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Coalbed methane (CBM) plays an important role in securing world energy supply and transiting electricity generation from fossil
fuel to renewables. CBM reservoirs are generally very tight and require effective stimulation to achieve economic extraction. In
recent years, an increasing number of coal seam stimulation techniques were developed, but selecting the most suitable
stimulation technique for a particular CBM reservoir condition is becoming increasingly challenging. Therefore, it is deemed
very important to compare the effectiveness of different stimulation techniques in a meaningful way to guide future research
directions in this area. In this paper, the stimulation techniques were firstly classified into different categories according to the
stimulation mechanisms. Then, the associated principles, the history of advances, and challenges of different stimulation
techniques were comprehensively reviewed. Two indexes were proposed to compare the stimulation effectiveness at the
laboratory and field scales, respectively. Finally, the comparison and evaluation of each stimulation technique in respect to the
stimulation effectiveness, influence range, duration, and environment were conducted in detail; the cryogenic liquid nitrogen
stimulation technique receives the highest total score among the discussed laboratory-scale stimulation techniques. Hydraulic
fracturing and gas injection stimulation techniques gain the highest total score among key field-scale stimulation techniques.
Considering the time required for each stimulation method to take effect, high-voltage electric fracturing may have a greater
potential in the future. This work is expected to help better select the optimal stimulation technique for reservoir specific conditions.

1. Introduction

Natural gas, as a kind of clean fuel, currently accounts for
more than 20% of the world’s energy consumption. In 2018,
the demand for natural gas jumped by 4.6%, accounting for
nearly half of the overall demand growth [1]. Figure 1 illus-
trates the natural gas consumption growth for some countries
and regions in 2018-2024 by International Energy Agency
(IEA) [1]. It clearly shows that the global demand for natural
gas has been increasing over several years, especially in China.
However, as the demand for natural gas rises and the conven-
tional gas reserves drop year by year, the unconventional gas
reservoirs are becoming increasingly important for fulfilling

the gap and securing the world energy supply. Therefore,
unconventional gas is becoming more and more important
for world energy security.

Coalbed methane (CBM) or Coal Seam Gas (CSG) is an
important component of unconventional gas sources, espe-
cially in areas with abundant coal reservoirs [2]. Coal media
possesses a complicated matrix-fracture system. The micro-
pores in coal matrixes provide a large amount of specific sur-
face area so that gas can be adsorbed and stored on pore
surfaces. However, the existence of the surface free energy
of coal leads to the gas cannot completely be extracted, and
consequently, the actual recovery rate is generally less than
50% without stimulation [3, 4]. As shown in Figure 2, the
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fractures in coal provide the seepage channel for gas flow. For
the CBM extraction, the gas flow in the fracture is controlled
by the coal fracture permeability, which plays a significant

role in gas recovery [5–10]. However, most of the coal seams
belong to the low-permeability reservoirs, where gas cannot
be produced economically without reservoir stimulation.
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Figure 1: World natural gas consumption growth for selected countries and regions, 2018-2024.
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Over the last several decades, a series of stimulation tech-
niques were developed to enhance tight oil and gas reservoir,
including enhanced coalbed methane (ECBM) recovery [12].
The hydraulic techniques, such as hydraulic fracturing,
hydraulic slotting, and hydraulic punching, are probably
the most widely used in the ECBM, which fractures coal body
and creates new cracks to improve fluid flow in the seam [13–
15]. However, hydraulic techniques use a significant amount
of water, which can potentially cause a negative impact on
our environment, in terms of both the usage of fresh water
and possible groundwater contamination [16, 17].

Some waterless stimulation techniques were later pro-
posed to overcome the drawbacks by the hydraulic tech-
niques, such as CO2-ECBM and N2-ECBM, which
reduce the partial pressure of methane in micropores to
make its desorption easier [18]. For the CO2-ECBM, it
not only enhances gas recovery but also brings additional
benefit to the environment via storing CO2 underground
permanently.

In addition, researchers also proposed some potential
stimulation methods to improve gas production, such as
cryogenic liquid nitrogen, microwave heating, and high-
voltage electrical stimulation techniques [19–21]. These
methods have all showed a positive effect from laboratory
experiments. However, few field applications were carried

out due to the technical limitation implementing these tech-
niques. The underground coal mine methane (CMM) extrac-
tion is also an important part of natural gas exploration [22].
The CMM extraction has dual benefits: reduce gas disasters
and utilize the methane gas as an energy resource.

As described above, more than ten different stimulation
techniques have been proposed. The previous work primarily
focuses on the stimulation effectiveness of a single method,
but it gets increasingly challenging to compare the effective-
ness of different stimulation techniques and to choose the
best available stimulation technique for a particular coal
seam reservoir. Therefore, it is important and useful to
review and compare all existing key CBM reservoir stimula-
tion methods.

The remainder of the paper is organized as follows.
The stimulation techniques are firstly classified based on
the stimulation mechanism. Next, the stimulation tech-
niques are reviewed and the relative merits of stimulation
techniques are analyzed. Then, numerous data from previ-
ous studies are collected and an evaluation index is pro-
posed to compare the effectiveness of stimulation
techniques. Finally, the stimulation techniques are compre-
hensively evaluated according to the effectiveness, influ-
ence range, duration, and environment. The detailed
structure is illustrated in Figure 3.
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2. Coal Seam Stimulation Techniques

2.1. Classification of Coal Seam Stimulation Techniques. In
this paper, the stimulation techniques were classified into
three groups according to the stimulation mechanism. First
is the mechanical stimulation technique, such as the hydraulic
technique and deep-hole blasting, which causes the redistribu-
tion of field stresses and creates new cracks by applying exter-
nal excessive forces to the coal seam. Second is the thermal
stimulation technique, such as the cryogenic liquid nitrogen
and microwave heating techniques, which fragmentate coal
body integrity and reduce coal mechanical strength due to
associated temperature effect, leading to improved permeabil-
ity. The third is the chemical stimulation technique, such as
acidification reconstruction and microbial stimulation tech-
nique, which can alter the porosity by dissolving the minerals
or organic matters in coal and thus improve the permeability.
It is noted that the gas injection is classified as chemical stim-
ulation techniques because its mechanism is to displace meth-
ane gas due to the difference in gas adsorption affinity to coal.
The details of the classification are shown in Figure 4.

2.2. Mechanical Stimulation Techniques

2.2.1. Hydraulic Fracturing. As shown in Figure 5, hydraulic
fracturing is to inject the high-pressure fluids into the coal seam.

Then, the fracturing fluids with proppant are pushed to
enhance the primary fracture of the coal seam, causing that
the coal seam permeability is improved due to the expansion
of primary fracture and the creature of secondary fracture [23].

In 1947, the hydraulic fracturing was first successfully
carried out in Kelpper1 well of Kansas, America [25].
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Figure 4: Classification of coal seam stimulation techniques.
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Extensive field trials have been performed since then to
investigate the influence of hydraulic fracturing on gas pro-
duction and change of permeability during the past years.
After the 2010s, hydraulic fracturing has made significant
progress and become a common stimulation method for
unconventional oil and gas explorations. Globally, uncon-
ventional natural gas resources recovered through hydraulic
fracturing are expected to account for nearly half of newly
developed gas production projects by 2035 [26]. Therefore,
as the reservoirs depth rises, new problems and challenges
gradually raise due to its stronger absorptivity, higher stress,
and lower permeability. One of key challenges associated
with hydraulic fracturing is that coal permeability reaches
the peak right after the fracturing, but then the gas recovery
efficiency drops gradually due to the time-dependent crack
closure. Some improved hydraulic fracturing techniques
were proposed to address it, such as the graded particle injec-
tion and the pulse hydraulic fracturing technique [27–30],
which can pump the fluid into the coal seam with a certain
frequency, leading to a well-distributed fracture network
under pulse loading conditions, which possesses a better
stimulation effect compared with the traditional hydraulic
fracturing [31].

Although the hydraulic fracturing technique has been
widely used in coal seam stimulation, it has some key
drawbacks:

(i) The gas in micropores is hard to diffuse to the out-
side due to the water-block effect

(ii) The new fractures close up gradually over time, lead-
ing to a decline in gas production

(iii) The groundwater would be polluted due to the
chemical substances of fracturing fluid

(iv) The use of water induces clay hydration swelling,
causing formation damage, which is detrimental to
reservoir performance

(v) There are an increasing number of public objections
due to the possible seismicity induced by hydraulic
fracturing [32, 33].

(vi) It may damage the coalbed top and floor due to its
high pressure, leading to unfavorable gas leakage or
emission

2.2.2. Hydraulic Slotting.Hydraulic slotting is using the high-
pressure waterjet to form the fracture network by cutting
slots and breaking the coal in the existing extraction bore-
holes. Then, the stress of coal seam around the borehole is
relieved, leading to the improvement of coal permeability.
Figure 6 is the schematic diagram of underground hydraulic
slotting.

Since the 1970s, a series of field experiments for hydraulic
slotting was carried out in the Hebi Mining Bureau, China
[35]. Field trials demonstrated that the effective extraction
radius was doubled, and the amount of gas extraction was
improved 1-3 times after hydraulic slotting [35]. Since the
1980s, significant progresses have been made to the hydraulic

slotting, and many modified hydraulic slotting techniques were
developed and successfully trialed in oil and gas industry, such
as the solid-liquid waterjet, gas-liquid waterjet, self-resonating
cavitating waterjet, swirling waterjet, and high-pressure pulse
waterjet [36, 37]. Furthermore, these stimulation techniques
have been successfully applied in underground coal mine meth-
ane gas drainage in China [22]. All these field applications
showed that the hydraulic technique is a useful active stimula-
tion method in the low permeability coal seam. However, it is
very difficult to put the cutting equipment into the predesigned
location in the borehole in the soft coal seam due to the bore-
hole collapse. Compared with the hydraulic fracturing, hydrau-
lic slotting is easy to be implemented operation with lower cost,
but its effective influence zone is significantly smaller. There-
fore, some studies proposed the combination stimulation tech-
nology of hydraulic fracturing and hydraulic slotting, which is
also called directional hydraulic fracturing. As shown in
Figure 7, the predesigned fracture was first cut by using hydrau-
lic slotting in the directional borehole. Then, the hydraulic frac-
turing technology was carried out in the fracturing borehole.
The hydraulic fracture would extend along the direction of pre-
designed fracture [38–41]. This method is able to control the
extension direction of hydraulic fracture, and thus avoiding
the destroy of coalbed top or floor. In addition, it is able to
improve the effective scope of hydraulic slotting.

2.2.3. Hydraulic Punching. As shown in Figure 8, hydraulic
punching uses the high-pressure waterjet to break the coal
around the borehole, leading to the stress relief of the coal

Water tank

Slot

Water jet bit

Drill pipe

Drilling rig

Emulsion pump
Control value

Rock roadway

Coal seam

Rock stratum

Figure 6: Schematic diagram of underground hydraulic slotting
(Modified from [34]).
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seam, thus enhancing the permeability. It is also an effective
method for preventing coal and gas outburst in coal mine
because it can release the coal energy as the coal is washed
out [42, 43]. After hydraulic punching, the radius of the bore-
hole was greatly increased so that the relief scope of hydraulic
punching is greater than the common borehole [44]. The
hydraulic punching was primarily used in the excavation of
coal roadways, rock cross-cut coal uncovering, and cross-
strata extraction borehole.

Take China for instance, Nantong Mining bureau suc-
cessfully carried out the hydraulic punching in Yutianbao
coal mine in 1965, and then this technology was applied in
Meitian mining bureaus, Liuzhi mining bureaus, Beipiao
mining bureaus, and Jiaozuo mining bureaus [46]. More
recently, some works proposed the multihydraulic stimula-
tion technique combining the hydraulic punching and
hydraulic fracturing, which can greatly improve gas produc-
tion. Compared with other hydraulic techniques, hydraulic
punching is more flexible and easier to operate. It is noticed
that it works better for the soft coal seam, but its effectiveness
on hard coal seams are not significant so far.

2.2.4. High-Voltage Electric Fracturing. High-voltage electric
fracturing uses the shock wave and high temperature during
discharging to break the solid materials. In the 1970s, the
high-voltage electric fracturing technique was applied in the
oil exploration by America and the Soviet Union. Then, in
1986, China began to apply this technique into oil field
[47]. Over the past decades, as shown in Figure 9, some work
proposed to use the high-voltage electric to stimulate coal
seams [48, 49].

The high-voltage electric fracturing technique can be
divided into two types: electrohydraulic fragmentation and
electrical fragmentation, as shown in Figure 10. The electro-
hydraulic fragmentation allows the discharge electrode and
coal sample surrounded by liquid. The coal sample is dam-
aged by the shock waves generated in the liquid during dis-
charging, leading to the enhancement in permeability. The
latter relies on the direct contact between the discharge elec-
trode and the coal seam. The coal sample is fragmented by
the extensional forces generated during discharging [51, 52].

Maurel et al. [55] carried out the preliminary experi-
ments for electrohydraulic fragmentation and thought that
the extent of intrinsic permeability enhancement using the

electrohydraulic fragmentation would depend on the inten-
sity of injected energy and the number of shocks. Some stud-
ies further investigated the influence of stress on the
electrohydraulic fragmentation [56]. However, these work
primarily focused on the analysis of enhanced mortar prop-
erties by electrohydraulic fragmentation. Therefore, Ren
et al. [54] used the electrohydraulic fragmentation to
improve the coal permeability and found that the porosity
of coal increased from 8.12% to 14.71%, indicating that the
electrohydraulic fragmentation technique is a possible coal
seam stimulation technique.

However, as shown in Figure 10, the damage mechanism
of two kinds of high-voltage electric fracturing is different.
The coal is broken by compressional forces for electrohy-
draulic fragmentation, while the failure is largely due to ten-
sile forces for electrical fragmentation. The energy required
for electrical fragmentation is far less than that for electrohy-
draulic fragmentation because the tensional strength of coal
is usually only 4%–5% of its compressional strength [57,
58]. Nevertheless, the voltage at which the coal sample is
fragmented is still very great, which may cause safety prob-
lems during discharging [59]. Some research investigated
the influence of electrical fragmentation on the coal proper-
ties [53, 60]. Some works investigated the breakdown voltage
of coal samples saturated with NaCl solution by using the
electrical fragmentation method and found that the break-
down voltage obviously decreases [21, 61]. In China, the
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Figure 8: Schematic diagram of underground hydraulic punching [45].
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Figure 9: Schematic diagram of coal seam stimulation by using
high-voltage electric fracturing [50].
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high-voltage electric fracturing has been used in approxi-
mately 30 CBM wells with ultra-low permeability. However,
the improvement of gas production does not seem
significant.

In summary, there are numerous further studies to be
done before it can be widely applied to the fields:

(i) The influence zone is small

(ii) The direction of fracture cannot be controlled

(iii) It is hard to be applied into the underground due to
be lack of the corresponding explosion-proof device

2.2.5. Deep-Hole Blasting. Deep-hole blasting technique is to
use the dynamite to act the coal around a borehole, leading to
the improvement in permeability due to the damage of coal
mass and the stress relief around the borehole. The deep-
hole blasting technique can be classified into three kinds:
deep-hole presplit controlling blasting, deep-hole loose blast-
ing, and energy-accumulated hydraulic blasting [62]. As
shown in Figure 11, the influence zones of deep-hole blasting
were divided into three parts: crushed zone, fractured zone

with radial and annulus fractures, and vibration zone. The
gas permeability in the crushed zone and fractured zone
can be greatly improved.

Crushed zone
Fractured zone
Vibration zone

Figure 11: Influencing zones of deep-hole blasting [63].
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Since the 1960s, the deep-hole loose blasting stimulation
technique has been widely used in mine gas extraction in
China [63]. However, the crushed zone and fractured zone
of the deep-hole loose blasting stimulation technique is rela-
tively small, and the fracture direction cannot be controlled.
Therefore, some work proposed the energy-accumulated
hydraulic blasting active stimulation, which can release
energy along the extension direction of the energy-
accumulating slot, and thus control the fracture direction.
In addition, this method can extend the fractured zone due
to the concentration of blasting energy, thereby enhancing
gas production.

The key challenges associated with deep-hole blasting are
the following: First, the deep-hole blasting active stimulation
technique cannot be used in coal seam with high gas content
because it may induce gas disasters. Second, it may cause
damage for the roof and floor of the coal seam, bringing
water flow into coal seams. Third, it is difficult to construct
a deep enough borehole due to borehole collapse particularly
in soft coal seams.

2.2.6. Liquid CO2 Phase-Change Fracturing. The liquid CO2
phase-change fracturing technique is to use the enormous
energy generated by the phase transformation of CO2 to break
coal seams. The mechanisms of CO2 fracturing are illustrated
in Figure 12 [64]. CO2 is stored in a storage tube. By heating
the special chemicals in a very short time, the liquid CO2
would turn into a gas state, causing the volume of CO2 dra-
matically expand by approximately 600 times. Once the pres-
sure in liquid storage tube exceeds the limit of cutting plate,
the cutting plate is broken and high-pressure carbon dioxide
enters the release tube and acts on the coal body, resulting in
the new fracture and thus the improvement in permeability.

In the 1960s, the liquid CO2 phase-change blasting
technique was carried out in tunnel excavation [65]. Then,
Cardox International Limited in the UK further improved
and designed the liquid CO2 blasting system. After that,
the liquid CO2 blasting system was called the Cardox sys-
tem. In China, the liquid CO2 phase-change fracturing
technique has been used in many mines to enhance the
gas permeability, such as Shanxi Province, Henan Prov-
ince, and Guizhou Province [64, 66, 67]. The results
showed that gas production increased to 2-5 times after
using liquid CO2 phase-change fracturing. Compared with
the traditional blasting technique with dynamite, the liquid
CO2 phase-change blasting possesses a lower risk as it is
spark-free when it is used underground. In addition to
fracturing, the CO2 could promote methane desorption
due to the strong adsorption capacity.

However, it has three main disadvantages:

(i) The crack extension is hard to be controlled

(ii) The excessively pulverized coal powder may cause
pores blockage

(iii) The filling process of liquid CO2 is with a certain of
security risk

2.2.7. Underground CMM Extraction under Mining-Induced
Stress-Relieved Seams. The CMM extraction under the
mining-induced stress relief zone is regarded as the best
technology to extract CMM from extremely low perme-
ability and outburst prone coal seams in China [68]. This
technique only applies to multiple coal seam condition. In
this technique, the coal seam with low gas content and
without outburst risk is chosen as the first coal seam to
be mined. As shown in Figure 13, the rock mass moved
to the gob after the first coal seam was mined. Then, it
formed three zones above the mining coal seam: caving
zone, fractures zone, and bending zone, as well as two
zones under the mining coal seam: floor heave fractures
zone and floor heave deformation zone. The gas perme-
ability of protected coal seam is greatly improved due to
the coal seam deformation and stress relief.

In 1958, the CMM extraction under mining-induced
stress relief is carried out in Beipiao and Chongqing coal
mine areas and achieved great results in gas control and pre-
vention. In 1996, Qian et al. [69] firstly proposed the key stra-
tum in ground control theory, which provided the theory
guidance for fracture evolution during mining. In 2003,
Cheng et al. [70] proposed the extraction method for long-
distance stress-relief coal seam by combining numerical sim-
ulation with a field test. Until now, the CMM extraction
method under mining-induced stress is still the most effec-
tive method for extracting CMM for low permeability coal
seams in China.

2.3. Thermal Stimulation Techniques

2.3.1. Cryogenic Liquid Nitrogen Stimulation Technique. It is
generally believed that conventional hydraulic stimulation
techniques consume a tremendous amount of water and
can pollute of groundwater reservoirs [71]. Therefore, the
cryogenic liquid nitrogen stimulation technique has attracted
much attention by researchers. Figure 14 is the schematic
diagram for the coal seam after cryogenic liquid nitrogen
stimulation. It is generally believed that there are lots of water
in the cleat of the original coal seam, and when water turns
into ice at low temperature the volume would increase by
9.1%, and thus the phase change could theoretically generate
270MPa of expansion pressure. Based on the phase

Guide tube

Liquid injection valve Heating pipe

Liquid storage tube Liquid CO2 Release tube

Cutting plate Release hole

Figure 12: Schematic diagram of liquid CO2 phase-change fracturing system [64].
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transition of water, the liquid nitrogen technique is to inject
the cryogenic liquid nitrogen into the coal seam to fracture
coal medium and thus improve the coal permeability. In
addition, the liquid nitrogen gasification and low-
temperature effect can damage the coal and create the frac-
ture so that the coal seam permeability increases.

Table 1 is the focused areas of different studies. In the
1990s, McDaniel et al. [19, 73] carried out the field applica-
tions of liquid nitrogen as a stimulation liquid in the San
Juan basin, New Mexico, USA, indicating that the liquid
nitrogen is able to increase the gas permeability. In recent
years, more and more works investigated the influence of
cryogenic gas on the coal pores, mechanical properties,
energy evolution, and permeability [74–77]. Then, some
works proposed the of liquid nitrogen freeze-thaw cycling
stimulation technique and investigated the influence of
freeze-thaw time, number of freeze-thaw cycles, coal mois-
ture content, and coal rank on the coal properties such as
pore structure and permeability [78].

Despite the liquid nitrogen freeze-thaw technique can
save water resources and reduce the reservoir damage, it also
faces some problems and changes:

(i) The cost of cryogenic liquid nitrogen stimulation
technique is higher than hydraulic techniques

(ii) The level of technology and equipment need to be
further developed so that the liquid nitrogen can be
kept in a low-temperature status

(iii) The created fractures close up faster because it is
unable to adequately carry proppant due to the low
liquid viscosity

2.3.2. Microwave Heating Stimulation Technique. In the oil
exploitation field, steam injection is widely used as a stimula-
tion technique to improve oil production, but the rapid loss
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Figure 14: Schematic diagram for the coal seam after cryogenic liquid nitrogen stimulation [72].

Table 1: Focused areas of different studies.

Focused area References

Permeability and porosity Qin et al. [20, 71, 78, 79]

Mechanical behavior Coetzee et al. [74] and Cai et al. [80]

Field application McDaniel et al. [19, 73]

Crack propagation Cha et al. [75, 76]

Roadway Roadway

Caving zone

Fractures zone

Bending zone
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Protected coal seam

Protected coal seam

Floor heave fractures zone

Floor heave deformation zone
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Figure 13: Deformation and fracture of protected coal seams in the process of mining protection coal seams [68].
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of heat limits the stimulation efficiency as the depth grows
[81]. Therefore, in 1956, some works proposed the micro-
wave heating stimulation technique, which uses the micro-
wave irradiation to heat coal medium to improve the oil
and gas production. As shown in Figure 15, on the one hand,
the heating-induced local stress causes the form and expan-
sion of fracture. On the other hand, the high temperature
evaporates the water in pores so that the permeability
increases. Therefore, the microwave heating stimulation
technique has been widely used in oil exploration [82–85].
However, the gas flow in a coal seam is different from the
oil in reservoirs. The high temperature can eliminate the
water-block effect and reduce gas adsorption capacity, so it
is a technically feasible stimulation technique for coal seams.
Figure 16 is the conceptual design of the microwave heating
stimulation technique.

Over the past several decades, some work about micro-
wave heating for improving gas production was reported
[87, 88]. In 2006, Li et al. [89] deemed that microwave heat-
ing can improve the gas production by cleaning up the water-
block effect via a series of laboratory study and concluded
that microwave heating has an encouraging future in field
application. In 2007, Denney [90] summed up the highlights
of Li’s work and pointed out that the gas permeability can be
enhanced to 102% to 266% after microwave heating depend-
ing on the heating time. Then, the influence of microwave
heating on the pore structure, cleat, fractal dimension, chem-
ical component, and mechanical properties was reported by
some work. Moreover, Li et al. [91, 92] constructed an
electromagnetic-thermal-mechanical model of coalbed
methane extraction and further provided the theoretical basis
of the microwave heating stimulation technique. However,
most of the works are laboratory study and numerical simu-
lation, and it is still lack of the field test.

The advance of this technique stilling faces significant
challenges, such as (i) the high-quality microwave radiation
antenna is required to be developed, (ii) The heating param-
eters including time and frequency are required to be deter-
mined, (iii) the influence range of microwave heating is

needed to be mastered, and (iv) this method may be more
suitable for the surface well extraction. It may induce the coal
spontaneous combustion of gob if it was directly applied to
underground coal mining operations.

2.4. Chemical Stimulation Techniques

2.4.1. Acidification Reconstruction Coal Seam Stimulation
Technique. There are lots of minerals in the coal containing
the carbonate and clay minerals, which occupy the channel
of gas transport. The acid solution can dissolve the minerals
in the coal and swell coal matrix to improve the gas perme-
ability, as shown in Figure 17. Previous studies about the
acidification reconstruction coal seam stimulation technique
primarily concentrated on the laboratory study. The acidifi-
cation reconstruction can be classified into two kinds: low-
pressure acidification and acid fracturing. The low-pressure
acidification is to pump the acid solution into coal seam
under the pressure below the coal damage. Conversely, the
acid fracturing is similar to the hydraulic fracturing.

Since the 1890s, the acidification technique was proposed
to improve oil production. At present, it has become a con-
ventional stimulation technique in oil and gas exploration.
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Figure 15: Schematic diagram for the coal seam after microwave heating stimulation.
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Figure 16: The conceptual design of the microwave heating
stimulation technique [86].
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However, only a few field trial about coal seam acidification
reconstruction was reported [93, 94]. In China, the field trials
of acidification reconstruction in coal seam have been carried
out in Shanxi Province, such as Shihe coal mine and Tunliu
coalbed gas well [95, 96]. The results showed that the acidifica-
tion reconstruction can greatly improve the gas permeability.

The key challenges of acidification include

(i) Potential contamination to groundwater

(ii) Pipe and pump corrosion

(iii) Unsuitable for the coal seam with low mineral
content

2.4.2. Microbial Stimulation. Microbial stimulation is to use
the microbial to degrade the small molecular substances in
coal, thereby improving the gas permeability and enhancing
gas production. In the early 20th century, some scholars real-
ized that microbial can metabolize coal [97]. Then, more and
more studies about microbial cultures and enzyme prepara-
tions to metabolize coal were reported [98, 99]. In 2003, Faiz
et al. [100] reported that the “bio-enhancement” could
improve the CBM well production based on the data from
Sydney Gas Company. Then, Guo et al. [101] experimentally
studied the influence of microbial on the coal and concluded
that the microbial degradation is able to increase the reser-
voir permeability. However, few works about the field appli-
cation of microbial stimulation were reported.

Therefore, it is still facing many challenges before being
extended to field applications, some of which are

(i) A suitable microorganism is required to be selected

(ii) Strictly requirements on breeding environment (e.g.,
temperature) for microbial in the coal seam

(iii) It is difficult to degrade high-rank coal by microbial
stimulation

(iv) The time required for microbial stimulation to take
effect is significantly long, thus hard to improve pro-
ductivity in short term

2.4.3. Gas Injection: CO2-ECBM and N2-ECBM. The idea of
injection gas, such as CO2, N2, flue gas, and mix gas, to

improve the enhanced coalbed methane recovery was pro-
posed in the 1900s [102, 103]. In 1995, the CO2-ECBM field
test was carried out in Allison Unit operated by Burlington
Resources, and the CO2 injection was suspended in 2001.
There were 16 methane production wells, 4 CO2 injection
wells, and one pressure observation well in the filed area
[104]. Similarly, in 1998, the N2-ECBM field test was carried
out in Tiffany Unit operated by BP America, and the N2
injection was suspended in 2002. The field area included 34
methane production wells and 12 nitrogen injection wells
[105]. Both 2 field test showed that the gas injection can
enhance methane recovery. After that, the gas injection to
enhance coalbed methane recovery was carried out in Japan,
Australia, China, and so on [106]. Figure 18 is the schematic
diagram of gas injection to enhance the coalbed methane
recovery. The inert gas, including CO2, N2, flue gas, and
mix gas, is injected from the injection well to displace the
methane in the fracture of coal. Furthermore, the injected
gas can reduce the partial pressure of methane and lead to
methane desorption.

CO2-ECBM as a stimulation technique has been exten-
sively studied. CO2 possesses stronger adsorption capacity,
and it can reduce the partial pressure of methane, leading to
the desorption ofmethane from coal pores. Moreover, the acid
solution generated after the CO2 dissolved into the water can
dissolve the minerals in and improve the connectivity of pores,
resulting in the enhancement in permeability. In addition, the
CO2-ECBM is also a possible geological sequestration method
to reduce the greenhouse effect [108, 109].

The main challenges facing CO2-ECBM are (i) the most
important issue; CO2 can induce the swelling deformation
of coal matrix due to the strong adsorption capacity, which
can cause the decline in permeability and thus the reduction
in CO2 injection rate, especially in the low-permeability coal
seam. For instance, White et al. [110] reported that the gas
permeability drops back after CO2 was injected into coal
seam in the field test in America, European Union, and
Japan. Zhang et al., [111] used a novel in-situ reservoir con-
dition X-ray microcomputed tomography flooding apparatus
to observe the coal cleat and concluded that the CO2-induced
the swelling stress can make the fracture closure and thus
decrease the gas permeability, (ii) the sorption-induced
swelling deformation may cause a stress concentration zone,
leading to a great threat to the stability of the caprock and the
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Figure 17: Evolution of pore in coal before and after acidification.
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long-term sequestration of CO2, (ii) CO2-ECBM only can be
applied to coal seams with good caprock, otherwise, it may
pose CO2 leakage risk, (iv) the well technology and monitor-
ing gas migration also act an important role in CO2-ECBM
[103], and (v) the CO2-induced gas outburst should be eval-
uated if it is used in underground gas extraction.

Similarly, the injection of N2 is also used to enhance
coalbed methane recovery. Especially for the CO2-rich coal
seam, the N2-ECBM is a better method to improve methane
production and reduce the risk of gas outburst [112, 113].
After the injection of N2, it can displace the free CH4/CO2
in the fracture, break the equilibrium of gas, and reduce the
partial pressure of CH4/CO2, leading to the desorption of
CH4/CO2 from the coal matrix [114]. Compared with CH4
and CO2, N2 possesses the weakest adsorption capacity.
Therefore, the injection of N2 is regarded as one of the
methods to recover the coal seam permeability reduction
induced by CO2-ECBM. In addition, the cost of N2-ECBM
is relatively lower because N2 can be obtained easily from
the air. Table 2 is the summary of gas injection for improving
methane production.

Although N2-ECBM possesses the above advantages,
such as small sorption-induced swelling deformation and
low cost, it still faces a number of technical challenges: (i)
The breakthrough of N2 occurred fairly quickly, leading to
the decline in methane concentration of production well,
(ii) N2 was commonly produced by the cryogenic air separa-
tion plants, which are unable to work continuously at high
temperature, leading to low injection efficiency, (iii) the
methane in micropores cannot be completely displaced by
N2 due to the lower adsorption capacity.

2.5. Summary. As described above, the coal seam stimulation
techniques were classified into three groups based on the
stimulation mechanism. In total, twelve common stimulation
techniques were reviewed in this work, and the key advan-
tages and disadvantages of each technique are explained in
Table 3.

3. Results and Comparison

3.1. Definition of Stimulation Effectiveness Index. As
described above, some methods were used to stimulate coal
seams by improving the porosity and thus enhancing the per-
meability. In this case, it is easy to judge their stimulation
effectiveness by comparing the change in porosity or perme-
ability. However, some large-range stimulation techniques
are to create new fractures or to displace the methane to
improve the gas production. For those techniques, it is very
difficult to subjectively compare their effectiveness by a single
index.

In order to provide a meaningful comparison, the results
for the above stimulation techniques were further classified
into two types: field applications and laboratory methods.
In this work, the liquid nitrogen, microwave heating, high-
voltage electric, acidification, and microbial stimulation tech-
niques were regarded as the laboratory methods, and the rest
were classified as the large scale field applications. The data
from previous literature were used to compare the stimula-
tion effectiveness.

For laboratory methods, permeability is one of the
most appropriate parameters to judge stimulation effec-
tiveness. However, it is generally believed that the perme-
ability based on laboratory test is controlled by the
temperature, confining stress and gas pressure. It is inac-
curate to compare stimulation effectiveness by permeabil-
ity. Therefore, the porosity change ratio was used to
judge the stimulation effectiveness instead of permeability,
and the expression is shown in Eq. (1).

η =
ϕpost − ϕpre

ϕpre
× 100%, ð1Þ

where η is the porosity change ratio (%), ϕpre is the pre-
treatment porosity (%), and ϕpost is the post-treatment
porosity (%).

CO2
N2

Flue gas
mix gas

… CH4

Figure 18: Illustration of the CO2-ECBM technique to stimulate coal seam methane gas production [107].
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For the large scale field applications, the ratio of average
gas flow before and after the stimulation was used to judge
the stimulation effectiveness. The productivity index was
not used, because a lack of published data to calculate this
value. The ratio can be expressed as

n =
qpost
qpre

, ð2Þ

where qpre and qpost are the average gas flow rate before and
after stimulation, respectively (m3/min).

3.2. Comparison of Stimulation Effectiveness

3.2.1. Comparison of Stimulation Effectiveness at Laboratory-
Scale. Figure 15 shows the rate of porosity change of different
stimulation methods in terms of maximum vitrinite reflec-
tance. As listed in Table 4, these data are from the literature
of [20, 50, 72, 78, 79, 86, 94, 96, 123–132]. The porosity
change rate (η) is classified as three grades: low-grade η <
50%, medium-grade 50% < η ≤ 100%, and high-grade η ≥
100%.

The results show that three stimulation methods have
achieved high-grade enhancement: high-voltage electric, liq-
uid nitrogen, and acidification. It is noticed that in Figure 19
the peak η is close to 600% for the high-voltage electric stim-
ulation method, but it may not be representative of the com-
mon effectiveness of high-voltage electric stimulation
method, because for the rest experimental data only one
point actually exceeds 100%. Three kinds of methods are
fallen into the medium range of 50%-100%: microwave heat-
ing, liquid nitrogen, and high-voltage electric. For the micro-
bial stimulation technique, all the data are within the low
grade of η < 50%. In addition, it is observed that the stimula-
tion effectiveness for coal samples with middle-low rank

always performs better for all listed the stimulation
methods. For instance, the vitrinite reflectance for all the
coal samples with η ≥ 100% rate is always in the range of
1.5%-2.5%, which can be grouped as the middle-rank coal.
The difficulty in improving the porosity of high-rank coal
is largely due to the higher strength and more stable mac-
romolecular. For the low-rank coal, although it is easier to
enhance the porosity by using the stimulation technique,
the increment of porosity is limited due to its extremely
developed micropore structures. For the middle-rank coal,
it possesses the moderate strength and molecular structure,
and it has a greater enhancement potential due to the
lesser porosity. Therefore, middle-rank coal has the best
stimulation effectiveness.

Furthermore, the duration of stimulation is also one of
the most important parameters. The relationship between
duration and pore change ratio is shown in Figure 20. Please
be noted that coal can be broken down in an extremely short
time when being imposed to a high-voltage electric stimula-
tion technique, approximately in a few microseconds. How-
ever, it could take several months, even years to improve
the porosity of coal using the microbial stimulation method
even under the controllable laboratory conditions. For this
reason, in this work, only the three stimulation methods
(i.e., liquid nitrogen, microwave heating, and acidification)
were plotted in Figure 20.

It is observed that the microwaving heating stimulation
method takes only 4-120 seconds, and it still shows good
stimulation effectiveness. For the liquid nitrogen stimulation
technique, most of the points are located in the range from 10
minutes to 300 minutes, and the porosity change ratio is less
than 100%. Nevertheless, the ratio can be more than 100%
when the treatment time is over 80 hours. By contrast, the
porosity change ratio is very small when the treatment time
is 1 minute.

Table 2: The summary of gas injection for improving methane production.

Coal Focused area Research method Gas References

Australia coal Nitrogen displaces the CO2 Experiment N2/CO2 [113]

Ishikari coalfield (Japan)
Taoyuan coal
Mine, Qingdong coal mine, and
Qincheng coal mine (China)

Adsorption capacity Experiment N2/CO2/CH4 [115, 116]

Sydney
Basin (Australia)

Permeability Experiment/simulation N2/CO2 [114]

— Permeability Simulation CO2/CH4 [117]

Southern Sydney
Basin (Australia),
Tashan coal mine (China)

Injection parameters Simulation/experiment N2/CO2 [112, 118]

— Mechanical characteristics Review CO2 [4]

Tashan coal mine (China) Mechanical characteristics Experiment CO2 [119]

San Juan basin (USA) Reservoir modeling Field test N2/CO2 [104, 105]

Xinzhouyao coal mine and Tangshan coal mine (China) Diffusion Simulation/experiment CO2/CH4 [106]

Pingdingshan ten coal mine (China) Matrix swelling Experiment CO2 [111]

Sydney Basin (Australia) Matrix swelling Experiment CO2/CH4 [120]

— Injection parameters Simulation CO2/CH4 [121, 122]
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The duration of acidification ranges from 24h to 48h,
which takes the longest to show its effectiveness compared
with the other two methods. In addition, both the microwave
heating and liquid nitrogen stimulation technique are sensi-
tive to the treatment time, and the porosity change ratio
increases with the increase in treatment time. However, the
acidification does not show the same trend of time sensitivity,
which may be because the long treatment time may cause the
expansion of clay mineral and thus leading to the reduction
in porosity. Moreover, the effectiveness of acidification is
largely controlled by mineral content.

3.2.2. Comparison of Stimulation Effectiveness at Field-Scale.
The stimulation effectiveness for five kinds of methods was
plotted in Figure 21, and the data are from literatures [64,
133–161], as shown in Table 5.

It is observed that the maximum increment of n value is
approximately 140 times for hydraulic fracturing. As the
extraction time grows, the stimulation effectiveness gradually
reduces. The effectiveness is particularly good in the initial
extraction stage (less than 15 days) for hydraulic slotting,
deep-hole blasting, and liquid CO2 phase-change fracturing.
It is difficult to judge the effectiveness of hydraulic fracturing
in the initial stage due to the lack of data. However, it can be
concluded that the hydraulic fracturing possesses the best
stimulation effectiveness.

Results presented in Figure 21 show that the stimulation
effectiveness of hydraulic slotting is better than hydraulic
punching, particularly at the initial stage. This is because
the hydraulic punching can wash out lots of coal with gas,
which is unable to be captured and taken into account. Fur-
thermore, the liquid CO2 phase-change fracturing can

Table 3: Advantages and disadvantages of different stimulation techniques.

Classification Stimulation technique Advantages Disadvantage

Thermal stimulation
Cryogenic liquid nitrogen

(1) Pollution-free
(2) Water saving

(1) High cost
(2) Cracks closed quickly
(3) Immature technology

Microwave heating
(1) Water saving
(2) Reusable

(1) Immature technology
(2) Unsuitable for CMM extraction

Mechanical stimulation

Hydraulic fracturing (1) Good performance
(2) Low cost
(3) Short duration
(4) Mature technology

(1) Wasting water
(2) Induced earthquake
(3) Environmental pollution

Hydraulic slotting

Hydraulic punching

High-voltage electric fracturing
(1) Short duration
(2) Pollution-free
(3) Reusable

(1) High cost
(2) Immature technology

Deep-hole blasting
(1) Low cost
(2) Short duration
(3) Mature technology

(1) Collapse
(2) Uncontrollable fracture direction
(3) Small range

Liquid CO2 phase-change fracturing

(1) Controllable blasting pressure
(3) Reducing greenhouse gas
(2) Pollution-free
(3) Water saving

(1) Collapse
(2) Uncontrollable fracture direction
(3) Small range

Underground CMM extraction under
mining-induced stress-relieved seams

(1) Good performance
(2) Mature technology
(3) Low risk for CMM extraction

(1) Unsuitable for single coal seam
(2) Long duration

Chemical stimulation

Acidification reconstruction —
(1) Environmental pollution
(2) Clay swelling

Microbial stimulation —
(1) Long duration
(2) Uncontrollable influence range
(3) Low stimulation effectiveness

CO2-ECBM

(1) Good performance
(2) Reducing greenhouse gas
(3) Pollution-free
(4) Water saving

(1) Matrix swelling
(2) Long duration

N2-ECBM
(1) Good performance
(2) Pollution-free
(3) Water saving

(1) Short break-through time
(2) Long duration

Table 4: Data source of laboratory-scale stimulation effectiveness.

Stimulation method Data source

Liquid nitrogen References [20, 72, 78, 79, 123]

Microwave heating References [86, 124–127]

High-voltage electric References [50, 128, 129]

Acidification References [94, 96, 130]

Microbial References [131, 132]
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effectively improve gas production up to 60 days. The liquid
CO2 phase-change fracturing is similar to the deep-hole
blasting, but it also can replace the methane in pores because
coal has stronger adsorption affinity to CO2. It is noted that
some data for liquid CO2 phase-change fracturing is less than
deep-hole blasting because the power of liquid CO2 phase
change is smaller than deep-hole blasting. Overall, the stim-
ulation effectiveness of liquid CO2 phase-change fracturing
is better than deep-hole blasting, while the deep-hole blasting
is more stable.

Please be noted that we did not plot the extraction data
for CO2-ECBM, N2-ECBM, and underground CMM extrac-
tion under mining-induced stress-relieved seams. For the
CO2-ECBM and N2-ECBM, although some projects have

been carried out to enhance CBM recovery in some coun-
tries, it is difficult to directly detect the gas production due
to the existence of inert gas. A common practice globally is
usually to calculate it via reservoir simulation, but it is con-
cluded that the gas injection can greatly improve the CBM
recovery while the duration and cost are very high compared
with other methods.

For the underground CMM extraction under mining-
induced stress-relieved seams, it is the first option in the
CMM in China. However, the extraction efficiency is signifi-
cantly affected by the coal mining operations, so it is difficult
to compare it in a single index. Compared with other
methods, the underground CMM extraction under mining-
induced stress-relieved seams possesses a larger scope and
better stimulation effectiveness. However, it is only used in
the multicoal seams, and the duration is the longest.

3.3. Ranking of Stimulation Effectiveness. It is undeniable that
the stimulation techniques should be evaluated comprehen-
sively, and facts like the effectiveness, duration, environment,
and cost should be considered in the evaluation. With such
large of stimulation methods, it is not practical to consider
all factors simultaneously. In this paper, we tried to evaluate
a stimulation technique according to three key factors: effec-
tiveness, influence zone (i.e., stimulation area), duration, and
environment. Every index was divided into three categories.
Similar to the previous approach, these techniques aforemen-
tioned were divided into two parts and evaluated, respec-
tively: Laboratory-scale stimulations and field-scale
stimulations. This is because some techniques are still in
the laboratory-study stage. The summary of the comparison
is listed in Table 6 and Figure 22.

For the laboratory-scale stimulation technique, the stim-
ulation effectiveness is classified in three grades according to
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the results in Section 3.2.1 Cryogenic liquid nitrogen and
acidification reconstruction has the best performance,
followed by high-voltage electric fracturing, and the last is
the microbial stimulation. Therefore, they are classified as
three grades, respectively.

For the influence zone, it is concluded that the tempera-
ture and electric current can have the longest influence zone.
For the acidification fluid and microbial has a shorter influ-
ence range because of the complicated coal seam conditions.

Furthermore, it is undeniable that high-voltage electric
fracturing has the shortest duration because it can be done
suddenly, so high-voltage electric fracturing is classified as
grade 3. Then, cryogenic liquid nitrogen, microwave heating,
and acidification reconstruction are regarded as grade 2 and
microbial stimulation is classified as grade 1 according to
the results in Figure 15.

For the environment index, as we all know, cryogenic liq-
uid nitrogen is a type of clean gas, so it is reasonable to con-
sider it causes no environmental pollution. However,
microwave heating and high-voltage electric fracturing may
produce some harmful gas during the stimulation process
due to the high temperature, although the amount may be
small, thus they are classified as grade 2. Acidification recon-
struction and microbial stimulation are regarded as grade 1,
because they undoubtedly pollute the groundwater.

For the total score, cryogenic liquid nitrogen and high-
voltage electric fracturing have good performance in total
score, followed by microwave heating. Furthermore, acidifi-
cation reconstruction and microbial stimulation have the
worst total score. In summary, we think the cryogenic liquid
nitrogen, high-voltage electric fracturing and microwave
heating have a certain of application prospects.

For the field-scale stimulation technique, the stimulation
effectiveness is classified three grades according to the results
in Section 3.2.2. Hydraulic fracturing has the best stimulation
effectiveness, so it is regarded as grade 3 in stimulation effec-
tiveness. Furthermore, hydraulic slotting and hydraulic
punching liquid CO2 phase-change fracturing are classified
as grade 2, while deep-hole blasting is regarded as grade 1.
In addition, there is no doubt that underground CMM
extraction under mining-induced stress-relieved seams and
gas injection also should be classified as grade 3 as their supe-
riority has been proven by extensive field trials.

For the influence range, hydraulic fracturing, gas injec-
tion, and underground CMM extraction under mining-
induced stress-relieved seams are regarded as grade 3 because
their influence range is generally more than ten meters and
even to hundreds of meters. Then, liquid CO2 phase-
change fracturing is classified as grade 1 as its influence range
is always less than 3 meters due to its small blasting pressure,
and the other techniques are classified as grade 2 because
their influence range is about 3 meters to 10 meters. For the
duration, gas injection, and underground CMM extraction
under mining-induced stress-relieved seams are regarded as
grade 1 as their durations are always more than several
months and even to several years. The other techniques are
classified as grade 3 because their durations are generally less
than 1 week. It is noticed that the duration in this ignores the
time of equipment installation. Therefore, we only consid-
ered the stimulation duration of the technique. For the envi-
ronment, all hydraulic techniques are regarded as grade 1
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Figure 21: The growth multiples of average gas flow for different stimulation techniques (the data come from the literatures [64, 133–161]).

Table 5: Data sources of field-scale stimulation effectiveness.

Stimulation method Data source

Hydraulic fracturing References [133–140]

Hydraulic punching References [141–145]

Hydraulic cutting References [146–154]

Deep-hole blasting References [155–157]

Liquid CO2 phase-change fracturing References [61, 158–161]
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because they would waste lots of water and pollute the
groundwater.

In addition, underground CMM extraction under mining-
induced stress-relieved seams also is classified as grade 1 as it
may cause surface subsidence and groundwater pollution.
Then, deep-hole blasting is classified as grade 2 because it
may induce gas disaster and produce some harmful gas
although its amount is very small. Liquid CO2 phase-change
fracturing is regarded as grade 3 as it can reduce greenhouse gas.

For the total score, hydraulic fracturing and gas injection
have the best performance, followed by liquid CO2 phase-
change fracturing. However, hydraulic fracturing is so bad
for the environment and it has been limited in some cities
or countries, although it has the best effectiveness and lowest
cost. Therefore, the gas injection may be able to act a crucial
role in ECBM in the future.

4. Conclusions and Recommendations

In this paper, the coal seam stimulation techniques were clas-
sified as three kinds based on their principle: mechanical
stimulation techniques, thermal stimulation techniques, and
chemical stimulation techniques. Then, different coal seam
stimulation techniques were introduced in detail including
stimulation mechanism, development history, and chal-
lenges. Two indexes were proposed to evaluate the effective-
ness of stimulation techniques. Finally, numerous data from
the existing literature were collected and compared. The
key findings from the review are

(1) Cryogenic liquid nitrogen stimulation technique has
the highest total score among the discussed
laboratory-scale stimulation technique

Table 6: Comprehensive assessment.

Classification Stimulation technique
Factor Total

score
(√)

Stimulation
effectiveness

Influence
range

Duration Environment

Laboratory-scale
stimulation technique

Cryogenic liquid nitrogen (CLN) √√√ √√√ √√ √√√ 11

Microwave heating (MH) √√ √√√ √√ √√ 9

High-voltage electric fracturing (HVEF) √√ √√√ √√√ √√ 10

Acidification reconstruction (AR) √√√ √√ √√ √ 7

Microbial stimulation (MS) √ √√ √ √ 5

Field-scale
stimulation technique

Hydraulic fracturing (HF) √√√ √√√ √√√ √ 10

Hydraulic slotting (HS) √√ √√ √√√ √ 8

Hydraulic punching (HP) √√ √√ √√√ √ 8

Deep-hole blasting (DHB) √ √√ √√√ √√ 8

Liquid CO2 phase-change fracturing (LCO2PCF) √√ √ √√√ √√√ 9

Underground CMM extraction under mining-
induced stress-relieved seams (EUMISRS)

√√√ √√√ √ √ 8

Gas injection (GI) √√√ √√√ √ √√√ 10
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(2) Hydraulic fracturing and gas injection stimulation
techniques have the highest total score among key
field-scale stimulation techniques

(3) Considering the time required for each stimulation
method to take effect, high-voltage electric fracturing
maybe has a higher potential in the future

At present, hydraulic stimulation techniques appear to be
most effective, but it may have negative environmental
impact due to a large amount of water usage and possible
contamination of the precious groundwater. Looking for-
ward, it seems the waterless stimulation methods, e.g., cryo-
genic liquid nitrogen and high-voltage electric fracturing,
are more desirable and thus have greater social and environ-
mental benefits for further development, though they are
likely to be the most economical options.

It worth mentioning that despite cryogenic liquid nitro-
gen and high-voltage electric fracturing offer an important
alternative due to its waterless and chemical-free nature, the
long-term effectiveness is still unknown. Without proper
proppants to support the new fractures, it is highly likely that
the fractures can close very rapidly. Any further studies to
understand this aspect is really useful.

Both the cryogenic liquid nitrogen and high-voltage frac-
turing method are not still widely applied on the field, so
there is an immediate need to (i) conduct a comprehensive
economic comparison between the two techniques, and (ii)
to develop reliable equipment and implementation methods
for field trial.
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