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Summary

The North American shale oil and gas “revolution” relies on four
pillars not guaranteed elsewhere: knowledge of the subsurface, a
strong oil- and gas-services industry in an open and competitive
market, favorable mining rights, and a long oil and gas culture
backed by political support. These pillars enabled massive
“factory development” on the basis of drilling and fracturing a
large number of inexpensive wells.

To evaluate the commerciality of a play outside North America
and identify its most influential factors, a fit-for-purpose model was
developed. It simulates the development of a core area and takes into
account technical and economic parameters. An algorithm calculates
the drilling and completion (i.e., fracturing) schedule required to
reach and maintain a constrained production plateau determined by
the capacity of the export pipe. The initial number of drilling rigs
and the time required to mobilize them are important factors differ-
entiating the US from other parts of the world where rig availability
can be less evident. Wells are drilled in pads, and production is
treated at the pad level by use of average decline curves. The model
also includes drilling and completion learning curves.

Pretax net present value (NPV) and internal rate of return
(IRR) are calculated on the basis of oil and gas prices, develop-
ment capital expenditures (Capex), which are a fine breakdown
between drilling, completion, and tie-in costs, and operating
expenditures (Opex), which are fixed and variable. The appraisal
phase and central-processing facilities (CPF) are also included.
Curves of IRR vs. integrated well cost are computed for several
values of well estimated ultimate recovery (EUR) and indicate for
a given oil or gas price the maximum well cost compatible with a
desired level of profitability.

A number of interesting conclusions can be drawn from the
model. One is the resilience of the production of a field against
investment slowdown. A large portfolio of wells does not behave
like a single well. Instead, it acts as a “shock absorber” limiting
global decline even with reduced drilling and fracturing activities.
Another source of resilience is the fact that once the Capex are
paid, the Opex are comparatively small, allowing for lower break-
even costs. The model also highlights the key role of all consum-
able costs (casings, mud and cement, completion costs, fracturing
fluids, and proppant), which suggests a simplification of the well
design, a standardization of equipment, and the negotiation of
large supply contracts to obtain wholesale prices. By contrast, dril-
ling time appears as a secondary parameter, a consequence of the
relatively low daily rates of the rigs used to develop unconven-
tional plays. Finally, a comparison is made between the develop-
ment of a derisked sweet area with an expensive appraisal phase
and the development of the entire area. Economically speaking, fo-
cusing development on a sweet area appears as a high-risk/high-
reward approach very similar to a conventional strategy.

Introduction

Although the American production of hydrocarbons has declined
steadily since the early 1970s and imports have increased accord-

ingly, between 2006 and 2012 the US reduced their petroleum de-
pendence by more than 25% and became nearly self-sufficient in
gas. This boom, as quick as unexpected, has a name: the Ameri-
can Shale Revolution (Charlez and Baylocq 2015b). Yet there is
nothing unique regarding American shales.

In its last report dated June 2013 (US EIA 2013), the US
Energy Information Administration estimates that world shale
resources are in the range of 1,200 GBOE for gas and 347 GBOE
for oil. Outside North America, the main shale-gas deposits are
expected to be in China, Argentina, Algeria, and to a lesser extent
Australia and South Africa, whereas the most important shale-oil
resources are expected to be in Russia (Fig. 1). However, these
notional evaluations must be used with great caution because they
rely on simplistic volumetric calculations and do not take account
of economic, political, environmental, and societal aspects.

The shale revolution induced in the US a collapse of gas prices
in a market taken completely by surprise by this sudden and unex-
pected influx. Perfectly in step until early 2008, the gas price in
the US began to diverge considerably from prices in Europe and
Japan, where the Fukushima disaster strongly boosted the gas
demand. In April 2012, the Henry Hub dropped to less than USD
2/million Btu, whereas in Europe gas rose to USD 10/ million Btu
and topped in Japan at USD 17/million Btu (Fig. 2). (1 million
Btu is approximately equivalent to 0.17 BOE. At the beginning of
2012, gas prices in Japan were almost the same as those for oil, at
USD 100/BOE). For similar reasons, the 2010–2012 gas-price
collapse was followed by the 2014 oil-price collapse.

From a technical point of view, this surge in shale-oil and -
gas production is not a revolution. The technical-breakthrough
results from the association of two mature technologies: horizon-
tal drilling practiced on an industrial scale since the early 1980s
and hydraulic fracturing, for which the first test dates back to
1947. Therefore the origins of the shale revolution are to be
found elsewhere.

The exponential growth of oil and gas prices between 2000
and 2008 created a very-favorable environment to unlock the
untapped potential of deposits that had been known for a long
time but remained uneconomic. (In 1820, several decades before
Edwin Drake drilled the first oil well in Pennsylvania, the Fredo-
nia shales were exploited in New York. During the 1920s, a sig-
nificant part of American gas production came from similar
geological formations in the Appalachian Basin.) However, the
shale revolution rests primarily on four internal “pillars.” The first
is a good knowledge of the geology on the basis of millions of
wells drilled in the US since the beginning of the twentieth cen-
tury. The second is a century-old culture in oil and gas backed by
unfailing political support. The third is a quasimonopoly of
means: 80% of the 2,400 drilling rigs present in the world
(excluding Russia and China) operate in the US, which also bene-
fits from the presence of a strong oil- and gas-service industry in
an open and competitive market. Mineral rights favorable to land
owners rather than to the countries, as in most other nations, con-
stitutes the fourth pillar.

These four pillars have enabled the implementation of a devel-
opment process known as “factory drilling” (Forbes et al. 2012),
which seeks to minimize costs by drilling and fracturing a large
number of inexpensive wells, without detailed analysis of geolog-
ical attributes. This being a trial-and-error approach, we accept
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that, statistically, a significant fraction of the wells will not pro-
duce cost-effectively.

Clearly such an approach requires operational excellence and
rock-bottom technical costs. For example, in the Barnett (north
Texas), a well that is 2700 m in vertical depth, 1500 m in horizon-
tal length, and with 15 fracturing stages can be completed at a
cost of less than USD 3 million. For numerous reasons (geogra-
phy; urbanization; drilling- and completion-services market; and
fiscal, legal, environmental, and societal constraints) American
operational excellence cannot be replicated elsewhere. The
extremely low drilling and fracturing costs reached in the US
would be very difficult, if not impossible, to match even in a com-
petitive local market. Therefore, in contrast to the US, a trial-and-
error approach considering every well as a virtual “laboratory”
testing one or several new techniques or “tools” is not achievable
cost-effectively. Development decisions cannot rely only on ex-
perimental wells but must also rely on a model.

This paper presents a model to evaluate the commerciality of
an unconventional factory development outside North America
and identify its most-influential factors.

The Two Levers of Commerciality

In unconventional developments, drilling and fracturing expendi-
tures (Drillex) represent approximately 80% of Capex (Wood
Mackenzie 2015a), and up to 90% in some cases, compared with
only one-third on average for conventional projects. Because the
commerciality of a project is conditioned by its cost and by the
revenue generated, it is no surprise that the main parameters that
drive the economics of a project—other than oil and gas prices,
over which we have no control—are average reserves per well on
the one hand and average well cost on the other.

As shown in Fig. 3, at current European gas prices (approxi-
mately USD 10/million Btu at the time of writing in mid-2014),
an integrated iso-Barnett well (3.5 Bcf of associated reserves)
should be realized at a cost of approximately USD 12.5 million to
generate a pretax IRR of 15%. (In this case, “integrated” means
that surface installations are included and prorated per well.) The
same well in the US where the gas price is currently (at the time
of writing) negotiated at USD 3/million Btu needs to be drilled
and completed at USD 2.8 million to obtain the same pretax IRR.
The other lever is to seek areas with significantly higher average
EUR per well (for example, from 3.5 to 5 Bcf). For the European
gas price, when reserves per well increase to 5 Bcf, the same IRR
is obtained with an average well cost of USD 17.5 million.

However, these two obvious levers involve numerous parame-
ters of various nature, from geosciences (source-rock quality),
operations (number of wells, length of horizontal, number of frac-
turing stages per well), and economics (rig daily rate, cost of con-
sumables and services), which will need to be identified and
prioritized. To do so, an unconventional factory-development
model has been developed. It allows a quick evaluation of the pro-
duction potential of a play as well as its economic value.

Unconventional Factory-Development Model

A model was developed to simulate the factory development of a
core area, taking into account various technical and economic pa-
rameters and subject to a maximum daily-export-capacity con-
straint. This model works for dry and wet gas and for oil, possibly
with associated gas. In this paper, the analysis is focused on dry-
gas cases only.
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Multiple wells are drilled from a single well pad and are all
put on stream together after being drilled and then fractured. Such
a development strategy, which does not involve simultaneous
operations, is the general rule in North America. All wells in a
pad are assumed to have the same production-decline curve, and
thus the same EUR, and their productions are aggregated at the
pad level. From the point of view of production, a pad is treated
like a single big well. The pad (and not the well) is therefore the
considered development unit.

The model calculates the required-development schedule (i.e.,
number of wells to be drilled, fractured, and connected) to reach
(ramp-up phase) and maintain a production plateau given an ini-
tial number of available drilling rigs, license and development
periods, and various durations (drilling, fracturing, pad connec-
tion, and construction of CPF). The scheduling algorithm is
described in Appendix A.

By introducing a rig daily rate and fixed costs (mud, cement,
casings, wellhead, fracturing, pad and connection costs), as well
as a gas/oil price and discount rate, the model calculates the eco-
nomic value of the project. In particular, the IRR curves against
average well cost, as presented in Fig. 3, are computed for several
values of well EUR and indicate the maximum well cost compati-
ble with a desired level of profitability.

The model uses average-decline curves representative of the
whole developed area. These curves can either be the same for all
pads or vary with the number of pads completed, thereby captur-
ing learning and innovation in completion and fracturing. The
approach is deterministic and does not provide uncertainty quanti-
fication, but on the other hand it keeps things simple. In practice
in countries that have no producing shales, US shale-decline
curves may be used initially (Weijermars and van der Linden
2012; Weijermars 2013).

In the model, oil and gas prices are usually treated as constant.
This is not a necessary assumption, even less a forecast, but a sim-
ple scenario that facilitates understanding. In the US, under cur-

rent economic conditions, the model would typically be run with
a gas price of USD 2/million Btu and an oil price of USD 50/bbl.
In Argentina, a regulated price of USD 7.5/million Btu is guaran-
teed for new gas production (YPF Management Results 2015),
and that amount would be used in the model. Several price scenar-
ios can be run, and if price forecasts are available they can be
entered in the model on a yearly basis. A more-sophisticated
approach would be to model price volatility with a stochastic pro-
cess and use real options valuation (Bailey et al. 2004; Allan
2013) instead of standard discounted-cash-flow analysis, but this
is beyond the scope of this paper.

In a given play, drilling time generally decreases with the cu-
mulative number of wells drilled. This effect is captured through
a learning curve. The learning-curve logic accounts for the fact
that drilling performance can be improved only if the results from
previous pads are available when a given pad is started, leaving
enough time to implement changes (well architecture, mud, drill
bits, and flat spots). Therefore in the model, the drilling time of a
pad started at time t is a function of the number of pads finalized
at time t, excluding pads still under development. Typically a step
function is used, like that defined in Table 1. Further details on
learning curves can be found in Appendix A.

The experience acquired from other pads can also improve
production either by optimizing completion strategy or by identi-
fying better geological areas. This effect is captured similarly to
drilling learning curves by use of decline curves that depend on
the number of pads brought on production before connecting the
current pad. Note that we could also have “antilearning” when
poorer parts of the play are being produced.

Case-Study Definition

A notional 30-year dry-gas project over a 1000-km2 lease area is
considered. Each well has an average decline curve similar to that
of the Barnett with an EUR of 3.36 Bcf/well (Fig. 4). Note the
steep production drop of 70% over the first 3 years.

The aim of the project is to reach a production plateau of 400
MMcf/D as quickly as possible, maintain it for as long as possi-
ble, and then leave the production to decline over the remaining
time of the license. The development scheme considers a total
number of 1,000 development wells (each draining 1 km2) with
10 wells per pad, drilled and fractured back to back before being
put on stream. In other words, no simultaneous operations take
place. Before putting the first wells on stream, a 3-year nonpro-
ductive initial period is considered. During the first year, a basic
appraisal campaign consisting of 20 inexpensive vertical slim
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wells (USD 2.5 million each) is conducted at a cost of USD 50
million. Its goal is to cover the whole development area of 1000
km2 with a maximum of inexpensive vertical wells. Data collec-
tion includes coring and some logging to check the quality of the
source rock (thickness, total organic carbon, maturity, pore pres-
sure). Then, after the positive results of the exploration phase,
CPF (2 years for USD 300 million) are built to satisfy the tar-
geted production plateau. To avoid any production delay, the first
pad is scheduled so that it can be put on stream as soon as the
CPF is completed.

An important parameter is the initial number of available dril-
ling rigs because of its impact on the production ramp up. As
shown in Fig. 5, the NPV10 (NPV at 10% of discount rate)
increases smoothly with the initial number of rigs mobilized and
reaches a plateau for 18 rigs.

Fig. 6 presents a development case started with 18 rigs quickly
mobilized (one rig mobilized every month) in an open and com-
petitive market where rigs and drilling crews are available, such
as in North America. Rigs are then progressively released when
no longer needed. With such a rig schedule, the production pla-
teau is reached after only 2 years of development activity (dril-
ling, completion, and tie-in). The ramp-up phase requires a peak
of 200 months of development activity per year. However, to
maintain the plateau during the next 10 years, drilling activities
drop dramatically between 100 and 50 months/yr. When develop-
ment activity is stopped (year 2030), production slowly declines,
losing only 55% over 15 years. Compared with the 70% drop over
3 years for a single well, this shows that the well-by-well analysis
is misleading. When a large of number of wells are put on stream
at varying maturities (1,000 wells drilled for a cumulative produc-
tion of 2.9 Tcf) the “portfolio” plays the role of a “shock
absorber” that helps limit the global decline without having to
drill and fracture at a sustained rate (Charlez and Baylocq 2015a).

In Fig. 7, the development process starts with a lower rig num-
ber (12 instead of 18) and a longer mobilization time (a rig is
mobilized every 6 months), taking into account a tighter rig mar-
ket where rig availability and mobilization of rig crew are not so
easy (outside the North America case). With a lower development

activity (peak of 150 months/yr), the plateau is reached after
6 years (2024 instead of 2020) but is prolonged for 3 years (devel-
opment stops in 2033 instead of 2030). Given the shorter decline
period, the ultimate recovery after 30 years is slightly less (2.75
Tcf compared with 2,9 Tcf). From this point on, the second rig
schedule (12 initial rigs and 6 months of mobilization) will be
considered as the base case for the economic analysis.

In Figs. 6 and 7, the development activity (dotted line) is
adjusted to exactly compensate the production decline of existing
wells and maintain a plateau. It is a critical development-activity
curve; any development activity greater than that increases total
production so that it is perfectly possible to have fewer rigs and
more production, even without significant technology improve-
ments. On the contrary, if development activity falls to less than
the critical curve, the total production will decline.

Key Parameters for Leveraging Well Cost

The main economic parameters are presented in Table 2. The gas
price is arbitrarily taken flat at USD 10/million Btu with a dis-
count rate of 10%. The Opex are broken down between Opex per
well (i.e., well interventions) and production Opex. The costs of
pad construction, the layout of the piping between pad, and the
CPF are assumed constant.

Three different cases have been considered to investigate the
impact of two parameters—namely, drilling time and fixed
Drillex. They are summarized in Table 3.

Case 1. Drilling time is flat at 30 days (no drilling learning curve)
and the fixed Drillex (mud, cement casing, fracturing consum-
ables, and services) are set at USD 11 million/well. Economic cal-
culations give a negative NPV10 of USD �40 million and an IRR
of 9.9%. Table 4 shows that the global Drillex of the project
(USD 12.2 million) represent 75% of the global project costs but
83% of the global Capex. Opex (USD 1.614 million) represent
only 10% of the global expenditures of the project.

Case 2. Fixed Drillex are kept at USD 11 million/well, but a
drilling learning curve is introduced. Although the first 9 pads are
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Fixed Parameters Unit Value 

Gas price USD/million Btu 10 

Discount rate % 10 

Rig daily rate thousand USD 40 

CPF USD millions 300 

Pilot USD millions 50 

Fixed Opex thousand USD/month/well 1 

Variable Opex USD/million Btu 0.5 

Pad-construction cost USD millions 2 

Piping (pad to CPF) USD millions 20 

Table 2—Fixed economic parameters.
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still drilled in 30 days, drilling time is progressively reduced to
reach an asymptotic value of 20 days after 30 pads have been
completed (Table 1). This significant improvement of drilling per-
formance reduces the ramp up to 5 years (compared with 6 years
in Case 1). The NPV10 is now positive (USD 126 million) with
an IRR of 10.4%.

Case 3. After a contractual negotiation with providers, an 18%
reduction of the fixed Drillex (from USD 11 million to USD 9 mil-
lion/well) has been applied in addition to the drilling learning curve.
Compared with Case 2, the result is dramatically improved. An
NPV10 of USD 994 million is obtained with an IRR of 14%. The
fixed Drillex represents in fact a large part of the well costs, whereas
the variable Drillex is only a small part given the low daily rig rate.

This parametric study highlights the dominant effect of fixed
Drillex (in particular all the consumables and services related to
drilling and fracturing) compared with drilling time. This results
from the fact that unconventional wells are drilled with relatively
inexpensive rigs (daily rate of a few tens of thousands of USD)
compared, for example, with expensive deepwater wells (daily
rate of several hundred thousand USD). The local market (number
of service companies and market competition) and the contractual
strategy (negotiation of large amount of consumable to obtain
wholesale prices), but also the simplification of well design and
the standardization of the equipment, will therefore play a key
role to leverage well cost and significantly reduce Capex.

Key Parameters for Leveraging
Reserves per Well

Completion Optimization. A first way to increase the EUR per
well is to optimize well completion. Optimizing well completion
means developing a complex and efficient stimulated-rock vol-
ume (SRV) in the fracturing zone and a clean connection between
the well and the SRV to avoid any “traffic jam.” The more com-
plex the SRV, the higher the production and the EUR.

Improving well and completion design includes increasing the
length of the lateral, the number and size of fracturing stages, use
of slick or Xlink fluid, and optimizing proppant concentration and
proppant ramp up. Another possible lever to increase reserves per
well is the contribution of new technologies that appear during
the development of the core area. Data from the Haynesville in
Louisiana and Texas (Fig. 8) show the dramatic improvement of
the EUR per well achieved through the considerable progress in
drilling and completion techniques between 2008 and 2013: later-
als are roughly 15% longer, water volumes pumped increased by
approximately 30%, proppant concentration is up 1.3 times, the
number of fracture stages is doubled, and the pumping rates
approach 80 bbl/min. In the model, this objective is achieved by
introducing a completion learning curve, switching from an initial
well decline curve to a better one after having completed a certain
number of wells. In the right-hand side of Fig. 8, an EUR of 3.36
Bcf is used initially but after 10 pads the completion strategy is
improved. The next 20 pads produce an EUR per well of 3.7 Bcf,
and the last 70 pads produce 4 Bcf/well.

To evaluate the economic impact of completion optimization
and improvement of technologies over time, the development of
the entire 1000-km2 area was simulated with all parameters simi-
lar to Case 3, except that the completion learning curve of the
right-hand side of Fig. 8 was introduced (Case 4). The results are
presented in Fig. 9 and Table 5: For the same number of wells
(1,000) the production plateau is extended by 4 years; the EUR
over the license period is increased by 12%; and for similar
Drillex, the NPV is increased by 74% and an additional 3% IRR
is obtained.

Drilling 
Learning 

Curve 
Total Production 

(Tcf) 
Fixed Drillex (USD 

millions/well) 
NPV10 (USD 

millions) IRR (%) 

Case 1 No 2.75 11 –40 9.9 

Case 2 Yes 2.76 11 126 10.4 

Case 3 Yes 2.76 9 994 14.0 

Table 3—Case definitions and pretax economic results. The fixed Drillex amount is drilling

consumables plus fracturing services and consumables.

Drillex (USD millions) % of Total 

Drillex 12,200 75% 

Surface Capex 2,550 15% 

Opex 1,614 10% 

Total 16,364 100% 

Table 4—Breakdown of Capex/Opex (Case 1).
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These results confirm the key role of the completion strategy.
Compared with conventional processes, learning processes are
truly fundamental when developing unconventional plays, demon-
strating the mentality that “we learn as we go.”

These results obtained from the model are confirmed by actual
data. In Fig. 10, where the global daily production (red curve) and
associated rig count (blue curve) of the three major US gas plays
(Barnett, Haynesville, and Marcellus) are presented, three periods
can be distinguished. The year 2011 sees a very-strong develop-
ment activity (nearly 350 operating rigs), with a significant
growth of the production and a large number of wells put on
stream. After the collapse of gas prices at the end of 2011 (less
than USD 2/million Btu in April 2012), the number of operating
rigs is quickly reduced to fewer than 150. However, because of
the already-large portfolio of wells, production continues to grow
steadily, which means that the development activity, even if dra-
matically reduced, is still largely greater than the critical one. In
the beginning of 2014, in spite of a low number of operating rigs
(approximately 130), production picks up again with a steep
slope. This third period is explained by technological advances in
completion strategy (longer horizontal drains, more fracturing
stages, and optimization of proppant concentration). The same
three periods are found in the global (conventional and unconven-
tional) US gas production for the 2008–2015 period (Mills 2015).
Production is increasing continuously despite an initial reduction
in the number of rigs (1,600 to 1,000) in late 2008 after the sub-
prime crisis and then a second reduction in 2012 after the fall of
gas price (fewer than 400 rigs). The production-growth rate in
2014 is even higher with 400 rigs than early 2008 with 1,600 rigs.

The Search for Sweet Spots. Conventional reservoirs are small
and relatively homogeneous objects covering a few tens or a few

hundreds of km2. The excellent quality of their constituent rock
(i.e., its permeability) allows a development with a limited num-
ber of wells yielding large volumes of hydrocarbons, typically
several million bbl of oil or several tens of Bcf of gas/well. By
contrast, unconventional plays are very large, strongly heteroge-
neous objects that can extend over tens of thousands, if not hun-
dreds of thousands, of km2. The small permeability of the rock
permits recoveries of only a few percent for oil and 15% at most
for gas. Reserves per well are therefore much smaller, typically a
few hundred thousand bbl of oil and a few Bcf of gas. Given their
size and their heterogeneity, unconventional plays display a
strong spatial variability in production.

The production map in Fig. 11 shows an unproductive area on
the left-hand side and a good productivity area on the right-hand
side (Handwerger et al. 2012). The well-location map shows that
more than a third of the wells have been drilled outside the pro-
ductive area. Being able to identify these high-potential zones
(sweet spots) early on should in principle reduce the number of
out-of-target wells, mechanically increase reserves per well, and
therefore improve the commerciality of a project, not to mention
improving acceptability issues (reducing footprint, water supply,
and wastes).

In theory, a sweet spot associates a high-quality source rock
(thick, high pore pressure, rich in mature hydrocarbons, and with
good petrophysical properties) with a good aptitude for generating
a complex and extended SRV (Britt and Schoeffler 2009) (pres-
ence of natural fractures, brittle rock, and low deviatoric stress).
To find the good attributes and locate sweet spots requires, before
engaging in any development, a costly appraisal phase comprising
data collection and experimentation in seismic, well logging, and
the laboratory (core measurements).

In fact, the apparently attractive sweet-spot exploration can
turn out to carry a high risk because it leads to concentrate the de-
velopment on a targeted area instead of performing a fair evalua-
tion of the complete play. As Haskett (2014) writes: “The
quickest and lowest risk pathway into an unconventional opportu-
nity is to seek a fair assessment of the entire opportunity, not sim-
ply the presumed sweet spot(s).” Sweet-spot exploration can lead
to a false negative (the sweet spot is not found and we quit), or to
a false positive (the sweet spot is found and developed, but we
miss out on the remaining resources, which may be economic).
Looking for a sweet spot finally involves applying a conventional
approach to the unconventional.

Returning to the 1000-km2 core area developed previously, let
us consider that a 3D seismic has identified a 100-km2 zone
potentially fractured that could represent a high-productivity
sweet spot, or “sweet area.” To assess the sweet spot (i.e., to con-
firm its potential), a sophisticated 2-year appraisal phase costing
USD 300 million has been performed on the crestal zone only.
The rest of the core area has been neglected. The results con-
firmed that the average reserves by well were doubled (6.7 Bcf/
well) compared with those of the entire core area.

The sweet spot is not supposed to be developed as a standalone
endeavor. It is connected to an existing CPF with available proc-
essing space. The targeted production peak of 250 MMcf/D (com-
pared with 400 MMcf/D for the entire core area) is reached after
only 2 years of development (Fig. 12) after an aggressive drilling
schedule with a drilling peak of 65 months (equivalent) the first
year by use of eight drilling rigs with a mobilization time of 1
month. All economic parameters of Table 2 have been kept the
same. Given the small size of the drilling program (only 100 wells
to develop the 100-km2 sweet spot), no drilling learning curve is
taken into account (drilling time remains flat at 30 days during the
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Fig. 9—Comparison of production profiles for Case 3 (no com-
pletion learning curve) and Case 4 (completion learning curve).

 EUR (Bcf) NPV10 (USD millions) IRR (%) 

Case 3 2,76 994 14 

Case 4 3,08 1,731 17 

Table 5—Comparison of economic results between Case 3 (no

completion learning curve) and Case 4 (completion learning curve).
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2 years of development). The size of the project does not allow
receiving wholesale prices for fixed Drillex (USD 11 million/well
instead of USD 9 million/well after contract negotiation). Because
of the low number of wells drilled, the decline rate is very quick:
62% over the first 3 years and 70% over the first 5 years. At the
end of the license, the global EUR is only 0.63 Tcf.

Compared with a global area (Table 6), the development of a
sweet spot is a low-Capex, medium-NPV, and high-profitability
(IRR of 24.8%) project. In terms of profitability, the development
of a sweet spot of an unconventional play is similar to a conven-
tional development, considering that a conventional reservoir is
but a “super sweet spot” with no reserves at its periphery. How-
ever, these results implicitly assume that the sweet spot is fully
de-risked by the USD-300-million appraisal phase, which is quite
optimistic. When adjusted for the actual exploration risk, the prof-
itability will be lower.

Developing a shale-gas play can therefore lead to two different
strategies: searching for sweet spots as early as possible (i.e., dur-
ing a pilot phase) or developing the full area by use of the trial-
and-error method. These strategies have a different appeal for a
country, primarily interested in the long-term development of its
resources, or for an international oil company (IOC) that typically
seeks a medium-term profitability.

The sweet spot model is a high-risk/high-reward strategy quite
similar to conventional. It carries a high risk—similar to conven-
tional reservoirs, sweet spots are difficult to locate—but can be

very profitable for the IOC. In case of success, it generates a high
return on investment. From the point of view of the country, how-
ever, this strategy leaves most of the resources (around the sweet
spots) undeveloped.

The alternative strategy aims at developing the entire area li-
censed, letting the sweet spots “appear naturally” during the de-
velopment phase. For example, in the US, thanks to the 4 million
wells or so drilled since the beginning of the oil and gas industry,
the best parts of the plays were already known when the shale rev-
olution started. This strategy, however, requires huge investments
(thousands of wells to be drilled and fractured) and generates a
lower return because average reserves per well remain globally
low. To motivate the IOC for such a strategy, the country may
then have to offer more favorable fiscal and contractual terms.

Discussion

The model presented shows that the viability of shale projects out-
side North America will depend on the capability to drill and frac-
ture wells at acceptable costs. This requires the emergence of
competitive local service companies as well as independent oper-
ators beside the national oil company. Outside North America,
where the oil and gas markets are often regulated, this will only
be possible if shale-oil and -gas development is integrated in the
national agenda as a top priority and therefore receives strong po-
litical support. The motivations differ from country to country:

• Argentina was a gas exporter up to 2004 in a local market
largely subsidized by the government. In 2014, it imported
120,000 BOE/D of natural gas, which had a negative impact
on Argentina’s trade balance. The political door is therefore
widely open with attractive incentives on gas prices to de-
velop the vast unconventional potential of the Vaca Muerta
(Neuquen Basin), one of the best-quality source rocks in the
world.

• China is producing and consuming half of the world’s coal
to satisfy its growing power demand and is responsible for
approximately 30% of the world’s carbon dioxide emissions.
Displacing Chinese power generation from coal to gas, nu-
clear, and renewables is therefore a key goal to meet the
world’s climate objectives. To achieve this energy transi-
tion, China can either import tight gas from Russia, liquefied
natural gas from the Middle East or North America, or de-
velop its huge national unconventional-gas resources.

Unproductive
area

Production map Well locations

Fig. 11—(Left) Production map and (right) well location (Schlumberger Terratek).
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Fig. 12—Development of a single sweet spot, with production
peak and drilling activities.

Drilling 
Learning 

Curve 

Production 
Learning 

Curve Well Count 
Pilot (USD 
millions) 

Project EUR 
(Tcf) 

Fixed Drillex 
(USD 

millions/well) 

Capex 
(USD 

millions) 

NPV10 
(USD 

millions) IRR (%) 

Sweet spot No No 100 300 0.63 11 1,740 970 24.8 

Case 4 Yes Yes 1,000 50 3,08 9 12,446 1,731 17.0 

Table 6—Economic comparison between sweet spot and entire area development approaches (Case 4).
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• Although Saudi Arabia owns the world’s largest oil reserves,
it has been very passive in terms of gas development.
Saudi Arabia is burning more than 1 million BOPD to
meet its domestic power demand. Apart from importing
gas from neighboring countries, Saudi Arabia wishes to
develop its huge unconventional gas resources and has
recently launched an aggressive unconventional-gas pro-
gram (Amirzadeh 2015).

Meeting these agendas will require, on the one hand, innova-
tive and customized approaches such as building drilling rigs and
fracturing fleets locally and producing propping agents from local
sand quarries, and on the other hand the development of a local
work force trained to international standards.

Conclusions

The production of an unconventional play is resilient. A large
portfolio of wells does not behave like individual wells. If the pro-
duction ramp up requires an intensive development activity with
an important initial rig count, once a sufficient portfolio of wells
have been drilled, it acts as a shock absorber limiting the global
decline even with reduced drilling and fracturing activities. To
maintain a plateau, a critical development activity is required.
Any development activity greater than this increases total produc-
tion. It is therefore perfectly possible to have fewer rigs and more
production, even without significant technology improvements.
On the contrary, if development activity falls to less than the criti-
cal activity, the total production will decline.

These results explain why the strong investment slowdown in
gas development observed in 2012 after the collapse of the gas
price and the reduction in oil development over the last 6 months
after the collapse of the barrel were not accompanied by a col-
lapse in production. The current development activity is still
greater than the critical one. After a slowing down of the growth
in 2015, a plateau and then a slow decline could start in 2016.

The US drilling market, which allows a quick mobilization
(but also demobilization if required) of drilling rigs and fracturing
fleets, may not necessarily be reproducible outside the US. A
slower mobilization means that the production ramp up of an
unconventional play will be much slower than in the US. How-
ever, a lower number of rigs and slower rig mobilization do not
appear as show stoppers for the economics of shale-oil and -gas
development outside North America. Setting aside oil or gas pri-
ces on which we have no control, two main levers are decisive:
integrated well cost and reserves per well.

To reduce well cost, the most critical parameters are the fixed
Drillex (casings, mud cement, wellhead, completion equipment,
fracturing fluids, proppant and fracturing services). Reducing the
costs of all these consumables related to drilling and fracturing
and obtaining wholesale prices implies building well architectures
“fit for purpose,” standardizing as much as possible all equipment,
and negotiating large supply contracts. By contrast, reducing dril-
ling time will serve as icing on the cake. Given the low daily rate
of drilling rigs used for unconventional wells, the drilling learning
curve appears as parameter of secondary importance.

Increasing reserves per well relies primarily on the completion
learning curve. Well after well, the length of the horizontal, the
number and placement of the fracturing stages, the fracturing vol-
umes, and the propping agent ramp up and concentration will be
optimized, whereas new technologies can also highly contribute.
Experience in American plays have proved that a good comple-
tion strategy can up to double the reserves by well after a few
years of learning.

The strategy which consists of searching for sweet spots (or
sweet areas) as early as possible after a pilot phase is very similar
to that used in conventional exploration: searching for a gold nug-
get (high reward) with a high risk of not finding it. Compared
with the development of a full area, the sweet-spot approach is
supposed to involve lower Capex and generate a lower NPV but a
much-higher IRR. However, focusing on sweet spots too early
can lead to a high-risk/low-reward strategy. One must keep in
mind that a super-sweet spot remains a very-poor reservoir with

low resources “hidden” in a large heterogeneous play. In reality,
searching for a sweet spot in an unexplored play costs much more
than a simple appraisal phase. It requires several tens, if not sev-
eral hundreds, of wells and is most of the time uneconomic. Sweet
spots should not be considered as exploration targets but objects
that naturally appear during the development phase.

If the pure trial-and-error method massively used in the US,
which leads to a high percentage of unproductive wells, could be
improved by a more-relevant learning process, the best strategy to
develop an unconventional play would be to cover the full core
area by extensive drilling campaigns of horizontal multifractured
wells. Compared with conventional, where we search, find, and
then develop (phased process), with unconventional plays we
learn as we go (closed-loop process), and of course, the quicker
the better. Quick learning means acquiring and analyzing relevant
data as quickly as possible to improve well placement. All tech-
nologies improving data acquisition, transmission, and analysis
will therefore play a key role.

Because a country is primarily interested in the long-term de-
velopment of its resources, the development of a full core area
generally meets its political agenda. However, such highly capi-
talistic projects generating low IRR do not necessarily meet the
agenda of IOCs, which typically seek a medium-term profitability.
To keep the IOC interested, the government may then have to
offer favorable fiscal and contractual terms.

However, development at acceptable costs requires the emer-
gence of competitive local service companies as well as independ-
ent operators beside the national oil company. Outside North
America, where the oil and gas markets are subject to more regu-
lations, it will only be possible if shale-oil and -gas development
is integrated in the national agenda as a top priority and therefore
receives strong political support.
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Appendix A—UFDsim Model

“Drill-to-Fill” Algorithm. The area-production profile is first
established on a monthly basis without the export-capacity con-
straint (“free drill”). This is the fastest production that can be
achieved given that rigs are mobilized at the rate of 2/yr in this
example. Then the drilling and completion schedule is modified
to satisfy the capacity constraint of 400 MMcf/D, which acts as an
absolute barrier to the area-production curve (“drill to fill”). This
generates a plateau that is maintained as long as possible.

The logic of the algorithm is as follows. Starting from the free-
drill-production curve, the earliest month when the capacity bar-
rier is crossed is identified and so are the “offending pads” caus-
ing this crossing. The latest offending pad is then delayed by 1
month. If the decline curve is decreasing (or at least nonincreas-
ing), this shift eliminates the contribution of that offending pad to
the area production, which then decreases. This is repeated for all
offending pads until production falls to less than the barrier. The
algorithm then searches for the next barrier crossing. This gener-
ates a production curve varying by declines and jumps, which pro-
gresses just under the export capacity barrier (Fig. A-1). A final
pass is made to nudge isolated slots into blank intervals without
violating the constraint.

A mathematical justification of the algorithm is the following:
t¼month number starting at 1,
s¼month number varying from 1 to t,
f(t)¼ the decline-curve function per pad, in which f is

assumed nonincreasing for t� 1 and¼ 0 for t< 1,
n(s)¼ the number of pads connected (put on stream) during

month s,
c¼maximum export capacity,
S(t)¼ area production during month t.

The production of month t is the sum of the productions of the
pads connected during months s� t. The connection time is the
month after the end of pad development plus an optional wait-on-
pipe time delay. The number n (s) of pads connected during month
s is controlled by the number of drilling rigs available and by the
pad-development time. The production of month t is therefore

SðtÞ ¼
Xt

s¼1

f ðt� sþ 1Þ nðsÞ: ðA-1Þ

The production of month tþ 1 is the sum of the declining pro-
duction from earlier pads and a jump caused by the connection of
n (tþ1) pads:

Sðtþ 1Þ ¼
Xtþ1

s¼1

f ðt� sþ 2Þ nðsÞ

¼
Xt

s¼1

f ðt� sþ 2Þ nðsÞ þ f ð1Þ nðtþ 1Þ: ðA-2Þ

Because f is nonincreasing, f ðt� sþ 2Þ � f ðt� sþ 1Þ;
therefore,

Xt

s¼1

f ðt� sþ 2Þ nðsÞ �
Xt

s¼1

f ðt� sþ 1Þ nðsÞ ¼ SðtÞ:

� � � � � � � � � � � � � � � � � � � ðA-3Þ

Eq. A-3 simply means that in the absence of new pads, the
area production will decline. It is a sufficient condition for the
algorithm to work. Indeed, if the first barrier-crossing time occurs
between time t and tþ 1, we have S (t)< c and S (tþ 1)� c so

c � Sðtþ 1Þ � SðtÞ þ f ð1Þnðtþ 1Þ < cþ f ð1Þnðtþ 1Þ
) nðtþ 1Þ > 0: � � � � � � � � � � � � � � � � � � � � � � ðA-4Þ

We conclude that barrier crossing is caused only by jumps. If
n (tþ 1)¼ 1, we set n (tþ 1)¼ 0 by delaying the connection of
that pad and then S (tþ 1)� S (t)< c. If n (tþ 1)> 1, we decrease
this number by the smallest amount bringing S (tþ 1) to less than
or at c. The algorithm then proceeds to the next barrier crossing.

Production Learning Curve. If we use time-varying decline
curves fs (t), Eq. A-1 becomes

SðtÞ ¼
Xt

s¼1

fsðt� sþ 1Þ nðsÞ: � � � � � � � � � � � � � � � � ðA-5Þ

If every function fs (t) is nonincreasing, then similar to Eq.
A-3, we have

Xt

s¼1

½ fsðt� sþ 2Þ � fsðt� sþ 1Þ� nðsÞ � 0; ðA-6Þ

because each term between brackets is negative, which entails Eq.
A-4 and n (tþ 1)> 0.

Drilling Learning Curve. Because we work at the pad level, the
learning is expressed as a function of the number of pads com-
pleted. Table A-1 defines the drilling schedule with learning for
Case 2: 30 drilling days per well are needed before completion of
the 10th pad, leading to an 11-month pad-development time.
Next, 25 drilling days per well are needed before completion of
the 20th pad, leading to a pad-development time of 10 months.
This continues until 30 pads are completed, then the pad-develop-
ment time stays at 8 months. Note the strict inequalities in the sec-
ond column of Table A-1.

Fig. A-2 displays a section of the Gantt chart of pad develop-
ments for Case 1 (one rig mobilized every 6 months) without dril-
ling learning curve. All pads take 11 months to develop, and the
bars have a constant length. The orange bar above year 2017 indi-
cates CPF construction, and the first pad is scheduled so that it
can be put on stream as soon as the facilities are ready. Up to 12
rigs are used during the ramp-up phase and are progressively
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Fig. A-1—Daily-production profile without constraint (free drill)
and same building up under the 400 MMcf/D export-capacity
constraint (drill to fill) for Case 2.
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released as fewer rigs are required to maintain the plateau; for
example, eight rigs are in operation in year 2024 and five rigs
from year 2027 to 2032 (not shown in Fig. A-2).

Fig. A-3 displays the same results this time, with the drilling
learning curve defined in Table A-1. The length of the bars
decrease from 11 to 8 months, with that length being a function of
the number of pads finalized before the beginning of a current
pad. For example, because the 30th rig is completed in April
2022, as of May 2022 all pads are developed in 8 months. Note
that rigs are also released faster with a learning curve: six rigs are
in operation in year 2024, four rigs from years 2026 to 2029, and
three rigs thereafter (not shown in Fig. A-3).
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Fig. A-3—Gantt chart of pad development with drilling learning curve.
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Fig. A-2—Gantt chart of pad development without drilling learning curve. The different colors allow easier visualization of the dif-
ferent pad-development episodes.

Intervals Drilling Time 

Number of Pads Completed and Connected 

From (≥) To (<) 
Drilling Time per Well 

(days) 
Pad-Development Time 

(months) 

0 10 30 11 

10 20 25 10 

20 30 22 9 

30 100 20 8 

Table A-1—Reduction of drilling days caused by learning and associated pad-development time L:

L(N) 5 11 months for 0 £ N < 10, L(N) 5 10 months for 10 £ N < 20, and so forth.
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