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Reservoir and completion characterizations can lead to sig-
nificant improvements in well and development project
economics. Focusing only on initial production (IP) values,
however, could lead to poor project economics and a low
return on investment (ROID). Understanding the nature of
production decline behavior of very low permeability res-
ervoirs completed with multiple transverse fractures is key
to success.

Background
The US has become more energy independent with the de-
velopment of unconventional reservoirs via horizontal wells
and multistage fracture treatments.
From an economic standpoint, howev-
er, these methods provided only mar-
ginal returns on the massive amount
of capital invested. When the industry
began completing these wells, later-
als were 3,000-4,000 ft long and stage
spacing was 200 ft or more. Securities
analysts and investors desired pro-
duction growth, and the industry re-
sponded by increasing lateral length,
the number of perforation clusters,
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stantial increase in capital cost. Initially, these higher IPs
were thought to be an indication of increased estimates of
ultimate recovery (EUR).

This article will demonstrate how changes in comple-
tion design affect IP, EUR, ROI and net present value (NPV).
Some changes made to completion designs increased 1P and
EUR while others only increased IP.

Production rate acceleration has been an economic con-
sideration since the early years of the petroleum industry.
Understanding which completion design factors cause only
initial production rate acceleration without a corresponding
increase in EUR is the key to increasing ROI and NPV.

Performing reservoir numerical simulation using both fi-
nite difference simulation and analytical modeling enabled
this understanding. Several technical papers using these
methods found them to be a good indicator of well perfor-
mance.”’ One study concluded that fracture half-length had
the largest impact on total recovery.*

A key assumption of this study was that only one or two
effective producing fractures existed per stage.

Similar fracture simulation work has shown that, while
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10-YEAR OIL RECOVERY VS. DESIGN 6. 2 PARAMETRIC STUDY Teble 1

) CONDITIONS
/ == Fractures Net pay 100 ft
== | ateral length Porosity 10%
y == Fracture half-length Water saturation 30%
Reservoir pressure 5,000 psi
Flowing pressure 750 psi
8il volume factor 1.20rb5/stb
= —_— il viscosity 5cp
3 — Eff Lf 150 ft
& 4 Lateral length 7,500 ft
= Y Oil net value 50$/bbl
; Stage cost $50,000
g Fixed well cost $2.5 million
3
(8]
8 /
o I/ many fractures may initiate during a
treatment, no more than two fractures
propagate a substantial distance.” This

— article agrees with these conclusions
based on the inability to describe
the production history behavior with

PRODUCTION DECLINE CURVES* . more than two fractures created per

stage in the majority of studied cases.

10,000 Going forward, completion of these
%g%c’é wells needs to focus on ROI-NPV rath-
— 70 er than IP. The most beneficial eco-
= 50 nomic course focusing on ROI-NPV
1,000 =30 is through reservoir and completion
2 = 10 characterization by production history
> matching, followed by forward model-
=z ing using the information gained. The
é 100 results obtained using this methodol-
g ogy run contrary to the path the in-
5 dustry has been taking, but a change
of course may be necessary given eco-

1010 100 1,000 10,000 nomic performance obtained to date.

Producing days
*Parametric study, 1000 nD case from URTeC 2019-1142 Methodology

Calculating the economic outcome of
predicted producing rates over a 10-

10-YEAR CUMULATIVE OIL RECOVERY* nea  vear well life and the well costs re-

quired to achieve those rates allows

490 comparison of different completion

400 and treatment designs. A 10% dis-

5 350 count rate is used to calculate NPV,

o giving some advantage to early-time
S 300 . . .
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2 250 multistage wells is heavily weighted to

2 200 the complgtion side. .

g 150 Permeability, nD: Many different costs go into ovgrall

@ = 1,000 completion expenses. Some are fixed

3 100 — 500 (well site construction and production

50 - 250 facilities for example), some are time-

== 100 dependent (surface equipment rentals,

h 20 20 60 30 100 well site supervision, working tank

e U 2019 1162 Created producing fractures rentals, etc.) and some are volume-de-

pendent (water usage and transporta-
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tion, proppant usage and transportation, perforating guns,
zonal isolation plugs, chemicals, etc.). Depending on how
fracturing service providers have been contracted, their
costs can be either time-dependent, stage-dependent, or a
combination of both. A best minimal estimate of the incre-
mental cost on a per stage basis was used in the economic
evaluation.

Production decline behavior in wells generally follows the
movement of created pressure transients through the reser-
voir by reducing pressure at the wellbore, resulting in hy-
drocarbon production. Rate of production and production
totals over time create the revenue to pay for the investment
made in the wellbore. Formation properties and the con-
figuration of fractures to the wellbore create the shape of the
production history.

Production decline behavior in unconventional reservoirs
completed with horizontal, multi-stage wellbores follows
the same trends across the basins under investigation. Fig.
1 shows an example of this as a log-rate versus log-time plot
for a well in Permian Basin. Initial production follows a one-
half slope depicting early-time linear flow. As the pressure
transients created in the reservoir meet between the frac-
tures, the slope changes to near unity, which depicts transi-
tional flow. The time to the end of the early-time linear flow
depends primarily on the reservoir permeability and the
distance between the fractures. Fluid properties and forma-
tion porosity also play a role, but these should be relatively
consistent when comparing wells in the same field. Finally,
production will trend back to linear flow as the area between
the fractures depletes and production flows into the area cre-
ated by the lateral length and effective fracture length. The
level of production during this late-time, linear-flow period
will be primarily a function of formation permeability and
lateral length.

In planning for a single well completion, there are three
primary design parameters that can be changed:

* Lateral length.

* Stage spacing (number of fractures created along the lat-
eral).

* Treatment design (including proppant and fluid volumes,
rate, and design of perforation clusters).

Fig. 2 shows the relationship between long-term produc-
tion and each of these design factors. The graph indicates

that long-term production (10-year cumulative in this case)
has a linear relationship with increasing lateral length and
increasing effective fracture half-length (Eff L[). Increasing
the number of fractures created along the lateral yields di-
minishing returns.

Forward production modeling forecasts from reservoir
models requires characterization of reservoir properties and
completion results from past wells. To obtain these data,
rate transient analysis or production history matching is
performed with the same simulators that were used in the
forward model.

Production decline behavior has been similar across
many unconventional basins in both oil and gas reservoirs.
An early linear-flow period during which production flows
into the created transverse fractures to the wellbore switches
to a transitional-flow period when pressure transients creat-
ed between the fractures meet and the area between the pro-
ducing fractures is depleted. The production behavior then
moves into a late-time linear-flow period, with fluid flowing
linearly into the depleted area described by the lateral length
and the transverse fractures. This all assumes that pressure
transients moving out from the fractured area do not en-
counter transients from another well.

History-matching producing rates and {low periods de-
termined average formation permeability, average effective
fracture length, and the number of producing fractures
along the lateral. Permeabilities determined through this
methodology vary much less within a field than suggested
by previous evaluations of the permeability range present in
tight gas sands. Comparing actual average effective fracture
lengths and the number of created fractures to the modelled
treatment design reveals trends that can be used to forecast
how these properties vary with treatment design.

Parametric study

A simple parametric study determined the optimum number
of stages for a reservoir of given parameters. Permeability
was varied between cases to observe the change in optimum
stages. Production was projected using an analytical solu-
tion for production versus time for horizontal wellbores with
transverse hydraulic fractures in an infinite-acting reservoir
for four reservoir permeabilities (1,000, 500, 250 and 100
nD). The number of created fractures varied from 10 to 100.
Table 1 shows reservoir and production conditions. Produc-

WELL MATCH RESULTS Table 2
Lease name Well Number Date production Lateral Stages Fluid pumped Sand pumped Matched Matched
start length, ft per stage, gal per stage, Ib Eff Lf, ft permeability, nD
Arbalest 248-16H 7/1/2012 3,400 23 78,666 36,750 70 1,600
Bolt 1-35H 6/1/2013 7,767 41 199,702 355,079 140 1,500
Marys Draw 210-23H 7/1/2013 3,627 23 159,684 308,947 110 700
Blade 200-2116H 10/1/2013 6,283 36 188,945 313,224 95 1,400
Arbalest 26-2234H 8/1/2014 7,210 42 1158}, 357 236,106 95 800
Ballista 204-1102H 6/1/2018 8,962 55 345,769 478,482 205 1,700
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INCREMENTAL VALUE ADDED BY NEXT FRACTURE* 1s  ing time was limited to 10 years and
1,000,000 the number of created effective frac-
tures per stage was one.
Fig. 3 shows the resulting produc-
tion decline curves for each grouping
&
§ 100.000 of 10 created fractures along the lat-
=] , . T PR
E Incremental frac cost - $50,000 eral for the 1,000 nD case, indicating
= \ that as the number of created fractures
5 increases, early-time production in-
= .
10.000 Permeability, nD: creases. However, as the spacing be-
j= ' = 1,000 tween fractures decreases, production
— 500 declines more rapidly. Fig. 4 shows the
- 250 Net ori 50/bb| 10-year cumulative production versus
== 100 et price = $ the number of created fractures along
1,000 0 10 20 30 40 50 60 70 80 90 100 the lateral for all four permeablhty cas-

es. As the number of created fractures
increases, the incremental increase in
10-year cumulative production de-
clines. Less incremental oil is recov-

*From parametric study URTeC 2019-1142 Created pI’OduCI ng fractures

*

BOLT 1-35H PRODUCTION HISTORY MATCH %5 ored as Iracture spacing decreases

1,000 Fig. 5 illustrates the point at which
Net Pay 60 ft . ..
Porosity 10% the cost of creating an additional frac-
\é\’ate' saturation ol g%‘g’o A ture becomes greater than the value
€Servolr pressure, initia , psi -

o Bottom hole flowing pressure 750 psi added by that [racture for each of the

Fracs 41 reservoir permeability cases. The cost
Lateral length 7,762 ft . .
Permeability 1,500 nD of creating a fracture is plotted over the

100 Eff Lf 1401t data, and the point at which the value
added is less than the cost of creating
the fracture is the point at which there is
no reason to spend the money needed to

=== Match create that fracture. The graph indicates

e Actual flow that the maximum number of profitable
10 stages is about 48 for the 1,000 nD case

10 100 1,000 10,000
Producing days and about 77 for the 100 nD case.
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*From URTeC 2019-1142

Field data analysis
Evaluation of six wells producing in
AVERAGE SAND PUMPED VS. FRACTURE HALF-LENGTH* r;  Powder River basin from the Mowry
formation and operated by EOG Re-

250

sources Inc. demonstrated the process
and results using actual producing
200 0 wells. All technical data is from pub-
lic sources or derived from public data.
Economic data, such as costs and rev-

150

o enue interest, are estimated.
. The first step involves history
100 e matching the production data of each
. B well using a proprietary analytical
50 model. Fig. 6 presents an example of

these matches from the Bolt 1-35H
well. The best-match average effective
% 100 500 300 200 500 500 fracture half-length was 140 ft with
1,500-nD formation permeability. The
match also indicated that only one ef-

RZ =0.63

Average effective fracture half-length, ft

*From URTeC 2019-1142 Average sand pumped/stage, thousand Ibs.
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fective fracture was created for each
stage. Table 2 summarizes the results
of all six well matches.

Results of the production-history
match determined the relationship
between treatment size and effective
fracture half-length (Fig. 7). This trend
was used to project the cost of a treat-
ment stage with respect to created ef-
fective fracture half-length. Knowing
cost’s relationship to effective half-
length allows incremental economic
analysis of any treatment size and
number of stages for any of these wells
or future wells of a given permeability
and lateral length.

Performing predictive production
evaluation for any number of stages
pumped and any effective fracture
half-length and evaluating the eco-
nomics of every case allows genera-
tion of a matrix of predicted revenue
from any completion scenario. Fig. 8
contains a map of NPV for Bolt 1-35H.
A black dot shows the point where 41
stages were pumped with 140-ft ef-
fective fracture half-lengths. A white
dot shows where a reduction in the
number of stages (to 33) and an in-
crease in effective fracture half-length
(to 205 fv) resulted in improved well
economics.

Fig. 8 also summarizes econom-
ics for both the actual and improved
completion scenarios. The improved
completion design decreased well cost
by $141,000 (-2.5%), increased NPV
by $1.64 million (+52%) and increased
the 10-year oil recovery by 34,000 bbl
of oil. The increased effective fracture
half-length requires fewer wells to de-
velop the reservoir.

Knowledge of reservoir perme-
ability and created effective fracture
half-length, gained by production
evaluation, can yield cost savings and
increased profit when developing a
field. Knowledge of effective fracture
hall-length is especially useful in
spacing wells to reduce interference.

Well spacing

Fracture hits occur when hydraulic
fractures propagate into an adjacent
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RELATIVE OIL RECOVERY VS. TIME, BY WELL SPACING
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wellbore. Propagated fractures extend further, sometimes
much further, than their effective producing length. When
fracture-treating a wellbore offset to an existing producing
well, care should be taken not to encourage growth of the
fracture towards the existing producer. Often, however, the
fracture will grow and hit the nearby producing well. Not
all hits are damaging to production in either well. It is only
when the effective fracture half-lengths overlap that substan-
tial damage, or reductions in ROI, occur.

A 3D, finite-difference black oil simulator, built using a
center well and offset on both sides with identical wells, dem-
onstrated this scenario. Simulated production started from
all three wells at the same time. The center well represented
expected production from development wells for the reser-
voir. To compare recoveries, a single well in the reservoir
was also simulated to represent production from a well in
an infinite-acting reservoir. Simulations were re-run for each
case varying the distance between wells from 350 to 700 ft.
Effective fracture half-length was set at 250 ft and the spac-
ing between producing fractures at 100 ft. Average formation
permeability was 500 nD and lateral length was 10,000 ft.
Production data versus time for each bounded case (B) were
compiled and compared to recovery from the case using the
infinite-acting (IA) single-well simulation case.

Fig. 9 shows how each bounded case compares with the
TA case versus time. In early well life bound cases produced

OIL & GAS PRODUCTION IN
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within 90% of the A case. Later in well life these compar-
isons diverge dramatically due to the slow speed at which
the pressure transient moves through the reservoir. Once the
transients intersect, however, there is significant competition
between wells, especially in cases where the effective fracture
half-lengths overlap.

Going a step further and applying cost and potential rev-
enue generated allows identification of the best well spacing
to maximize cumulative cash flow and determines ROI for
each case. It is assumed that each well cost $7.5 million and
that the net revenue/bbl of oil produced, including all associ-
ated products, was $50/bbl. A parcel of land 1-mile wide was
developed with the wells equally spaced.

Investment cost equals the number of wells required to
complete the 1-mile wide section multiplied by well cost. Cu-
mulative cash flow is oil recovered from each case over 20 years
multiplied by $50/bbl with a nominal operating cost subtract-
ed of $5,000/well/month. Fig. 10 shows cumulative cash flow,
investment cost, and ROI for each case. Maximum cumulative
cash flow value lays between 500 and 600 ft well spacing.

As well spacing falls below 500 ft, effective fracture half-
lengths overlap and ROI declines dramatically. The knowl-
edge gained from characterizing effective fracture half-
lengths through production analysis, therefore, can have a
tremendous impact on spacing wells and maximizing a de-
velopment project’s ROL.
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