concentration in porous rock, and Ky, ;s and Kpe,o,/s are the half satu-
ration constants for microbial growth. From the double Monod model, it
can be known that the microbial growth rate is controlled by both the
concentration of dissolved hydrogen in the aqueous phase and the
concentration of Fe;O3 in porous rock.
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3.4. Minerals dissolution and precipitation

As the iron reduction process leads to the dissolution of Fe;O3 and
precipitation of Fe3O4, the mineral concentration in porous rock changes
as well. The mass conservation equations for Fe;O3 and Fe3O4 can then
be defined as:

9[(1 — @)Cre,0,]

o (23)

= RF62 03

d [(1 B Q)CF6304]

ot 24)

= RFeg 04
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where Cp,0, is the Fe304 concentration in porous rock, and Rpe,o, and
Rre,0, are the reaction source terms for FeoO3 and Fe304, respectively,
which can be expressed in the following forms:

1 Cn
R =—3e_6_— — 25
-Feo O3 L4 Y L4 Km/s I Cm ( )
Cn
R =20e_0_— — 26
Fe3 04 o Y L4 Km/s Ic, (26)
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3.5. Microbial activities

During UHS, microbial growth is stimulated by the elevation of
hydrogen concentration in the aqueous phase. Many studies have sug-
gested that the microbial growth can lead to bioclogging of the pore
system with subsequent changes in porosity and permeability of the
porous media. From the traditional point of view, the distribution of
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microbes in porous media is assumed to be in the form of biofilm
covering the surface of the grain particles. Based on this assumption,
bioclogging induced porosity change can be attributed to the volumetric
fraction of microbes adsorbed on the pore surface and to the subsequent
growth of this biofilm [39,42,43]. In this work, we also make the
assumption that those microbes suspended in the aqueous phase doesn’t
make contribution to the change of rock porosity. According to the
above two assumptions, the mass conservation equations for microbes
adsorbed reversibly and irreversibly on pore surface can be defined as:

0(p,, @

%: k1@¢SwCm — kop @1 + &1Pm@1 — d1p D1 27)
0

%: ks @1SuCrn + §19n @2 — d1py 28)

From the above two equations, it can be known that microbial ac-
tivities in pore system involve microbial adsorption/desorption and
microbial growth/decay. Further, microbial adsorption includes
reversible microbial adsorption and irreversible microbial adsorption.

3.6. Rock porosity and permeability
In this section, rock porosity and permeability models are developed.

Considering a porous medium containing the pore volume V, and the
bulk volume V, we can have the porosity & as follows:

VP
=P 2
o= (29)
Then, the porosity change can be expressed as:
AN AT A
o —a(%) =2 (- o

Substituting Eq. (29) into Eq. (30) and rearranging, we can obtain:
dg dv, dv

=—2_ 31
2 VvV, V S
The terms on the right-hand side of Eq. (31) represent the volumetric
strains of pores and the rock, respectively. And these two strains can also

be defined using the poroelasticity theory:

v 1

= — (@ —adp) (32)
av, 1

Vo= g (@~ pdp) (33)

where @ =1 — K/K; and = 1 — K, /K; are the Biot coefficients of the
rock and the pores, respectively; K, K, and K; represent the bulk modulus
of the rock, the pores and the grains, respectively; and
6 = —(011 +022 +033) /3 is the mean stress.

Substituting Egs. (32) and (33) into Eq. (31), the following relation
can be derived:

b

Assuming the constant K and K,,, integrating the above equation with
time yields:

o=oven{ (3~ )ie-70) - b}

where the subscript “0” denotes the parameter value at the initial state.
As the value of K is commonly several orders of magnitude larger than

do_

o= (34)

(35)

1~

KP
can be defined as the compressibility of pores. Then, we can have the
relation between porosity and effective stress:

the value of K, we can have the simplification % — - 1%1, Further, K%,
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where ¢, = 1%,, represents pore compressibility.
As rock porosity changes under the joint impacts of effective stress,

microbial clogging and mineral dissolution/precipitation, the final form
of porosity model can be expressed as below:

@=@o exp{ — ¢,[(6 —B0) — (p — Po)]} — Db + Da — Dy 37)
where @, = @1 + @2 is the porosity change induced by microbial
clogging; and @4 and @, are the porosity change induced by mineral
dissolution and precipitation, respectively, which can be defined as
follows:

_ ACFEZ O3 MFeZ O3

d (38)
Prock

o, — ACrey0,Mre,0, (39)
Prock

where ACp,0, and ACr,o, represent the change of Fe;0O3 and Fe3O4
concentrations in rock, respectively; Mge,0, and Mr.,o, represent the

(©)

Fig. 15. Simulation results: (a) variation of hydrogen injection and withdrawal rates; (b) cumulative hydrogen injected and withdrawn; (c) variation of hydrogen
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molar mass of FeyO3 and FesOy4, respectively; and p,,, is the rock
density.

Finally, rock permeability can be derived applying the Kozeny law
[44]:

2°
=2 40

cr28? (40)
where c is the Kozeny constant that depends on the geometry of the
porous media, 7 is the tortuosity of the porous media, and S is the pore
surface area per unit volume.

3.7. Cross coupling relations

As can be summarized here, rock geomechanical deformation is
defined by Eq. (5). Water-hydrogen two-phase flow is defined by Egs. (7)
and (8). Multispecies reactive transport are defined by Egs. (18) and
(19). Minerals dissolution and precipitation are defined by Egs. (23) and
(24). Microbial adsorption/desorption and growth/decay are defined by
Egs. (27) and (28). The interactions and coupling relations of all these
processes are depicted in Fig. 2. As can be seen, rock deformation im-
pacts fluid flow through changing porosity and permeability. Fluid flow
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Fig. 16. Impact of microbial growth rate on: (a) adsorbed microbe population at the observation point; (b) cumulative hydrogen loss and water production; (c)

hydrogen injection and withdrawal rates; and (d) hydrogen recovery factor.

impact rock deformation and reactive transport through changing
effective stress and solutes advection-dispersion, respectively. Minerals
dissolution and precipitation impact fluid flow through changing rock
porosity and permeability while reactive transport impacts microbial
activities through controlling microbial concentration and distribution.
Microbial activities impact fluid flow, reactive transport and mineral
dissolution/precipitation through microbial clogging of pore space,
changing hydrogen consumption rate and mineral dissolution/precipi-
tation rates, respectively.

4. Model verification

4.1. Model verification for chemical reaction between hydrogen and Fe
(III) in rock

Since there is a lack of core flooding experiment data on chemical
reaction between hydrogen and Fe(III) in rock, a zero-dimension prob-
lem is modeled here and the modeling results are compared with the
batch reactor experiment data reported by Roden and Zachara [45]. In
their experiment, goethite (source of Fe(Ill)) and hydrogen were
collected for the chemical reaction. Goethite serves as the sole electron
acceptor and hydrogen serves as the sole electron donor. The

goethite-hydrogen medium was first filled into a 100 mL culture bottle
with goethite concentration being 500 mmol/L and hydrogen volume
being 30 mL. The goethite-hydrogen medium also contained 10 mM
malate as the carbon source (but not the electron donor) for microbial
growth. Then, BrY cells (the microbe) were added into the bottle to
catalyze the redox reaction. The experiment was conducted at the static
condition with the temperature remaining at 35 °C. The whole experi-
ment lasts for 18 days. During this period, samples for Fe(II) and BrY
cells were collected at a 2-4 days interval and the concentrations of the
collected samples were measured. As the experimental techniques used
to measure microbial and Fe(II) concentrations are complicated and
beyond the scope of this work, the detailed introduction of these tech-
niques will not be included in here. Readers who are interested can read
the Analytical Techniques section of the literature published by Roden
and Zachara [45]. It should also be noted here that the chemical reaction
involved in the experiment by Roden and Zachara [45] is not exactly the
same as the chemical reaction described by Eq. (1), but verifying our
model against this experiment data is still necessary as both these re-
actions involve hydrogen oxidation and Fe(IIl) reduction.

To model the variation of Fe(II) concentration and microbial con-
centration in the batch reactor environment, the partial differential
equations of the proposed multiphysics model were reduced to the
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Fig. 17. Impact of initial Fe,O3 concentration on: (a) adsorbed microbe population at the observation point; (b) cumulative hydrogen loss and water production; (c)

hydrogen injection and withdrawal rates; and (d) hydrogen recovery factor.

ordinary differential equations. Applying the ordinary differential
equations and the parameters listed in Table 1, the variation of Fe(II)
concentration and microbial concentration can be calculated, see Fig. 3.
From this figure, it can be found that our modeling results can match the
experimental data in a good manner. For further observation, it can be
known that microbial concentration increases in the first week. This is
because substrates are rich enough in this stage to support microbial
growth [36]. Correspondingly, Fe(II) concentration exponentially in-
creases. One week later, microbial concentration starts to decline. This is
because substrates for microbial growth are gradually consumed and
thus microbial decay outcompetes microbial growth in this period.
Correspondingly, the increase of Fe(II) concentration slows down and
remains almost unchanged in the end of the experiment.

4.2. Model verification for microbial transport and adsorption process

In this section, the model describing microbial transport and
adsorption in porous media is verified through comparing the numerical
results with the core flooding experiment data reported by Henry et al.
[46]. In the experimental study, medium to coarse grained silica sand
was used to create the sand column (5 cm in diameter and 40 cm in
length). Sieve analysis shows that the sand size was in the range of
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250-1000 pm in diameter. The porosity of the sand column was
measured to be around 0.4. During the experiment, artificial ground
water was used as the solution and constant bottom-to-top water flux of
6.6 cm®/h was maintained through the long sand column. This water
flux was equivalent to the linear velocity of 0.84 cm/h. In the first step,
artificial ground water was flushed through the 40 cm long sand column
for 192 h. Then, the water containing microbes with microbial con-
centration of 4.32 mg/L was introduced into the sand column for 38.4 h.
After introducing the microbes, artificial ground water was flushed
through the sand column once again for another 240 h. Effluent samples
from the top side of the column were collected throughout the experi-
ment to analyze microbial concentration in the effluent water. To make
comparison between the modeling and experimental results, we also
calculate the evolution of microbial concentration at the outlet of our
numerical model. As the experimental data has a wide range of distri-
bution, three different microbial growth rates as listed in Table 2 were
used in our simulation. From Fig. 4, it can be known that the modelling
results can cover the experiment data distribution area which implies
that our model has the capability to describe the microbial transport and
adsorption process in porous medium.

Here, more explanation is given on why microbial concentration
decreases after reaching to a peak point and then increases. When
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Fig. 18. Impact of Fe,O3 dissolution rate on: (a) adsorbed microbe population at the observation point; (b) cumulative hydrogen loss and water production; (c)

hydrogen injection and withdrawal rates; and (d) hydrogen recovery factor.

artificial ground water was flushed into sand column to displace mi-
crobes out, microbial concentration in the effluent first rapidly increases
from zero to a peak value in a very short time as great number of mi-
crobes have accumulated in core before the displacement. After reaching
the peak value, microbial concentration in the effluent gradually de-
creases as microbes have been continuously displaced and microbial
population in core decreases. With the progress of displacement, mi-
crobial concentration in the effluent switch from decreasing trend to
increasing trend once again as in this period microbial growth starts to
dominate microbial concentration in core.

5. Model applications and results analysis

In this section, the proposed HMCB multiphysics model is applied to
investigate the impacts of microbial activities on UHS in aquifers. First,
the geometry and initial and boundary conditions of the numerical
model is introduced. Then, the numerical results of the base case are
presented and analyzed. After that, parametric studies are performed to
investigate the impacts of a series of parameters on UHS in aquifers. In
each group of parametric study, only one input parameter is changed
with all the other parameters kept identical to that of the base case
unless otherwise specified. The investigated parameters include

microbial growth rate, initial Fe;O3 concentration, FepO3 dissolution
rate, injection pressure and withdrawal pressure.

5.1. Numerical model description

Fig. 5 shows the geometry of the numerical model that is used for
modeling UHS in aquifer. Due to the symmetry, only a half of the aquifer
is modeled. The length of the model is 500 m and the height is 250 m.
The top surface of the model is located at the depth of 1000 m and the
whole domain is assumed at an isothermal condition with the temper-
ature remaining at 320 K. A horizontal wellbore (wellbore radius equals
to 5 cm) that is perpendicular to this vertical plane is set on the left
boundary of the model with the distance between the wellbore and the
top surface of the aquifer being 30 m. The wellbore is used for both
hydrogen injection and withdrawal. To evaluate the dynamic responses
of reservoir properties during UHS, an observation point is set near the
wellbore with the horizontal distance between the observation point and
the wellbore being 30 m as well.

For initial conditions, the pore space of aquifer is assumed initially
100% filled by the formation water. Also, the aquifer is assumed initially
under the hydrostatic pressure conditions. In addition, the initial
hydrogen concentration and microbial concentration in the aqueous
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Fig. 19. Impact of injection pressure on: (a) adsorbed microbe population at the observation point; (b) cumulative hydrogen loss and water production; (c) hydrogen

injection and withdrawal rates; and (d) hydrogen recovery factor.

phase, the initial Fe;O3 and Fe3O4 concentration in the rock, and the
initial volumetric fraction of microbes adsorbed on the pore surface are
set.

For boundary conditions, the normal displacements of the left and
bottom boundaries are restricted to zero and the confining pressure is
applied to the top and right boundaries. Meanwhile, the top, right and
bottom boundaries are considered as impervious which means that no
flow/flux is allowed through these boundaries [47]. During UHS, con-
stant injection pressure and withdrawal pressure are applied on the
wellbore wall.

In our simulation, a certain amount of cushion gas (hydrogen in this
work) is first injected into the aquifer for 10 months with the purpose of
maintaining the operation pressure. Then during the storage operation,
hydrogen is first injected into the aquifer for two months and then
withdrawn from the aquifer for four months in each cycle. Totally, six
storage cycles are simulated. In each cycle, the hydrogen injection
pressure is kept as 18 MPa and the withdrawn pressure is kept as 8 MPa.
All the input parameters involved in the numerical simulation for the
base case are summarized in Table 3.

5.2. Simulation results for the base case

Fig. 6 shows the temporal evolution of hydrogen saturation in
aquifer during repeated hydrogen injection and withdrawal cycles. As
can be seen, hydrogen tends to migrate upwards and then accumulates
at the top surface of the aquifer. This is mainly because the density of
hydrogen is much smaller than the density of formation water and thus
buoyant flow, which is caused by gravitational force, plays a significant
role during hydrogen migration [48,49]. With the increase of injection
and withdrawal cycles, the hydrogen saturation at the top surface
gradually increases which means that more and more hydrogen accu-
mulates at the top of the storage aquifer with the progress of UHS. This
finding implies that the production well should be placed at the upper
part of the storage aquifer instead of the lower part in terms of
enhancing hydrogen recovery. Fig. 7 shows the variation of hydrogen
saturation at the observation point. From this figure, it can be known
that hydrogen saturation increases in the injection phase while de-
creases in the withdrawal phase. Overall, hydrogen saturation exhibits
an increasing trend with the progress of UHS.

Figs. 8 and 9 show the temporal evolution of adsorbed microbe
population in the aquifer and at the observation point during repeated
hydrogen injection and withdrawal cycles, respectively. The value of
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Fig. 20. Impact of withdrawal pressure on: (a) adsorbed microbe population
hydrogen injection and withdrawal rates; and (d) hydrogen recovery factor.

these two figures represents the fraction of porosity occupied by those
microbes attached on the pore surface. The larger the value, the greater
the microbe population. As can be seen, microbes distribute surrounding
the wellbore instead of at the top surface of the aquifer. This is mainly
because injection pressure is applied at wellbore and thus the dissolved
hydrogen concentration surrounding the wellbore is the greatest which
stimulates microbial activities in this region the most. It can also be
found that microbe population on pore surface increases during
hydrogen injection while declines during hydrogen withdrawal as the
hydrogen concentration in formation water (see Fig. 10(a)) periodically
changes with reservoir pressure during UHS. For further observation, it
can be found that the microbes almost die out after three cycles of
hydrogen injection and withdrawal. This is mainly attributed to the
dissolution of Fe;O3 during UHS, see Fig. 10(b). The dissolution of Fe,O3
leads to the decrease of microbial growth rate (see Eq. (22)). Thus, the
net microbial growth rate decreases in the increased cycle of hydrogen
injection while the net microbial decay rate increases in the increased
cycle of hydrogen withdrawal. This is the primary reason why microbes
die out after three cycles of UHS.

Fig. 11 shows the temporal evolution of Fe;Os concentration in
porous rock during repeated hydrogen injection and withdrawal cycles.
As can be seen, the area where Fe;O3 dissolves gradually enlarges during
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UHS and this area is consistent with the area where microbes distribute
(see Fig. 8). Fig. 12 shows the variation of Fe;O3 and Fe304 concentra-
tions at the observation point. As iron reduction process leads to Fe,O3
dissolution and Fe304 precipitation, correspondingly the concentration
of FeyO3 decreases and the concentration of FegO4 increases. Fig. 13
shows the cumulative hydrogen loss and water production during iron
reduction process. The total water production is around 18.5 ton and the
total hydrogen loss is around 2.1 ton which is less than 2% of the total
hydrogen injected during the six cycles of UHS.

Fig. 14 shows the rock permeability evolution at the observation
point during UHS. In this work, we consider the joint impacts of mi-
crobial clogging, mineral dissolution and precipitation, and effective
stress change on permeability evolution. As can be seen, microbial
clogging leads to permeability decline during UHS and its impact can be
ignored after three cycles of hydrogen injection and withdrawal. For
mineral dissolution and precipitation, the permeability increase induced
by Fe203 dissolution is nearly counteracted by the permeability decline
induced by Fe304 precipitation. Thus, the impact of mineral dissolution
and precipitation can be neglected during UHS. For effective stress, its
impact on aquifer permeability is the most significant and lasts during
the whole UHS operations.

Fig. 15(a) shows the variation of hydrogen injection and withdrawal
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rates during the six repeated cycles. Notet that the positive value in this
figure represents injection rate while the negative value represents
withdrawal rate. The results for the case that does not consider the
impacts of microbial activities are also presented for a reference. As can
be seen, the inclusion of microbial activities leads to the decline of
hydrogen injection and withdrawal rates in the first three cycles. This
phenomenon can be explained from three aspects. First, microbial
clogging results in permeability decline which lowers hydrogen injec-
tion and withdrawal rates. Second, water production during iron
reduction process decreases hydrogen saturation and relative perme-
ability, thus leading to the reduction of hydrogen injection and with-
drawal rates. Third, the iron reduction process induces permanent
hydrogen loss. Fig. 15(b) shows the cumulative hydrogen injected and
withdrawn. It can be seen that both the amounts of injected and with-
drawn hydrogen decrease when the impacts of microbial activities are
considered with the amount of hydrogen withdrawn decreasing more
than the amount of hydrogen injected. Fig. 15(c) shows the variation of
hydrogen recovery factor during UHS. The recovery factor is defined as
the ratio of cumulative hydrogen withdrawn to cumulative hydrogen
injected. As can be seen, hydrogen recovery factor declines when the
impacts of microbial activities are considered.

5.3. Parametric studies

The investigated five parameters can be classified into two cate-
gories. The first category includes microbial growth rate, initial Fe;O3
concentration and Fe;Os3 dissolution rate which are all biochemical
parameters. The second category includes injection pressure and with-
drawal pressure which are operational parameters. In the following, the
impact of each parameter on UHS in aquifers is analyzed.

5.3.1. The impact of microbial growth rate

In this subsection, we investigate the impact of microbial growth rate
on UHS in aquifers. From Fig. 16(a), it can be found that the increase of
microbial growth rate leads to more severe bioclogging. When g; rea-
ches 0.025 1/h, pore space is fully occupied by microbes. In this case,
permeability declines to zero and subsequent hydrogen injection and
withdrawal cannot proceed. From Fig. 16(b), it can be known that more
hydrogen is lost and more water is produced when microbial growth rate
increases. As larger microbial growth rate leads to more severe bio-
clogging, more hydrogen loss and more water production, the hydrogen
injection and withdrawal rates decrease thereby, as shown in Fig. 16(c).
From Fig. 16(d), it can also be known that hydrogen recovery factor
declines with the increase of microbial growth rate.

5.3.2. The impact of initial Fe;O3 concentration

In this subsection, we investigate the impact of initial Fe;O3 con-
centration on UHS in aquifers. According to Eq. (22), the larger the
FeyO3 concentration, the greater the microbial growth rate. Therefore, it
can be found from Fig. 17(a) that the increase of initial Fe;O3 concen-
tration leads to more severe bioclogging. When initial FeoO3 concen-
tration reaches 470 mol/m?, pore space is fully clogged by microbes. In
this case, subsequent hydrogen injection and withdrawal cannot pro-
ceed. From Fig. 17(b), the larger initial Fe;O3 concentration leads to
more hydrogen loss and more water production during iron reduction
process. As larger initial Fe;O3 concentration leads to more severe bio-
clogging, more hydrogen loss and more water production, lower
hydrogen injection and withdrawal rates are observed thereby, see
Fig. 17(c). From Fig. 17(d), it can be found that hydrogen recovery
factor declines with the increase of initial FeoO3 concentration.

5.3.3. The impact of Fe;03 dissolution rate

In this subsection, we investigate the impact of Fe;Og3 dissolution rate
on UHS in aquifers. The smaller the Fe,O3 dissolution rate, the slower
the microbial growth rate decreases. Therefore, the bioclogging phe-
nomenon becomes more severe when Fe;O3 dissolution rate decreases,
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as shown in Fig. 18(a). When Fey03 dissolution rate decreases to 0.01
mol/m3/h, pore space is fully bioclogged which hinders the subsequent
hydrogen injection and withdrawal. From Fig. 18(b), more hydrogen is
lost and more water is produced with the decrease of FesO3 dissolution
rate. As smaller Fe;O3 dissolution rate leads to more severe bioclogging
and more hydrogen loss and water production, lower hydrogen injection
and withdrawal rates are observed thereby, as shown in Fig. 18(c). In
Fig. 18(d), it can be found that hydrogen recovery factor declines with
the decrease of Fe;O3 dissolution rate.

5.3.4. The impact of injection pressure

In this subsection, we investigate the impact of injection pressure on
UHS in aquifers. According to Eq. (22), the microbial growth rate is
directly proportional to hydrogen concentration in formation water. As
larger injection pressure leads to more hydrogen dissolved in formation
water, the microbial growth rate becomes greater with the increase of
injection pressure. From Fig. 19(a), the bioclogging phenomenon be-
comes more severe with the increase of injection pressure. When in-
jection pressure reaches 19 MPa, pore space is fully bioclogged (not at
the observation point but at the area more close to the wellbore) and
hydrogen cannot be further injected and withdrawn in this case. From
Fig. 19(b), more hydrogen is lost and more water is produced when
injection pressure increases. As larger injection pressure leads to more
severe bioclogging, more hydrogen loss and more water production,
lower hydrogen injection and withdrawal rates are yielded thereby, see
Fig. 19(c). From Fig. 19(d), hydrogen recovery factor decreases when
injection pressure increases.

5.3.5. The impact of withdrawal pressure

In this subsection, we investigate the impact of withdrawal pressure
on UHS in aquifers. When withdrawal pressure is lowered, more
hydrogen will be released from formation water during withdrawal
phase which will lead to the decrease of microbial growth rate. There-
fore, the greater the withdrawal pressure is, the more severe the bio-
clogging phenomenon will be, as shown in Fig. 20(a). Also, it can be
observed from Fig. 20(b) that the larger withdrawal pressure leads to
more hydrogen loss and more water production during iron reduction
process. As larger withdrawal pressure leads to more severe bioclogging,
more hydrogen loss and more water production, hydrogen injection and
withdrawal rates are lowered thereby, see Fig. 20(c). From Fig. 20(d),
hydrogen recovery factor decreases with the increase of withdrawal
pressure.

6. Conclusions

In this work, we propose a coupled HMCB multiphysics model to
investigate the impacts of IRB activities on UHS in aquifers. This mul-
tiphysics model couples (1) rock deformation; (2) water-hydrogen two-
phase flow; (3) microbes and dissolved hydrogen transport; (4) mineral
dissolution/precipitation; and (5) microbial adsorption/desorption and
growth/decay together. Based on the modelling results, the following
conclusions can be drawn.

(1) Although hydrogen saturation at the top surface of the aquifer is
the greatest, microbial activities surrounding the injection well is
stimulated the most. As a result, the microbially clogged area and
biochemical reactions occurring area surround the injection well
as well.

Microbial activities influence the initial few cycles of hydrogen
injection and withdrawal. When hydrogen is injected into the
aquifers, IRB activities are stimulated which catalyze the reaction
between hydrogen and the mineral Fe;O3 in the hosting rock. In
this process, the concentration of Fe;O3 in rock decreases and
thereby microbial net growth rate declines and be negative until
all microbes die out. Once microbes die out, the impacts of mi-
crobial activities on UHS operations disappear.

(2

—
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(3) Microbial activities can degrade hydrogen recovery efficiency
through microbial clogging of pores, hydrogen consumption and
water production. In comparison with hydrogen consumption
and water production, microbial clogging affects UHS more
significantly as aquifer pore space can be fully clogged by these
microbes, in which condition subsequent hydrogen injection and
withdrawal operations have to be suspended. Thus, these extreme
cases should be avoided when planning UHS projects.

(4) During UHS, aquifer permeability dynamically changes under the
joint impacts of microbial clogging, mineral dissolution/precipi-
tation and effective stress. Among these three factors, effective
stress plays the dominant role and controls aquifer permeability
throughout the UHS operations, while microbial clogging only
influences aquifer permeability in the initial few cycles of
hydrogen injection and withdrawal. For mineral dissolution and
precipitation, their impacts are counteracted and can be
neglected.

The multiphysics model proposed in this work has general applica-
bility. It can be used to evaluate hydrogen storage performance and
screen projects in different types of reservoirs where microbes inhabit.
When applying this model, certain parameters like microbial growth/
decay rates, mineral concentrations, porosity/permeability and etc.
need to be determined for a particular reservoir as underground envi-
ronments vary greatly in different regions. In this research, the impact of
IRB activities on UHS is investigated while co-existence of several
different microbial species in reservoirs is possible and can thereby lead
to more complex reactions and impacts on UHS. Modification of bio-

Appendix A

The Peng-Robin equation is used to model hydrogen density [49,50]:

__RT _ a
ey b V2, + 2DV — 2
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reactive components of this multiphysics model can help to evaluate
the joint impacts of these microbial species. In addition, the impacts of
formation temperature and salinity on microbial activities are not
considered in this work and these parameters may have significant im-
pacts on microbial growth/decay and thereby influencing UHS. Future
work should consider these factors.
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(A1)

where T is temperature, Vi is the molar volume of hydrogen, R is the universal gas constant, and a and b are the equation of state parameters. For pure
components, a and b are expressed as a function of the critical pressure and temperature:

9 2
T
a:o.45724(RP;C). {1 +x<1 - T)} (A2)
c c
b=0.0778"e (A3)
c
k= 0.37464 + 1.542260 — 0.269920° (A4)

where p, is critical pressure, T, is critical temperature, and « is the acentric factor which can be determined by fitting the equation of state with the

experimental hydrogen density data.

Appendix B

The Jossi, Stiel and Thodos equation is used to model hydrogen viscosity [49]:

1
4

1
T6
{(;&—ﬂ*) T3+ 107 =ao +aip, +axp? +asp} + asp}

Mz, p?

(B1)

where y, is the viscosity of hydrogen, p, = p, V. is the reduced density, V; is the critical volume of hydrogen, ao, a1, az, az and a4 are the fitting
parameters, and u* is the low pressure viscosity for pure hydrogen [51]:

T .618

" =|4.610
'u Mngc Tc

—4.058:-

T
— 2.04e T, 1 1.94e % 1 0.1 | x 104 (B2)
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Appendix C

The solubility of hydrogen in brine can be calculated by the following equation [52]:

X
In X% = blmIZ\,aa + meNaCl (Cl)
H:

2

where b; and b, are the fitting coefficients, my,(¢ is the salt concentration of brine, xy, is the hydrogen solubility in brine, and ng is the hydrogen
solubility in pure water which is defined as a function of temperature and pressure:

c
xp, =apT + ZTP + c3p + cqap? (C2)

where c1, ¢z, c3 and c4 are the fitting coefficients. Here, it should be noted that the Eq. (C1) for hydrogen solubility in brine can be reduced to the Eq.
(C2) for hydrogen solubility in pure water when salt concentration is equal to zero.

Using Egs. (C1) and (C2), hydrogen solubility data under different pressure conditions can be calculated. Then, the corrected Henry’s constant in
Eq. (10) can be obtained through fitting the Henry’s law with the calculated data.
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