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1. Aquathermolysis

2. Thermolysis

3. Thermochemical Sulfate Reduction (TSR)
4. Scavenger

5. Gas Technology Institute (GTI)
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1.Symmetry

2. Schlumberger

3. Hysys

4. AspenTech

5. ProMax

6. Bryan Research and Engineering (BR&E)
7. ProTreat

8. Optimized Gas Treating (OGTrt)
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Introduction

Any natural gas that has hydrogen sulfide (H,S) content
higher than the specified limit -typically four ppm of
H,S at ambient temperature and pressure- is called
sour gas [1]. This limit is different in different areas
and applications. Any gas mixture of H,S and carbon
dioxide (CO,), which usually contains small amounts
of hydrocarbon gases and water vapor, is called “acid
gas” [2]. Under environmental conditions, H,S is
odorless, colorless, flammable (if ignited, it explodes),
and is highly toxic. At 500 ppm, it is lethal for a few
minutes if inhaled, and concentrations above 1000
ppm lead to immediate death [3]. The most common
challenge in sour gas development, production, and
processing is acid gas severe corrosion in the presence
of water and its lethality, making processes complicated
and costly. The increase in H,S concentration during
production over time due to sulfate-reducing bacteria
activity or H,S liberation from formation water with
pressure decrease is another challenge that should
be considered in primary equipment design [4]. The
source of H2S in sour reservoirs can be geochemical
or from bacterial activity [5]. During thermal EOR,
thermochemical changes in reservoir rock and fluid
may cause acid gas release [60]. In addition to the sour
hydrocarbon reservoirs, a large portion of the H,S and
CO, emitted is due to industrial activities in power
plants, iron and steel plants, and oil refineries [7].

In the following, we will introduce the processes of
sour gas sweetening and sulfur recovery, along with
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their limitations and drawbacks. Afterwards, we aim
to explain the theoretical foundations of acid gas
injection, trying to make the growing importance of
research in this area clear.

Methods of Acid Gas Removal and Disposal

H,S removal from sour gas is called sour gas
processing or sweetening. At a glance, there are
three main categories of sweetening processes, with
regenerative solvents, with non-regenerative solvents
(scavengers), and through membranes. When natural
gas is slightly sour, usually at concentrations below
200 ppm of H2S and less than 100 kg of sulfur per day,
it is more economical to use scavengers. They react
with H,S and get consumed [8].

The most common regenerative chemical solvents
are Alkanolamines. Amines are weak organic bases
that react with acid gas to form unstable salts at low
temperatures. Then, at high temperatures and low
pressures, the solvent is regenerated by changing the
direction of the reactions, creating a troublesome acid
gas flow [9]. Figure 1 schematically shows the most
common options for the conversion and disposal of
acid gases.

In the past, it was possible to burn H,S in a flare (Figure
1), but with increasing environmental concerns, it is
now banned in most areas. Therefore, the resulting
H2S must either be further processed or injected into
the geological formations [1,10].
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Further processing of acid gas, i.e. sulfur recovery,
can be divided into four main categories: (1) modified
Claus process, (2) direct oxidation processes, (3) liquid
processes, and (4) biological processes [1,10,11]. The
main drawbacks and operational problems encountered
during chemical sulfur recovery processes include
corrosion, the formation of ammonia salts on heat
exchanger pipes, clogging of equipment due to sulfur
deposition, reduction of efficiency due to impurities in
the feed, deactivation of the catalyst due to aromatics
in the feed, and deactivation of the catalysts due to the
formation of some sulfates.

The amount of production and average price of sulfur
in 2019 in different countries of the world is given
in Figure 2 [12]. The price of sulfur has decreased in
recent years to well below the economical price limit
for sulfur recovery processes due to the excess supply
of sulfur because of extensive sour gas fields discovery
and development [ 1].
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Fig. 2 Sulfur production worldwide in 2019, by country (in
1,000 metric tons) [12].

Various operational problems, lack of 100% conversion
of H,S to sulfur, the formation of enormous sulfur
mounds due to the reduced demand and dispersion of
sulfur dust in the air, and environmental problems are
inevitable in sulfur recovery processes. An economic
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and environmentally-friendly alternative is to compress
and inject acid gas into geological formations, which
could also lead to enhanced oil recovery through
miscible displacement.

Acid Gas Injection into Geological Formations

The acid gas stream saturated with water (2 to 6
percent) leaves the regeneration unit of sour gas
sweetening plant at a pressure of 35 to 70 kPa. It gets
cooled, compressed, and dehydrated, then transferred
to the injection well through pipelines (Figure 3).
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Fig. 3 Exemplary acid gas injection operating conditions
showing the compression, dehydration cycle, and injection,
with regard to the acid gas phase and hydrate forming condi-
tions [13].

H,S and CO, form hydrates at temperatures up to 10
°C for CO, and 30 °C for H,S even in the absence of
free water, so keeping the temperature above 35 °C
(Figure 3) prevents clogging of pipelines, injection
wells, and compressor failure. The solubility of
water in acid gas decreases by increasing pressure
to a minimum solubility point at which the acid-gas
mixture becomes a dense liquid. From this point on,
water solubility increases with increasing pressure
due to the molecular attraction between the polar
compounds. This feature is used in dehydration of acid
gas during the process of compression from 100 kPa
to 8-10 MPa for injection. Usually, the concentration



Petroleum Research, 2021(February-March), Vol. 30, No. 115

of water in acid gas reaches less than 0.5% molar
(interstage cooling in Figure 1). The amount of
injection pressure depends on the reservoir pressure,
the geological properties of the injection site, and the
flow rate of the injection. After obtaining the injection
pressure value, one may calculate the size and number
of compressor steps. In order to prevent cavitation,
acid gas should not enter the two-phase region of the
phase diagram during compression. Usually, to the
fourth stage of compression (pressure between 3 and
5 MPa), if there is no impurity, dehydration of the
acid gas will be complete. In some cases, triethylene
glycol or dry desiccants such as silica gel or molecular
sieve are used to dehydrate further the acid gas stream
(Figure 1) [13].

Choosing the Appropriate Formation for Acid Gas
Injection

The three most influential factors in choosing the
Figure 3. Exemplary acid gas injection operating
conditions showing the compression, dehydration
cycle, and injection, with regard to the acid gas phase
and hydrate forming conditions [13].

appropriate formation for acid gas injection are the
formation ability to contain acid gas within its limits
for long periods, the formation injectivity, and the
formation favorable rock and fluid interactions with
the acid gas. A reasonable and economical distance of
injection site from compressors, protection of energy,
mineral and groundwater resources during injection,
ensuring well integrity and public safety during
injection are among other considerations. Deep saline
aquifers, depleted hydrocarbon reservoirs, producing
sour reservoirs, and coalbed methane reservoirs are
good candidates for acid gas injection, each with its
advantages and disadvantages.

The extent to which a reservoir can successfully retain
acid gas for a long time depends on factors such as
the reservoir’s volume capacity, the condition of the
reservoir cap rock, and the wells’ condition in the
injection site. The amount of reservoir volume selected
and the reservoir boundaries should be such that the
injected fluid stays in the formation for at least more
than the project’s forecasted time and does not leak
to other formations or the surface. The completely
non-ideal solubility and compressibility of acid gas
cause complexity in calculating the reservoir’s volume
capacity for the injection of these gases [1,13]. Due to
the difference in acid gas and reservoir’s fluid density,
a significant amount of injected gas rises and places
adjacent to the caprock. Therefore, the caprock must be
non-permeable, meaning absolute liquid permeability
should be one nanodarcy or less [14]. Determining
whether it is possible to inject the desired flow rate
into the well in the chosen area is crucial. The injection
flow rate is dependent on the properties of the rock
(mainly permeability) and fluid (mainly viscosity).

Injectivity tests determine the amount of injectivity
[1]. Laboratory tests are performed before injection to
ensure that the injected acid gas is compatible with the
reservoir’s rock and fluid. Failure to conform to the
reservoir’s rock and fluid can lead to a wide range of
formation damages.

Acid Gas Trapping Mechanisms in Geological
Formations

So far, four main mechanisms for acid gas storage
in geological formations have been proposed and
accepted. First, the acid gas displaces the formation’s
fluid. It then moves upwards due to the buoyancy force
to reach the bottom of the caprock (structural trapping,
storage immediately after injection). The water, which
was replaced initially by acid gas, tends to return to its
original position as the acid gas moves upward, during
which some residual gas in the pores is trapped and
stored due to the hysteresis phenomenon (the residual
gas mechanism). Acid gas also tends to dissolve in the
formation water permanently (solubility mechanism).
Finally, on a geologic time scale, due to the acid
gas reaction with the reservoir’s rock and fluid and
formation of new minerals, acid gas is permanently
trapped and stored (mineral trapping mechanism) [2].

Conclusions

Due to the many problems of sulfur recovery chemical
processes discussed and the economic unattractiveness
ofthese methods, as well as the limited daily conversion
capacity of biological processes, the practical and
attractive solution in economic and environmental
terms is the injection of acid gases into the geological
formations. It will protect the environment against the
release of toxic and greenhouse gases and provides
new opportunities for enhanced oil recovery. Before
injecting acid gas into the formation, it is necessary
to analyze the caprock sealing ability, formation
injectivity, phase behavior, and interaction of acid gas
with reservoir rock and fluid in the laboratory. Due to
the different corrosive nature of acid gases, routine
core flood laboratory setups do not apply to acid gas
studies, and unique technical and safety considerations
must be taken into account.
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