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Abstract: This paper examined the reservoir souring induced by the sulfate-reducing bacteria (SRB)
inhabiting the reservoir brine of an oilfield in Japan. Although the concentration of sulfate of the
reservoir brine was lower than that of seawater, which often was injected into oil reservoir and
induced the reservoir souring, the SRB inhabiting the reservoir brine generated hydrogen sulfide
(H3S) by using sulfate and an electron donor in the reservoir brine. This paper therefore developed a
numerical simulator predicting the reservoir souring in the reservoir into which the reservoir brine
was injected. The results of the simulation suggested that severe reservoir souring was not induced
by the brine injection; however, the SRB grew and generated H,S around the injection well where
temperature was decreased by injected brine whose temperature was lower than that of formation
water. In particular, H,S was actively generated in the mixing zone between the injection water
and formation water, which contained a high level of the electron donor. Furthermore, the results
of numerical simulation suggested that the reservoir souring could be prevented more surely by
sterilizing the SRB in the injection brine, heating up the injection brine to 50 °C, or reducing sulfate in
the injection brine.

Keywords: reservoir souring; sulfate-reducing bacteria; sulfate; ethanol; hydrogen sulfide; reservoir
brine; simulation; temperature propagation

1. Introduction

Reservoir souring is often induced by injecting seawater into an oil reservoir for secondary oil
recovery because seawater often contains both sulfate and sulfate-reducing bacteria (SRB) which reduce
sulfate and generate hydrogen sulfide (H,S) in 0il reservoirs using organic components as electron
donors. Various organic matters such as formate, acetate, propionate, pyruvate, lactate, butyrate and
ethanol can be the electron donors for SRB [1-9]. The mechanisms of reservoir souring caused by the
injection of seawater have been reported by academic articles [10-13]; however, there has been no
reports about reservoir souring induced by the injection of reservoir brine. The authors of this paper
have studied on the reservoir souring in an oilfield in which the injection of reservoir brine is planned.

The concentration of sulfate in the reservoir brine of our target reservoir is as low as 0.63 mM,
while that in seawater is 28 mM approximately [14]. However, it was demonstrated that the SRB
inhabiting the reservoir brine reduced sulfate and generate H,S in the reservoir brine using ethanol
as an electron donor in our previous study [15]. This result suggested that the reservoir souring
could be also induced by the injection of reservoir brine which contained a low level of sulfate. Then,
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the authors of this paper have studied on the development of a numerical simulator evaluating the
reservoir souring induced by the injection of brine water, which contains a low level of sulfate.

The reduction of sulfate was observed in not production water but injection water which were
collected in the oilfield in our previous study [15]. Our previous study demonstrated that the SRB
inhabiting the injection water of the oilfield reduced sulfate using ethanol as an electron donor and
generated H,S. The following reaction was therefore assumed to occur in the reservoir into which the
water containing the SRB was injected:

C,H50H + %SOZ_ — CH3COO™ + %HS_ + %H* + HyO. 1)

We constructed the numerical models of the bacterial activities such as the growth of the SRB,
consumption of sulfate and ethanol by the SRB, and generation of H,S by the SRB inhabiting the
injection water of the oilfield [15]. It was demonstrated that those numerical models could effectively
simulate the bacterial activities which were observed in the injection water.

The purpose of this study is to develop a numerical simulator evaluating the reservoir souring
induced by the injection of the reservoir brine by introducing the numerical models constructed in
our previous study into a reservoir simulator. Various simulation studies on the biogenic reservoir
souring have been reported by many authors. Delshad et al. [16] reported a numerical prediction of the
biogenic reservoir souring using a chemical flooding simulator. They attached weight to the sensitivity
of the reservoir souring to the reservoir conditions such as temperature propagation, pressure and
heterogeneity in the reservoir, while the conditions relating to the metabolisms of SRB were not
considered. Farhadinia et al. [17,18] successfully predicted the reservoir souring using a chemical
flooding simulator. Their model did not however consider the influence of temperature, salinity and
pH on the activities of SRB. Alexandre et al. [19] also reported a simulation study on the reservoir
souring; however, they did not also simulate the activities of SRB because they used a commercial
reservoir simulator. In contrast, Hosseininoosheri et al. [20] and Evans et al. [21] developed the reservoir
souring simulators, which included the models representing the activities of SRB. They constructed
mathematical models of the growth of SRB based on the Monod equation containing the concentration
of nutrients, temperature, salinity and pH as parameters. In addition, Sunde et al. [22] developed
more detailed model considering the H,S generation sites. They assumed that H,S was generated by
SRB in both mixing zone between injection water and formation water, and biofilm formed by SRB
themselves. Those assumptions were not however revealed by experiments in their paper.

The reservoir souring simulators are extremely useful for not only predicting the reservoir souring
but also for developing new technologies preventing reservoir souring. Coombe et al. [23] reported
a technique controlling the biogenic reservoir souring by injecting nitrate into reservoir through the
simulation study. Moreover, it is certain that the development of shale oil and gas will continue to
advance in the future and new technologies injecting fluids into shale layers for enhancing oil and/or
gas recovery have been suggested recently [24]. Because those technologies may however have a risk
causing the biogenic souring in shale layers, the demand for the reservoir souring simulators will be
also increased in shale field.

Dunsmore et al. [25] suggested that the simulator predicting the biogenic reservoir souring
induced by the injection of seawater or reservoir brine. There have been however few papers reporting
the simulation of the reservoir souring induced by reservoir brine injection, whereas a number of
papers including papers described above reported the reservoir souring induced by seawater injection.
Because seawater usually contains a high level of sulfate, SRB can easily grow and generate H;S in the
seawater-based culture medium. It is therefore easy to construct the mathematical models representing
the activities of SRB using the results of the incubation experiments using seawater. On the other
hand, it may be difficult to collect experimental data using reservoir brine in comparison with a case of
seawater because reservoir brine contains a low level of sulfate.

The authors of this paper successfully constructed mathematical models representing the growth
of the SRB and reduction of sulfate and generation of H,S by the SRB in reservoir brine, which contained
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a low level of sulfate in our previous paper [15]. Those models were constructed in the basis of the
Monod equation containing the concentration of nutrients and temperature as parameters. Salinity
and pH, which were contained in the models constructed by [17-22], were not contained as parameters
in our models because those values should be similar between the injection brine and formation brine.

The purpose of this study is to develop a simulator predicting the biogenic reservoir souring
induced by injecting the reservoir brine which contains a low level of sulfate by using the mathematical
models which have been constructed by our previous study. Moreover, the present study clarifies the
mechanisms of the biogenic reservoir souring induced by injecting the reservoir brine into a Japanese
oil reservoir in which reservoir brine injection is now planned by using the simulator. Moreover,
the biogenic reservoir souring in that oil reservoir was predicted through the numerical experiments
using the simulator in this study:.

2. Materials and Methods
2.1. Mathematical Model of the Growth Rate of the SRB

The growth of bacteria can be classified into four stages such as lag phase, logarithmic growth
phase, stationary phase and death phase in general. According to our previous study [15], consumption
of sulfate by the SRB was observed during only their logarithmic growth phase. Similar results were
also shown by other papers [26-29], therefore, this study assumes that both consumption of sulfate
and generation of H,S were occurred during only the logarithmic growth phase of the SRB. Because
the objective of this study is to evaluate the production of H,S which is generated by the SRB in oil
reservoir, it is enough to simulate only the logarithmic growth phase in which H,S was generated by
the SRB in this study.

In our numerical simulation, the SRB grow logarithmically and generate H,S when they coexist
with both sulfate and ethanol in a grid block of the reservoir model. When one of those nutrients is
absent in a grid block, the SRB cannot grow any more in the grid block. The increase in bacterial cell
number per micro time can be calculated by the Equation (2) [30].

dx
i 2

where 1 is the specific growth rate (h71), x is bacterial cell number (cells) and t is incubation time
(h). The bacterial cell number at a time ¢ can be calculated by the Equation (3), which is obtained by
integrating Equation (2) [30].

Xt = xt—AteyAt 3)

The specific growth rate of bacteria in the logarithmic growth phase can be calculated by the
Monod equation, as shown by Equation (4) [31].

Um CNutrient

: (KNutrient + CNutrient) (4)
where pm is the maximal growth rate (h™1) obtained in excess nutrient, Knytrient i the nutrient
concentration corresponding to half of maximal growth rate (g/L), and Cnutrient (g/L) is the concentration
of growth limiting nutrient for bacteria. Both sulfate and ethanol were determined to be growth
limiting nutrients for the SRB; therefore, the following two Monod equations which were a function of
the concentration of sulfate and ethanol, respectively, were derived on the basis of the experimental

results in our previous study [15].

3.5 x 1073 Csyifate

) 5
Hsulfate (7.8 1073 + Csyifate) ;

B 4.0x%x 10_2CEthanol ©)
HEthanol = (6.9 x 10-3 4 CEthanol )
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Incidentally, the other organic matters such as formate, acetate and propionate were also subjected
to the experiments as candidates of the electron donors for the SRB in our previous study. It was
however shown that the SRB did not use those organic matters as the electron donors; therefore,
the effect of those organic matters on the activities of the SRB was neglected in this study.

Because temperature is different between reservoir and injection water, temperature distribution
is assumed to be formed in the reservoir during the water flooding. According to our previous
study [15], the specific growth rate of the SRB is also affected by temperature; therefore, the influence
of temperature on the growth rate of the SRB was considered in the numerical simulation. A coefficient
term representing the influence of temperature on the growth of the SRB was derived as shown by
Equation (7) on the basis of the experimental results of our previous study [15].

or = A=1.7X1072 X(T=50)%) @)
where ct is the temperature coefficient term (non-dimension) and T is temperature (°C). Finally,
the specific growth rate of the SRB in the reservoir was derived as the geometric mean of Equations (5)
and (6) multiplied by the temperature coefficient term.

UsRB = +/HSulfate X {Ethanol X CT ®)

2.2. Mathematical Model of the Consumption Rate of the Nutrients and Generation of HyS by the SRB

The SRB was assumed to consume sulfate and ethanol during only their logarithmic growth phase
in our previous study [15]. The amount of sulfate at a time f can be calculated by the Equation (9).

Xp — X

St=Sp-at— tTtAt )
where S; is the amount of sulfate (g) at a time ¢, x; is the bacterial cell number (cells) at a time ¢, and Y is
the growth yield (cells/g). Assuming that sulfate is completely consumed at the end of the logarithmic
growth phase of the SRB, the growth yield can be calculated by Equation (10).

_*m—X0

Y
So

(10)
where xp, is the maximal number of the bacterial cell in culture solution (cells), x is the initial bacterial
cell number (cell) and Sy is the initial amount of sulfate (g). Because the growth yield was varied with
the concentration of sulfate, the equation calculating the growth yield was derived as a function of the
concentration of sulfate as shown by Equation (11) [15].

1.3x 1013
Y = X 141012 (11)

{1+(—CS“”8_‘828 '026)2}

Both the decrease in ethanol and increase in H,S can be decided automatically by the decrease in
sulfate on the basis of the reaction in Equation (1).

2.3. Material Balance Equation

Numerical simulation studies were carried out to evaluate the H,S generation in an oil reservoir
during the water flooding on quarter of a five-spot pattern flooding. The numerical model which
was constructed in this study consisted of two phases (oil and water) and six components (oil, water,
SRB, nutrients and metabolite). The nutrients for the SRB were sulfate and ethanol. The metabolite of
the SRB was H,S. We assumed that H,S which was generated by the SRB was completely dissolved
into only water in oil reservoir and flowed in reservoir as a component of water phase in this study.
In addition, we did not consider the adsorption of microorganism, nutrients and dissolved H,S on to
the rock surface in order to simply examine the behavior of H,S generation in oil reservoir caused
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by the SRB. We also neglected the diffusion of those components in the water phase because their
diffusion was small enough to neglect it on the field scale simulation.
The flow equations for oil and water are given by Equations (12) and (13), respectively.

A(DSopo) k
ocT = V(aM—ZpOVdDO) — Wop (12)
I(DSwpw) kv
G = V(az _,Uw pWVQDW) - a(qu - qu) (13)

where « is the dimensional constant number, ¢ is porosity, S, and S are saturation of oil and water,
respectively, p, and p. are density of oil and water, respectively, k, and ky are effective permeability of
oil and water, y, and u, are viscosity of oil and water, respectively, ®, and ®,, are the flow potential
of oil and water, respectively, gy, qwp and qop are injection rate of water, production rate of water and
production rate of oil, respectively. The transports of SRB, nutrients and metabolite are described by
Equations (14)—(16).

(oS C Ky
( wg;\/’ SRB) — V((Xy—pWCSRBVq)W) -+ O‘{PWRSRB —+ CSRB(qwi — qu)} (14)

w

2(2S CNutri k
a ( va(;t Nutrlent) = V(a‘u—wprNutrientVCDw) - Of{PwRNutrient - CNutrient(qwj — qu)} (15)
w
0 DSwPpwCH,s k

a- ( = 2 ) — V(a‘u—wprHZSV(Dw) + a{prH25 + CH28(17wi - qu>} (16)

w

where Csrp, CNutrient and Cypg are concentration of SRB, a nutrient (sulfate or ethanol) and HjS in
water, respectively, Rsrp, Rnutrient and Ryypg are the growth rate of SRB, consumption rate of a nutrient
(sulfate or ethanol) by the SRB, and Generation rate of H,S by the SRB, respectively.

2.4. Validity of the Model Used in This Study

The validity of the models representing the growth of the SRB, reduction of sulfate, and generation
of H,S by the SRB was shown in our previous paper [15]. Those behaviors which had been observed in
the incubation experiments were well simulated by the models. The validity of the models representing
the flow of components in reservoir was also shown in the previous study. The current model is
originated from the model which had been previously constructed for the simulation study on the
Microbial Enhanced Oil Recovery (MEOR) by an author of this paper [32]. The validity of the original
model had been successfully shown through the history matching between the numerical results and
experimental results of a core flooding experiment. Because the validity of the original model had
been already confirmed, the validity of the current model can be also assumed to be guaranteed.

2.5. Reservoir Model Used in the Numerical Simulation

The numerical simulation studies were carried out to examine the behavior of H,S generation in
oil reservoir during the water flooding on quarter of a five-spot pattern flooding. The reservoir model,
reservoir conditions and conditions for the water injection are shown in Table 1. The reservoir model
used in this study was 360 m length, 360 m width and 1 m thick. As described at the beginning of the
next chapter, the effect of the grid size on the simulation results was examined and it was decided that
the reservoir model was discretized into 36 x 36 uniform grid blocks in the x and y directions and a
one 1 m thick grid block in the z direction in this study. Absolute permeability and porosity of the
reservoir was 10 md and 20%, respectively. Because this study assumes water flooding in a mature
oilfield, water saturation was set to a high value such as 62.5%.

We assumed that the water whose temperature was 40 °C was injected into oil reservoir whose
original temperature was 100 °C. The temperature distribution was therefore formed by the water
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injection whose temperature was lower than the original temperature of the reservoir. The growth of
the SRB and Hj;S generation by them was assumed to be influenced by the temperature distribution.
We therefore examined the sensitivity of the temperature distribution to H,S generation by the SRB
in the reservoir in this study. Figure 1 shows the temperature distributions which were set up for
this study. A numerical simulator STARS (CMG, Canada) was used for obtaining the temperature
distributions. The temperature distributions in the reservoir was obtained by injecting water whose
temperature was 40 °C into a reservoir whose temperature was 100 °C with the injection rate of 5.33
m3/day for (a) 6 years or (b) 2 years on the simulator. The reservoirs which have the temperature
distributions shown by Figure 1a,b are called reservoir A and B, respectively, in this paper.

Table 1. Calculation conditions of the numerical simulation of this study.

Reservoir Model

Reservoir size (Length x Width x Thickness) 360 m x 360 m X 1 m
Flooding pattern Quarter of a five-spot pattern
Grid size (Length x Width X Thickness) I0mx10mx1m
Grid number 1296
Reservoir conditions
Absolute permeability 10 md
Porosity 20.0%
Water saturation 62.5%
Oil saturation 37.5%
Conditions for water injection
Temperature of the injection water 40°C
Water injection rate 5.33 m3/day

Pore volume injected 1.0 PV

Conditions for the injection water

Cell density of the SRB

1.0 x 106 cells/mL

Concentration of sulfate 60 mg/L
Concentration of ethanol 3mg/L
Concentration of H,S 0 mg/L
Conditions for the formation water

Cell density of the SRB 0 cells/mL
Concentration of sulfate 60 mg/L
Concentration of ethanol 15 mg/L
Concentration of H,S 0 mg/L

(b)

40 100 °C

Figure 1. Temperature distribution of (a) reservoir A and (b) reservoir B used in this study.
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2.6. The Calculation Flow of the Simulation

The conditions of injection water and formation water are shown in Table 1. Those conditions
were set based on the conditions of a real oilfield in Japan. This study assumed that the SRB inhabited
the injection water at a concentration of 1.0 x 10° cells/mL while they did not inhabit the formation
water. The bacterial concentration was set based on the real data which had been quantified by a DNA
based method, real-time PCR in our previous study [15]. Concentrations of sulfate, ethanol and H,S
in the injection water were 60 mg/L, 3 mg/L and 0 mg/L, respectively, while their concentrations in
the formation water were 60 mg/L, 15 mg/L and 0 mg/L, respectively. SRB start to grow and generate
H,S when they coexist with both sulfate and ethanol in a same grid block. The growth of the SRB
is stopped if one of them is missing in a grid block. H,S which is generated by the SRB in reservoir
dissolves in water completely and flows together with water in the reservoir.

3. Results and Discussion

3.1. Consideration of the Mechanisms of HyS Generation in the Reservoir

The mechanism of H,S generation in the reservoir A is discussed by examining the distribution of
the cell density of the SRB and the concentration of sulfate, ethanol and H;S in the reservoir during the
water flooding in this section.

Figure 2a shows the contour maps of the cell density of the SRB in the reservoir during the water
flooding. The cell density of the SRB within a radius of 90 m from the injection well was still less than
1.0 x 108 cells/mL after 0.05 pore volume (PV) of water was injected into the reservoir. The growth
of the SRB was still in the early logarithmic growth phase in this area at this stage. The highest cell
density of the SRB was observed between a radius of 90 m and 160 m and the logarithmic growth
phase was completed in this area at this stage. Both sulfate and ethanol were consumed and H,S was
actively generated within that area as shown in Figure 2b—d. According to the temperature distribution
shown in the Figure 1, temperature of this area was less than 50 °C; therefore, the SRB was able to
grow and generate HjS in this area.

Because concentration of ethanol in the formation water was higher than that in the injection
water, growth of the SRB, consumption of sulfate and ethanol, and generation of H,S were further
activated in the mixing zone between formation water and injection water. This mechanism was also
suggested by [21,22]. On the other hand, those bacterial activities were not found in the area whose
temperature was over 50 °C. H,S which had been generated around the injection well flowed to the
production well and it began to be produced from the production well after 0.6 PV of water injection.

Next, the influence of temperature distribution in the reservoir on the H,S generation by the SRB
is discussed in this section. Because the low temperature area around the injection well in the reservoir
B was smaller than that in the reservoir A, the area in which the SRB could grow in the reservoir B was
also smaller than that in the reservoir A (data not shown). HyS was therefore generated in such small
area only in the reservoir B, as shown in Figure 3.

Figure 4 shows the H,S concentration in the water produced from both reservoirs. H,S was
started to be detected in the production water 2200 days after the injection was started. The maximum
concentration of HyS in the water produced from the reservoir A was approximately 1.2 mg/L; in other
words, 800 mL of H,S under the normal temperature and pressure conditions was produced as an
associated gas with 1 kL of the reservoir brine from the reservoir A. It was shown that the reservoir
souring was induced by the injection of reservoir brine whose sulfate concentration was quite low,
although the amount of H,S associating with the production fluids was not very large.

The time period when the H,S production begun in the reservoir B was delayed by approximately
400 days compared to that period in the reservoir A. Moreover, the maximum concentration of HyS
in the water produced from the reservoir B was approximately 0.8 mg/L which was 30% lower than
that from the reservoir A. These results suggest that the injection of water whose temperature is 50 °C
or above is effective for preventing H,S generation in the reservoir because the SRB inhabiting the
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injection water used in this study can only grow in temperatures that are under 50 °C. The heat which
is exhausted from surface facilities in oilfield can be utilized for heating the injection water more than
50 °C for example. The temperature distribution of the reservoir B was used in the following sections.

3.2. Consideration of the Influence of the Concentration of the SRB andjor Sulfate in the Injection Water on the
H)S Generation

The influence of the concentration of the SRB and/or sulfate in the injection water on the H,S
generation in the reservoir B is discussed in this section. The cell density of the SRB in the injected
water was set to 1.0 x 10° cells/mL or 1.0 x 10* cells/mL, while all other conditions were fixed to the
standard conditions which were shown in Table 1 in order to examine the influence of the cell density
of the SRB in the injected water on the H,S generation in the reservoir. Also, the concentration of
sulfate in the injected water was set to 40 mg/L or 20 mg/L, while all other conditions were fixed to the
standard conditions in order to examine the influence of the concentration of sulfate in the injected
water on the H;,S generation in the reservoir.

I's » »

0.05 PV 0.3 PV 0.6 PV

105 109 cells/mL

(a) Cell density of the SRB
Zm v
-

0.05 PV 03PV 0.6 PV

50 60 mg/L

(b) Concentration of sulfate

Figure 2. Cont.
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0.05 PV

0.6 PV

0.1 16.5 mg/L

(c) Concentration of ethanol

0.05 PV 03PV 0.6 PV

0 6 mg/L

(d) Concentration of H2S

Figure 2. Contour maps of (a) cell density of SRB, (b) concentration of sulfate, (c) concentration of
ethanol and (d) concentration of H;S in the reservoir A during the water flooding.

0.05 PV 0.6 PV

0 6 mg/L
Figure 3. Contour maps of the concentration of H,S in the reservoir B during the water flooding.

Figure 5 shows the concentration of H,S in the water produced from the reservoir B into which
water containing the SRB and/or sulfate with different concentration was injected. Those results
suggest that those factors did not influence the H,S generation by the SRB in the reservoir. The SRB
which was injected into the reservoir could easily grow and generate H,S in the reservoir, even if
its concentration in the injection water was low. The SRB inhabiting the injection water must be
therefore sterilized completely to prevent the H,S generation in the reservoir. It is however practically
impossible to sterilize them completely in the field, and the incomplete sterilization of the injection
water is ineffective for preventing the H,S generation. In addition, SRB injected into the reservoir
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can grow and generate H,S using sulfate exiting the reservoir brine; therefore, it is also ineffective in
removing sulfate from the injection water to prevent the H,S generation in a reservoir.

14
12 __Reservoir A

VAN
0.8 /

0.6 / /
o4 / / Reservoir B

0.2 | | Z/ | |

0.0
0 1000 2000 3000 4000 5000 6000
Elapsed time, days

H->S concentration in
the produced water, mg/L

Figure 4. H;S concentration in the water produced from both reservoirs.

14

Cell density of the SRB
— 105 cells/mL == 10 cells/mL

1.0 |- Concentration of sulfate in the injection water
= 40 mg/L == )0 mg/L

1.2

0.8

0.6

0.4

0.2

H-S concentration in
the produced water, mg/L

0.0 ] ! ] ]
0 1000 2000 3000 4000 5000 6000

Elapsed time, days

Figure 5. H,S concentration in the water produced from reservoirs into which the water containing the
SRB and sulfate in each different concentration. (All the results were close to each other.).

3.3. Consideration of the Influence of Ethanol Concentration in the Injection Water andfor Formation Water on
the H,S Generation

The influence of the concentration of ethanol in the injection water and/or formation water on the
H,S generation in the reservoir B is discussed in this section.

The concentration of ethanol in the injected water was set to 0 mg/L, while all other conditions
were fixed to the standard conditions in order to examine the influence of ethanol concentration in
the injected water on the HjS generation in the reservoir. Also, the concentration of ethanol in the
formation water was set to 45 mg/L, 30 mg/L and 15 mg/L, while all other conditions were fixed to the
standard conditions in order to examine the influence of ethanol concentration in the formation water
on the H;S generation in the reservoir.

Figure 6 shows the concentration of H;S in the water produced from the reservoir B, into which
water not containing ethanol was injected. The concentration of ethanol in the injection water influenced
H,S generation by the SRB in the reservoir. If ethanol can be completely removed from the injection
water, H,S concentration in the produced water can be decreased to half or less than that in the water
produced from the reservoir into which water containing ethanol has been injected.
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14
=
g 212
§ £ 10
® & Ethanol conc. in the injection water
£ = 08
g T 06 " 3mg/L
o 5
o -
n 2 04
I & /
g o2 T
0.0 ] ! / ! ] Omg/L
0 1000 2000 3000 4000 5000 6000
Elapsed time, days

Figure 6. H,S concentration in the water produced from reservoir into which water not containing
ethanol was injected.

Because the concentration of ethanol in the formation water is an uncertain factor, the influence of
that was examined through the numerical simulation with different ethanol concentration in this study.
Figure 7 shows the concentration of H,S in the water which was produced from reservoirs containing
ethanol with different concentration. The concentration of H;S in the produced water increased with
the increase in the concentration of ethanol in the formation water. Ethanol concentration in the
formation water is an influential factor in the H,S generation in the reservoir; therefore, it is important
to know the correct concentration of ethanol in the reservoir to precisely estimate the generation of H;S.

14

1.2

Lo NSmg/L
058 / L~ —30mg/L

06 [/ _—Tsmgn
0 I/
//

0.2

H>S concentration in
The produced water , mg/L

0 1000 2000 3000 4000 5000 6000
Elapsed time, days

0.0

Figure 7. H,S concentration in the water produced from reservoirs which contained ethanol with
different concentration.

3.4. Consideration of the Influence of Calculation Condition and Reservoir Condition on the HyS Production

The influence of calculation condition and reservoir condition on the H,S production in the
reservoir B is discussed in this section. The influence of grid number of the reservoir model on
the simulation results was considered as a calculation condition in this section. The permeability
heterogeneity of the reservoir has been suggested to affect fluids flow in reservoir [33,34]; therefore,
the influence of the permeability heterogeneity on the simulation results was also examined as an
important reservoir condition in this section.

Figure 8 shows the H,S concentration in the water produced from reservoir B which was discretized
into 18 x 18, 24 x 24, 30 x 30 and 36 X 36 uniform grid blocks in the x and y directions respectively and
a one 1 m thick grid block in the z direction. The grid size of those grid blocks was 20 square meters,
15 square meters, 12 square meters and 10 square meters, respectively. In the case of simulation with
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the largest grid size (20 m square), H,S began to be detected earlier in the water produced than in the
other three cases. H,S began to be detected in the production water at a same time in other three cases;
however, the production rate of H,S in the case of the second largest grid size (15 m square) was lower
than the other two cases. The behavior of H,S production of the other two cases (12 m square and 10 m
square) was almost the same. From these results, we assumed that the simulation results converged
towards a similar result by using the grid block whose size was less than 12 square meters.

1
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Figure 8. H;S concentration in the water produced from reservoirs which had different grid numbers.

Figure 9 shows (a) permeability distribution and (b) temperature distribution of the heterogenous
reservoir model used in this study. Because location of injection wells and production wells is usually
designed to prevent them from connecting by high permeable channels, the lowest permeable zone
was put into the shortest path between the injection well and production well. Then, the permeability
gradually increased with distance from the shortest path, as shown in Figure 9a. As in the case of the
simulation with the homogenous model, the temperature distributions in the heterogenous reservoir
was obtained by injecting water whose temperature was 40 °C into the reservoir whose temperature
was 100 °C with the injection rate of 5.33 m®/day for 2 years.

.

(@) (b)

[
2 14 md 40 100 °C

Figure 9. Permeability distribution (a) and temperature distribution (b) of the heterogenous reservoir

model used in this study.

The flow behavior of H;S in the heterogenous reservoir was quite different from that in the
homogenous reservoir, which was shown in Figure 3. Because H,S, which had been generated in the
low temperature area, preferentially bypassed the high permeable area as shown in Figure 10, the time
period when the H,S production begun in the heterogenous reservoir was delayed by approximately
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600 days compared to that period in the homogenous reservoir as shown in Figure 11. Thus, H,S is
generated in the low temperature area in the reservoir regardless of the permeability heterogeneity;
however, the behavior of H,S production from reservoir is affected by the heterogeneity. It is therefore
important to consider the permeability heterogeneity of reservoir when predicting the reservoir souring.

0.05 PV 03PV 0.6 PV

HE ™
0 6 mg/L

Figure 10. Contour maps of the concentration of H,S in the heterogenous reservoir during the
water flooding.

Homogenous model

Heterogenous model

H,S concentration in
the produced water, mg/L

0 ) . f . .
0 1000 2000 3000 4000 5000 6000

Elapsed time, days

Figure 11. H;S concentration in the water produced from heterogenous reservoirs and homogenous
reservoir.

3.5. Discussion about Sensitivity of the Simulation Results to the Assumptions

Finally, the sensitivity of the simulation results to the assumptions used in this study is discussed
in this section. The sensitivity is discussed with two indices as shown in Table 2: the time until
start of H,S production and the maximum concentration of H,S in the water produced from the
production well.

The simulation results were the most sensitive to the temperature distribution because a large
difference in both indices was observed between two reservoir models which had different temperature
distributions. The simulation results were the second most sensitive to the concentration of ethanol in
the injection water and the formation water. In particular, the maximum concentration of H,S was
the most sensitive to the concentration of ethanol in the injection water while the time until start of
H,S production was not sensitive to that assumption. The time until the start of HpS production was
sensitive to the permeability heterogeneity and the grid number. That time may become shorter or
longer depending on the heterogeneity. The maximum concentration of H;S in the water produced
from the heterogenous reservoir can be estimated to be similar to that from the homogenous reservoir
because symmetric heterogeneity was set in this study. That value may be varied depending on the
pattern of heterogeneity. The simulation results were not sensitive to the other factors in this study.
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Table 2. Summary of the simulation results with the two indices.

Time Until Start of H,S Maximum Concentration
Assumptions Conditions Production from the of H,S in the Produced
Production Well, Days Water, mg/L
Reservoir Conditions
Temperature Reservoir A 2200 1.20
distribution Reservoir B 2600 0.80 *
C trati ‘ 15 mg/L 2600 0.80 *
Oncet?l ra 110“ © 30 mg/L 2600 0.90
ethano 45 mg/L 2600 113
Permeability Homogenous 2600 0.80 %
heterogeneity Heterogenous 3200 0.80 *
Conditions of the Injection Water
. 1x 10 cells/mL 2600 0.80 *
Cell ders‘f;gy ofthe 1 105 cells/mL 2600 0.80 *
1% 10° cells/mL 2600 0.80 *
C ) ; 20 mg/L 2600 0.80 %
O“Cenltfri“o“ ° 40 mg/L 2600 0.80 *
suttate 60 mg/L 2600 0.80*
Concentration of 0 mg/L 2600 0.28
ethanol 3 mg/L 2600 0.80 *
Calculation Condition
18 x 18 2090 0.90 *
. 24 x 24 2350 0.80 *
Grid number 30 x 30 2500 0.80 *
36 X 36 2600 0.80 %

* Estimate value.

4. Conclusions

In this study, we constructed a numerical simulator estimating the oil reservoir souring induced by
the injection of reservoir brine water which contained a low level of sulfate and examined the measures
suppressing the reservoir souring. The following conclusions were obtained through this study:

(1) A numerical simulator which consisted of two phases (oil and water) and six components
(oil, water, SRB, sulfate, ethanol and H,S) was constructed in order to estimate the oil reservoir
souring induced by the injection of reservoir brine water.

(2) According to the numerical simulation, it was shown that the reservoir souring was induced
by the injection of the brine water whose sulfate concentration was lower than that of seawater.
The production rate of H,S associating with the production fluids was however very small, with
figures such as 800 NmL per 1 kL of production water.

(3) The SRB injected into the reservoir grew and generated H,S only around the injection well
whose temperature was reduced under 50 °C in the reservoir. The most active generation of H,S
was observed in the mixing zone between the injection water and formation water, where the
concentration of ethanol which was the electron donor for the sulfate reduction was higher than
that in the injection water.

(4) Temperature distribution in the reservoir is the most influential factor for the H,S generation.
The injection of water whose temperature is over 50 °C is effective for preventing H,S generation
in an oil reservoir.

(5) Both cell density of the SRB and sulfate concentration did not influence the H,S generation caused
by the SRB in the reservoir.

(6) According to our previous study, organic matters such as formate, acetate and propionate did
not effect the activities of the SRB; therefore, the concentration of ethanol in the injection water
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and the reservoir brine is only influential in the H,S generation of the SRB. Complete removal of
ethanol from the injection water is effective for preventing the H,S generation in the oil reservoir.
In addition, it is important to know the correct concentration of ethanol in the formation water in
the reservoir for estimating the generation of H,S exactly.

(7) The SRB grew and generated H;S in the low temperature area in either a homogenous or a
heterogenous reservoir. The behavior of H»S production from both reservoirs was however quite
different because the flow behavior of H,S was different between both reservoirs. Permeability
heterogeneity is therefore an influential factor on the reservoir souring.

This study showed the possibility of reservoir souring induced by the brine injection under the
assumption that the SRB were not affected by other metabolic groups inhabiting the reservoir brine.
Because various metabolic groups inhabit oil reservoirs and they may consume or generate the organic
matters which can be electron donors of SRB, the growth and metabolic activities of the SRB may be
affected by them. Our next task therefore is to develop another model that considers the influence of
other metabolic groups on the activities of the SRB.
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provided by all authors. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.

Nomenclature

a Dimensional constant number

cT Temperature coefficient term

Csulfate Concentration of sulfate

CEthanol Concentration of ethanol

CNutrient Concentration of the growth limiting nutrient for bacteria
CsrB Cell density of the SRB

Cios Concentration of H,S

ko Effective permeability of oil

kv Effective permeability of water

KnNutrient Nutrient concentration corresponding to half the maximal growth rate
U Specific growth rate

Um Maximal growth rate

USulfate Specific growth rate including the concentration of sulfate as a variable
UEthanol Specific growth rate including the concentration of ethanol as a variable
USRB Specific growth rate of the SRB

Ho Oil viscosity

Hw Water viscosity

Jwi Injection rate of water

Jwp Production rate of water

Jop Production rate of oil

Po Density of oil

Pw Density of water

Rsrp Growth rate of the SRB

RnNutrient Consumption rate of a nutrient

Ruos Generation rate of H»S by the SRB

So Initial amount of sulfate

Sy Amount of sulfate at a time ¢

So Oil saturation

Sw Water saturation

t Incubation time

Q@ Porosity
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D, Flow potential of oil

(o Flow potential of water

x Bacterial cell number

X0 Initial bacterial cell number

Xm Maximal number of the bacterial cell in culture solution

Xt Bacterial cell number at a time ¢

Y Growth yield
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