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Abstract: Shale gas, with its lower carbon content and pollution potential, is the most promising
natural gas resource in China. When modeling the shale gas supply in a specific gas field, it is of
paramount importance to determine the gas supply under economic considerations. Two common
calculation methods are used in China for this purpose: Method 1 (M1) is the breakeven analysis,
where the gas supply is based on the relationship between costs and revenues, while Method 2 (M2)
is the Geologic Resource Supply-Demand Model, where the supply relies on demand and price
scenarios. No comparisons has been made between these two methods. In this study, the Fuling shale
gas field in the Sichuan Basin was chosen as a study case to forecast the shale gas supply using these
two different methods. A sensitivity analysis was performed to discuss the influencing factors of each
method and error measures were used to compare the different shale gas supply values calculated by
each method. The results shows that M1 is more sensitive to initial production, while M2 is more
sensitive to gas price. In addition, M2 is more feasible for its simplicity and accuracy at high price
scenarios and M1 is considered to be reliable for low price scenarios with profit. This study can
provide a quick and comprehensive assessment method for the shale gas supply in China.
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1. Introduction

In recent years, air pollution, mostly caused by the fossil energy consumption, has received
significant attention from the Chinese government. Natural gas with lower carbon content and
pollution potential has been chosen as a main clean energy substitute in China’s 13th Five-Year Plan.
China’s annual natural gas primary consumption is supposed to increase with a growth rate of 19%,
and the proportion of gas in energy consumption structure will rise to 10–15% from 5.6% in 2014,
with a total volume up to 350 billion cubic meters [1]. Therefore, the demand for natural gas has
increased significantly in China and this will bring many changes in the natural gas industry. Among
all the conventional and unconventional natural gas sources, shale gas is the most promising natural
gas resource in China. Reports about shale gas global technically recoverable resources (TRR) from the
U.S. Energy Information Administration (EIA) show that China ranked No. 1 in the world in shale
gas, with shale gas TRR of 1115 trillion cubic feet (31.57 trillion cubic meter) [2]. According to the
resource estimation from the Ministry of Land and Resources (MLR), China’s shale gas TRR are about
21.8 trillion cubic meter, with 44 prospecting rights and 144,000 cubic kilometer of favorable area [3].
The abundant shale gas resource in China augur a bright future for shale gas development.

Despite the abundant shale gas resources, there is a serious problem concerning the regional
mismatch between the gas supply and demand, due to the regional unbalances in natural resource
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endowment and economy growth in China [4,5]. Most industrial shale gas is located in the Ordovician
Wufeng-Lower Silurian Longmaxi Formation, which is mainly distributed in southern China, including
the Sichuan Basin, eastern Chongqing and western Hubei, northern Yunnan and Guizhou, and
western Hunan [6,7]. So far, it is known that the Wufenge Longmaxi Formation is very rich in shale
gas resources, featuring wide gas distribution and high production over a large area, whereas in
northern China, there are relatively fewer shale gas resources. According to the previous research,
China’s natural gas demand will reach 315 billion cubic meters in 2020 [8]. In order to dispatch the
available shale gas in a better way, construction of a series of pipeline networks and gas power plants
around shale gas fields has become necessary in recent years [9]. Since all these construction projects
will depend greatly on the shale gas production, the evaluation of economic shale gas supply is a
paramount goal.

A number of contributions have addressed the calculation of shale gas supply. Breakeven analysis,
Hubbert curves, EIA’s National Energy Models (NEMS) and supply-demand models are the widely
used methods to forecast gas supply. Breakeven analysis relies on the Net Present Value (NPV) model
and economic supply is determined by the relationship between cost and revenue [10–12]. The NPV
model has been widely used for both fossil fuel and mineral resources with different variables [13].
Hubbert curves are the most influential single equation model to discuss the peak and lifetime
production for fossil fuels [14]. The EIA NEMS model contains both supply and demand factors
and a price of resources, taking into account new discoveries in reserves [15]. Geologic Resource
Supply-Demand Model (GeRs-DeMo), which includes both static and dynamic models, has been
successfully used to project the long-term production of unconventional hydrocarbons [16].

Among these models, breakeven analysis and GeRs-DeMo are widely used to predict the shale gas
supply in a specific field in China. Breakeven analysis has been used for calculating economic critical
depth and evaluating economic oil and gas production in the short term [17]. Detailed and numerous
cost data from each exploitation stage for a single well will be collected to decide the economic supply.
The static model in GeRs-DeMo with no interaction between supply and demand is used to forecast
China unconventional gas production [18] and different price scenarios are chosen to simulate the
production change [19].

The goal of this paper is to provide a range of estimates of shale gas supply by these two widely
used methods in the hope that we can give a more reliable and convenient method to estimate
the shale gas supply in a certain field. Both breakeven analysis and GeRs-DeMo methods have
their shortcomings and advantages in forecasting. During breakeven analysis (M1 in this research),
numerous data will be collected, which may be difficult in China’s current early shale gas development
stage. Compared to M1, the gas supply calculation in GeRs-DeMo (M2 in this research) is more feasible
for its simplicity. However, M2 relies on the price scenario, which is hard to project. Since shale gas
industrial production has already started in Fuling, in the Sichuan Basin in China, this shale field
was chosen as a case study with relatively complete data sources. Sensitivity analysis will be made
on each method to see the controlling factors and the difference and similarity will be discussed
through error measures. In addition, suggestions will be provided regarding the better method under
different scenarios.

2. Methods for Shale Gas Supply Calculation

2.1. Breakeven Analyses for Shale Gas Supply

Shale gas prediction by breakeven analysis is the reverse calculation of NPV. NPV is one of the
most reliable economic indicators for analyzing the profitability of an investment. A positive NPV
implies that investment in a shale gas resource will add value to the firm, thus making it worthy of
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exploitation. Otherwise, a negative NPV for a projection means investment should be discarded, so
the basic shale gas supply will be guaranteed at the point of zero NPV. NPV can be expressed as:

NPV =
K

∑
k=1

(CI − CO)(1 + i0)
−k (1)

where CI is the cash inflow, mostly consisting of cost components, CO is the cash outflow, consisting of
revenue, k is the development year of shale play, i0 is the discount rate and K is the whole development
years of the shale play. The whole workflow of M1 is shown in Figure 1 and the cost components and
revenue are listed.
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2.1.1. Cost Components

Because of the socialist public ownership of land, land cannot be traded as an object in China.
Only the use right of land can be transferred. Therefore, the land acquisition cost is the lease cost, paid
to the landowner or constructor [20]:

CL = A·cla (2)

A is the occupied leasing area (km2), and cla is the average leasing cost of target land, determined
by the Chinese government.

During the shale gas exploration, the cost is mainly from two parts, the seismic and exploration
wells. Seismic wells consist of two-dimensional (2D) seismic and three-dimensional (3D) seismic wells:

CS = CS2D + CS3D = cs2da·ns + cs3da·As3d (3)

For a single well, the exploration well cost includes drilling cost, well logging cost, core lab test
cost and reservoir characterization cost. Generally, the exploration well costs are divided into two
parts for calculation convenience, fixed cost (cewf) and depth-related cost (cewa), so the exploration well
cost is:

CEW = cew f + cewa·d (4)

Drilling and completion (D & C) cost are usually the main part of cost for the producing well.
The D & C cost includes drilling equipment leases, logging while drilling (LWD), drilling fluids and
other costs. The D & C cost for a single well can also consist of a depth-related part and fixed part.
Most shale gas wells are horizontal wells, so the depth-related part contains vertical parts (d) and
horizontal parts (l). The whole D & C cost is:

CDC = cdc f + cdcva·d + cdcha·l (5)
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Hydraulic fracturing is considered to be a necessary step to enhance the shale gas recovery.
According to production reports from the Fuling field, staged fracturing is widely used in China and
the whole cost for hydraulic fracturing is related to the number of stages (Nfs) [21–23]:

CHF = ch f a·N f s (6)

Operation cost for shale gas wells usually means the labor, maintenance of surface facilities,
repairs, water disposal and gas processing and transport costs. These costs usually fall into the
categories of fixed and variable costs. The variable costs such as labor, water disposal and gas
processing are calculated based on the production volume (Q), so the operation cost is:

COP = cop f + copa·Q (7)

In China shale gas is taxed like natural gas, including resource tax, education and construction tax,
corporate income tax and value-added tax, while the resource compensation tax and mining use right
are exempted. The resource tax, education and construction tax and value-added tax are calculated on
the gas sale revenue. The corporate income tax is calculated on revenue with deduction of capital cost
and amortization, so the gas tax is:

T = Rgas·(rad + rcon + redu + rres) + (Rgas − COPF − Cdep)·ric (8)

Rgas is the total shale gas revenue, rad, rcon, redu, rres, ric are the added value tax, construction tax,
education tax, resource tax and corporate tax. COPF and Cdep is the capital cost and amortization cost.

2.1.2. Revenue

Shale gas revenue usually depends on the gas price (pgas), gas production volume,
commercialization rate (rcom) and fix assets recycle (rfix). In China, shale gas producers can also
get subsidy from the Chinese government. The subsidy for shale gas varies every 5 years, along with
each five-year plan. During 2010–2015, the shale gas subsidy was 0.5 RMB/m3 and during 2015–2020,
the subsidy will be 0.3 RMB/m3 for the first three years and 0.2 RMB/m3 for the last two years [24], so
the shale gas revenue is:

R = (pgas + s)·Q·rcom + r f ix (9)

2.1.3. Production Profile

Estimation of natural gas production from a single well is an important issue. Usually, reservoir
simulation and decline curve analysis are two common methods for production prediction. For the
whole shale gas field, reservoir simulation is not a realistic option due to the lack of understanding of
reservoir physics characters. Therefore, the decline curve analysis is widely used in shale gas economic
models. The most commonly used trending equation is the on first documented by Arps, the Arps
decline curve [25,26]. The general form of Arps' suggested decline curve is:

q = qi
1

(1 + bDit)
1/b (10)

For most shale gas wells, the production decays at a quick rate, so new wells have to be drilled
every year to keep the whole gas production in play. The whole gas production in a shale play consists
of production from both new wells (nk−2) and old wells (Bk). Since most producing wells begin to
provide continuous gas production two years after drilling, the gas production is:

TQi =
k

∑
k=1

nk−2Qk−2 + Bk (11)
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2.1.4. NPV(Q) function for production

When all the cost and revenue components were listed, substituting them into Equation (1) using
the workflow outlined in Figure 1 gives the final expression for NPV(Q) [17]:

NPV(Q) = ∑
k
(RKB≤k≤K − (CL)k=1 − (CS + CEW)2≤k≤KE

− (CDC + CHF + Cop + T)KB≤k≤K)(1 + i)−k (12)

where KE de denotes the year at the end of development drilling phase; KB denotes the year at the
beginning of the production phase. The term Q will be solved when NPV(Q) = 0. Since NPV(Q) is
a monotonic function, and NPV(Q) = 0 can have only one root, which can be approximated by an
iterative method through trial and error in a spreadsheet calculation.

2.2. Geological Resource Supply-Demand Model

GeRS-DeMo deals with the long-term supply and demand in dynamic and static ways. In static
mode, no interaction is set between supply and demand, while in dynamic model, the amount of
supply is considered to be reduced if demand is low [8,27,28]. In this study, the static model is
chosen because of the lack of enough data to support the estimation of the impact of the environment,
policy and other factors on the demand reduction. The natural gas demand in China during the next
few decades can be considered to be inadequate according to the huge gap between consumption
and production of natural gas in recent years shown in Figure 2. All the consumption, export and
production data are from National Bureau of Statistics of the People’s Republic of China.
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In the static model, the production for a particular oil and gas field is calculated based on one
important input parameter, ultimately recoverable resources (URR). URR represent the total amount of
shale gas economic and technological extraction over time and represent the long-term shale gas supply
in this field. Since economic limits have been proved to affect the oil and gas extraction, and high price
will encourage the oil and gas supply, so a scenario analysis is used in this study and we set three
different price scenarios: reference case, high price case and low price case, based on the EIA study
considering economic limits shown in Figure 3 [29].
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Available methods for forecasting the natural gas production year-by-year based on the
estimate URR include the Hubbert Model, Generalized Wang Model, the HCZ Model and the
Resource-Constrained Growth Model [30]. Since there is not enough historical data for shale gas
in China, the Resource-Constrained Growth Model (RCGM) is used in this study. Wang et al. gives a
brief introduction to RCGM method and Equations (13) and (14) show the main equations in this model:

q(t) = q0ekrt(1 − Q(t)
URR

) (13)

k ≈
ln[(1 + r)t1 /(1 − ( q0(1+(1+r)t1 )

2URR )]

rt1
(14)

In this model, k is an exponent factor used to force the model to yield exponential growth. More
detailed information about this description can be found in the Ward study [31].

3. Case Study

3.1. Description

The Fuling shale gas field, with geological resources of approximate 2000 billion m3, was operated
by Sinopec in the Sichuan Basin after the successful commercial rate production was tested on the
Silurian Longmaxi marine shale. The technical recoverable resource (TRR) are 195.4 billion m3, with a
burial depth above 4500 m underground [32–34].

Since shale gas development in Fuling is in its initial stage, the production rate and initial
production of a single well described in different references and reports are collected. According to
the published research [35,36] and related production reports from Sinopec, the average production
profiles with different initial production (IP) are computed in Figure 4 and denoted by P10, P50 and
P90, which represent the well profile where 10%, 50% and 90% of all wells within the sample exceed
its cumulative production, respectively. The initial production, decline rate and URR for single well
of each type is shown in Table 1. For the shale gas well cost in Fuling, the data reference was from
two sources: (1) official reports and news, mainly from MLR and Sinopec; (2) high quality published
papers and study reports.
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Table 1. Production class and well performance for Fuling field.

Profile
IP Decline Rate URR for Single Well

106 m3 N/A 108 m3

P10 0.05 0.6 1.10
P50 0.10 0.6 1.83
P90 0.15 0.6 3.66

The cost components for Fuling field are listed in Table 2 and the relevant sources are listed in the
notes. The gas supply by M1 will be calculated through the equations given in Section 2.1 with the
following data.

Table 2. Key factors for cost component calculation in the Fuling field.

Cost Components Notation Unit Value

Land lease
Area of land occupied A km2 600

Land lease cla Yuan/km2 2.54 × 106

Exploration

Average cost of 2D seismic cs2da Yuan/km 1.0 × 105

Length of seismic line ls km 60
Average cost of 3D seismic cs3da Yuan/km2 5 × 105

Area of 3D seismic As3d km2 400
Fixed cost of exploration well cewf Yuan 2.5 × 106

Average cost related to depth cewa Yuan/m 5 × 103

D & C
Fixed D & C cost per well Cdcf Yuan 6.8 × 105

Average cost related to vertical part cdcva Yuan/m 5 × 103

Average cost related to horizontal cdcha Yuan/m 8 × 103

Hydraulic fracture hydraulic fracture cost for each stage Chfa Yuan/stage 6.8 × 104

Operation Fixed cost of operation copf Yuan 9 × 104

average operation cost per gas unit copa Yuan/m3 0.3

Tax

add value tax rad N/A 11%
construction tax rcon N/A 7%

education tax redu N/A 5%
resource tax rres N/A 5%

corporate tax ric N/A 25%

The gas supply by method M2 is based on scenario analysis and three scenarios are set in this
study. The reference case can represent the best estimation. The prices will keep rising in a suitable
range based on predictable factors, such as environmental considerations, policies and others [18,37].



Energies 2017, 10, 1745 8 of 14

The URR in this scenario are assumed to be 50% of the total amount of technically recoverable resources
(TRR), since the perspective exploration and exploitation of shale gas in the Sichuan Basin. The second
scenario is the high price case and the price will keep rising to a high level. This scenario can be
regarded as an upper boundary for the production growth and we set that 80% of the shale gas TRR
will be extracted due to the development of new technology encouraged by a high price. The last
scenario is the low price case and 20% of the shale gas TRR will be extracted. The URR under different
price scenarios were listed in Table 3.

Table 3. Resources estimation under different scenarios for Fuling.

Resources Reference Case High Price Case Low Price Case

Recovery ratio 50% 80% 20%
URR (108 m3) 977 1563.2 390.8

3.2. Results

In this study, we discuss three price scenarios and three IP conditions. Thus, nine combinations
will be created with different IP and price scenarios. These nine combinations were: IP1-P1
(IP = 0.05 Mm3, low price scenarios), IP1-P2 (IP = 0.05 Mm3, reference price scenarios), IP1-P3
(IP = 0.05 Mm3, high price scenarios), IP2-P1 (IP = 0.10 Mm3, low price scenarios), IP2-P2
(IP = 0.10 Mm3, reference price scenarios), IP2-P3 (IP = 0.10 Mm3, high price scenarios), IP3-P1
(IP = 0.15 Mm3, low price scenarios), IP3-P2 (IP = 0.15 Mm3, reference price scenarios), IP3-P3
(IP = 0.15 Mm3, high price scenarios). In order to discuss the differences of these two method under the
same conditions, the gas supply is shown in the nine subfigures of Figure 5. Each subfigure matches
each condition assumption. The supply curves on Figure 5 are consistent with previous studies
on energy supply calculations [17,18] and the peak time and peak production vary with different
scenarios [15,28].
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4. Discussion

4.1. Sensitivity Analysis

Considering the high uncertainty and risk associated with shale gas development, it is necessary
to conduct a sensitivity analysis. The purpose of sensitivity analysis is to investigate the effects of key
factors on the final shale gas supply. The sensitivity coefficient factor is defined as the rate of changes
for an uncertainty factor, and it can be expressed as:

Sca =
∆x/x
∆y/y

(15)

The ∆x/x is the rate change of the shale gas supply, while ∆y/y is the rate change of uncertainty
factors. The calculation of gas supply can be affected by many factors [38,39]: geological factors,
calculation time in economic models and others. In this study, IP and price are the two factors chosen,
mainly representing the geological and economic effects. In order to quantify the change of shale gas
supply, three parameters determining the character of shale gas supply were chosen: URR, peak time
and peak production. When one of these three parameters changes, the whole supply curve will also
change significantly.

The effect of IP and price on each key parameter of gas supply according to M1 is calculated and
shown in Figure 6a. Compared to M2, M1 is more sensitive to IP with a higher sensitivity coefficient.
In addition, the effects of these three parameters on M1 can be ranked according to the sensitivity
coefficients as follows: URR, peak production and peak time. Thus, IP risk on the calculation by M1
can be easily identified and URR will change significantly with different IP profiles. Since M1 is riskier
with variable IP, more attention should be paid in the M1 model when the shale gas field is in the
initial stage with more IP profile uncertainty.

The IP and price sensitivity analysis were applied to the gas supply by M2 in Figure 6b.
The sensitivity coefficients of price were higher than the IP, meaning that according to M2 the gas
supply was more sensitive to price changes. Based on the sensitivity coefficients, URR is obviously
more sensitive to the price change. This is related to its calculation methods described in Section 2.2
and the price will have a greater effect on URR with M2, so the estimation of future price change is
vital for calculation by M2.
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Figure 6. Sensitivity coefficient of IP and price on three key supply factors. (a) SA of gas supply by M1;
(b) SA of gas supply by M2.

4.2. Comparison of Shale Gas Supply from Two Methods

To better observe the difference of gas supply by the two methods, correlation coefficient error
measures were employed for evaluation and comparison. The correlation coefficient (R) is used to
characterize the similarity of the correlation between the data from these two methods:

R =
∑ (a(0)(k)·b(0)(k))− 1

n ∑ a(0)(k)·∑ b(0)(k)√
[∑ (a(0)(k))2 − 1

n ∑ (a(0)(k))2
]·[∑ (b(0)(k))2 − 1

n ∑ (b(0)(k))2
]

(16)

where a(0)(k) indicates the gas supply data by M1 at year k and b(0)(k) indicates the gas supply data
by M2 at year k and n is the number of forecast values. The maximum value of R is 1. The higher the
value of R, the more similar a result can be obtained. The gas supply data by these two methods are
compared and shown in Figure 5.

It is identified in Figure 7 that R under the same IP scenarios are increasing with increasing
price, indicating the increasing similarity of gas supply under a high price scenario. Under the
low price scenario, the gas supply by M1 is obviously higher than the supply by M2. The peak
production and URR with IP = 0.05 Mm3 by M1 under the low price scenario are 2.8 billion m3 and
410.76 m3, respectively, while for M2 they are 2 billion m3 and 390.8 m3. Under the high price scenario,
the gas supply by M1 is obviously lower than the supply by M2. The peak production and URR with
IP = 0.05 Mm3 by M1 under the high price scenario are 3.8 billion m3 and 436.41 m3, respectively, while
for M2 they are 9 billion m3 and 1563.2 m3.
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4.3. Discussion

According to the sensitivity analysis, M1 is sensitive to the IP profile, while M2 is sensitive to price
changes. For M1, the peak production and URR will increase with the increasing IP, while peak time
will increase with the increasing price, because operators will exaggerate the drilling plan gradually
in an attempt to maximize revenue under the high price scenario. For M2, the peak production and
URR will increase with the increasing price, while peak time will increase with the increasing IP
under the same price scenario, which is determined by the M2 calculation. Since the URR is defined,
the production rate will increase to the maximum rate with increasing IP.

Since M1 has been proved to be profitable with the NPV model, discounted cash flow analysis is
also performed on shale gas by M2 to quantify the full range of prospect outcomes. Table 4 shows the
NPV for gas supply by M2 under different scenarios.

Table 4. NPV (108 yuan) for shale gas supply by M2.

Price Scenario
IP (104 m3/d)

5 10 15

Low −1.2 2.4 5.4
Reference −2.1 1.1 3.4

High −5.5 1.5 2.8

We can see that in the low price scenario, the NPV for gas supply with P1 by M2 is −0.12, −0.21
and −0.55 billion yuan. Thus, value is considered to be not created with low price, meaning the shale
gas supply by M2 under the low price scenario is not suitable and only M1 can be used, while with
increasing price, the NPV for gas supply with P2 and P3 by M2 are all above zero, so both of these
methods can be employed to calculated the gas supply. Since operators will exaggerate the drilling
plan gradually in an attempt to maximize revenue, the M2 is more suitable for relative high price
calculations and is more feasible for its simplicity and accuracy. Thus the best estimation of gas supply
for the Fuling shale gas field should be shown as in Figure 8. M1 is used for low price scenarios and
M2 is used at reference and high price scenarios.
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5. Conclusions

In this study, our analysis focused on the assessment of two widely used methods for determining
the shale gas supply in China and we hope to provide a quicker and comprehensive assessment
method for the instruction of pipeline networks and gas plants in the next step. The Fuling shale field,
the most perspective shale gas field in China, was chosen as a case study. Two different methods were
chosen to derive the year-by-year gas supply: breakeven analysis and GeRs-DeMo. The breakeven
analysis was based on the NPV model and cost and revenue for each exploration and exploitation
stage were collected. In GeRs-DeMo method, the static model was used and different price scenarios
was assumed according to the EIA’s projection. RCGM was also used to assist the GeRs-DeMo method
to calculate the year-by-year supply. We use a sensitivity analysis first to compare the influencing
factors for each method. M1 is proved to be more sensitive to the IP profile, while M2 is more sensitive
to the price scenarios. In addition, correlation coefficients were applied to characterize the differences
and similarities between these two methods and we can make the following conclusions: (1) M1 is
more suitable for low price scenarios since M2 is proven to be unprofitable; (2) both M2 and M1 can be
employed for high price scenarios, while M2 is more feasible for its simplicity and accuracy in high
price scenarios.

This assessment of shale gas supply methods is a certain case of the Fuling shale gas field.
However, we should note that shale gas development in China is still in an initial stage, we still
need careful and continuous investigations of changes in supply methods. With the development
of new hydraulic fracture technology, the cost and single well production will change significantly.
Furthermore, the gas price used in this study is based on the EIA’s projection and real gas price may
change in different ways. This research just provides a guideline for the method assessment and
further more detailed work needs to be done to give more accurate gas supply predictions.
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