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Résumé — Recherches sur la récupération primaire dans les formations de pétrole de faible

perméabilité : étude de la formation de Cardium, Alberta (Canada) — Les formations

compactes de pétrole (perméabilité < 1 mD) dans l’Ouest canadien sont récemment apparues

comme étant une ressource sûre d’approvisionnement en pétrole léger en raison de l’utilisation

de puits horizontaux multifracturés. La formation de Cardium, qui contient 25 % du total de

pétrole léger découvert dans l’Alberta (selon l’Alberta Energy Resources Conservation Board),

comprend des zones de production conventionnelles et non conventionnelles (de faible

perméabilité ou compacts). Les zones de type conventionnel ont été développées dès 1957. En

revanche, le développement des zones de type non conventionnel représente un événement

récent à cause des propriétés considérablement moins bonnes des réservoirs, ce qui augmente

le risque lié au placement de capitaux. Cela implique donc la nécessité d’une étude globale et

critique de la zone avant de prévoir toute stratégie de développement.

Cet article présente des résultats à propos de la performance des portions de faible perméabilité

de la formation de Cardium où de nouveaux puits horizontaux ont été forés et stimulés en

multiples étapes afin de favoriser des fractures hydrauliques transversales. Le développement

de la formation compacte de Cardium au moyen d’une récupération primaire est envisagé. Les

données de production de ces puits ont d’abord été recréées à l’aide d’un simulateur

d’écoulement. Le modèle calibré a été utilisé pour prédire les performances en production à

partir d’analyses de sensibilité par rapport à différents paramètres dont des facteurs de

conception comme l’espacement des puits, les propriétés des fractures et les contraintes

opératoires.

Abstract— Investigation of Primary Recovery in Low-Permeability Oil Formations: A Look at the

Cardium Formation, Alberta (Canada) — Tight oil formations (permeability < 1 mD) inWestern

Canada have recently emerged as a reliable resource of light oil supply owing to the use of multi-

fractured horizontal wells. The Cardium formation, which contains 25% of Alberta’s total discovered

light oil (according to Alberta Energy Resources Conservation Board), consists of conventional and

unconventional (low-permeability or tight) play areas. The conventional play areas have been

developed since 1957. Contrarily, the development of unconventional play is a recent event, due to

considerably poorer reservoir properties which increases the risk associated with capital investment.

This in turn implies the need for a comprehensive and critical study of the area before planning any

development strategy.
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This paper presents performance results from the low permeability portions of the Cardium formation

where new horizontal wells have been drilled and stimulated in multiple stages to promote transverse

hydraulic fractures. Development of the tight Cardium formation using primary recovery is consid-

ered. The production data of these wells was first matched using a black oil simulator. The calibrated

model presented was used for performance perditions based on sensitivity studies and investigations

that encompassed design factors such as well spacing, fracture properties and operational constraints.

NOMENCLATURE

Fcd Fracture conductivity (dimensionless)

k Matrix permeability, L2 (mD)

kf Permeability of hydraulic fracture, L2 (mD)

k’f Permeability of hydraulic fracture in simula-

tion model, L2 (mD)

n Dimensionless well length

pb Bubble point pressure (m/Lt2) (psi)

pwf Well flowing pressure (m/Lt2) (psi)

wf Fracture width L (ft)

xf Fracture half length L (ft)

Greek symbols

Df Equivalent fracture width in the simulation

model, L (ft)

SI CONVERSION FACTORS

acre 9 4.046873.E�03 = m2

bbl 9 1.589873.E�01 = m2

cp 9 1.0*.E�03 = Pa.s

ft 9 3.048*.E�01 = M

lbm 9 4.53592.E�01 = kg

mD 9 9.869223.E�16 = m2

psi 9 6.894757.E+03 = Pa

* Conversion factors are exact.

INTRODUCTION

Economic production of hydrocarbons from reservoir

rocks requires reservoir-specific solutions. Until

recently, oil and gas exploitation was restricted to rela-

tively high permeability and porosity reservoirs. In such

reservoirs, wellbore contact through vertical wells was

sufficient to obtain economic rates and recovery. Recent

advances in drilling and completion technology have

enabled commercial production from reservoirs with

poorer properties. The low-permeability area of the

Pembina Cardium field in Western Canada, referred to

as a “Halo Oil” play by Clarkson and Pedersen (2011),

is an example.

The Pembina Cardium field is the principal conven-

tional oil pool in Canada covering an area of over

3 000 km2 with more than 6 100 wells (approximately

4 400 producers and 1 700 injectors which are mainly

vertical). Original oil in place is in excess of

7 780 MMbbl with recovery of less than 17% to date.

The field is located in a stratigraphic trap of north-

west-southeast oriented shoreface sands with the eastern

up-dip margin being defined by shale out of the sands

and the western downdip margin by decreasing reservoir

quality (Krause et al., 1987). Horizontal wells have been

drilled in both the Cardium sands and conglom-

erates within the Pembina field with limited success

(Adegbesan et al., 1996).

In 2008, the first horizontal well with seven hydraulic

fracture stages was completed in the unconventional

(low-permeability) portion of the Cardium. The produc-

tion rates from this well were so promising (average pro-

duction rates of approximately 123 bbl/day without any

water production) that another 12 wells were drilled in

2009 (Viau and Nielsen, 2010). Since then, more and

more multi-fractured horizontal wells are being com-

pleted or planned in the area by different companies.

Because the unconventional portion of the Pembina is

at early stages of production and development, more

detailed studies are required for better management and

exploitation of the resources. In this study, our purpose

is to determine the major parameters that will affect the

recovery of oil from these reservoirs under primary pro-

duction schemewhen fractured horizontal wells are being

used. Oil production rates from the wells are usually high

at the beginning, nevertheless limited permeability of the

bulk of reservoir impede favorable rates over the long

term. Therefore short-term and long-term production

performance will be considered separately in this work.

As part of the study, extensive numerical simulations

were performed using the ECLIPSE 100TM simulator(1)

(Schlumberger, 2010). The Design of Experiment

(DOE) approach was employed to define the simulation

1 ECLIPSE 100, ECLIPSE and PVTi are trademarks of Schlumberger.
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scenarios and the parameters involved. In each simula-

tion run, several parameters can be varied simultaneously

to capture the effect of all main parameters and their like-

lihood of interaction. The oil recovery from simulation

runs will be themain response in the statistical interpreta-

tion of the results. Simulation strategies and results will

first be discussed.

1 BASE PROPERTIES USED IN SIMULATION MODELS

The properties required for generating simulation mod-

els were obtained from one of the active operators in

the area. To avoid issues related to reservoir heterogene-

ity, all reservoir properties are considered constant at

their average values. Some of these properties are

summarized in Table 1 (modified from Clarkson and

Pedersen, 2010). The data in this table have been obtai-

ned from an area of Cardium where the pay zone varies

between 16 to 26 ft and the reservoir rock consists of

muddy fine-grained sandstones with low permeability

(� 0.3 mD) but relatively suitable porosity (� 0.12). It

is also known that the reservoir is not supported by

any initial gas cap (note the initial reservoir pressure

and oil bubble point pressure in Tab. 1, 2) or bottom

water support and therefore the main mechanism of pri-

mary production would be through solution gas drive

(Clarkson and Pedersen, 2010).

Table 2 provides the fluid data used in the simulation

models which are based on the real data obtained from

one of the wells in the study area. The oil is relatively

light with �API equal to 37. Figure 1 depicts the results

obtained from the simulation of the PVT data for

oil and gas using the PVTiTM module of Eclipse

(Schlumberger, 2010). Figures 1a, b show the results of

the differential liberation test and the viscosity measure-

ments (Fig. 1c, d) obtained from constant composition

expansion test. Pedersen’s correlation (Pedersen et al.,

1984) was used to match the viscosity data. For the range

of pressure applicable to this study (200-2 000 psia), the

match of the PVT data is acceptable. The results of

Table 2 are similar to what was used by Clarkson and

Pedersen (2010) using standard correlations.

One missing element in our simulation models was a

relative permeability data set. To obtain the relative per-

meability or at least a rough estimate of its shape, we

tried to history match the production data of the wells

in the study area and used the relative permeability data

as the matching parameter. We received about one

year production data for three separate wells in the

region from an operator. For the well selected for analy-

sis, the pressure is somewhat less than the virgin pres-

sure (approximately 2 500 psi), suggesting that some

depletion due to offsetting vertical wells may have occur-

red. Nonetheless, we analyzed the well individually, real-

izing that a field simulation may be justified.

Well completion data were obtained from the opera-

tor. The length of the horizontal well is 3 865 ft and its

wellbore diameter is 7.2 inches. It was frac’d in 10 stages

with an average fracture spacing of 429 ft (assuming

1 fracture per stage). We estimate the fracture half-

length to be equal to 181 ft and fracture conductivity

close to 300 md-ft. The well is completed open-hole

(Clarkson and Pedersen, 2010).

TABLE 1

General properties of the simulation models

Simulation model parameter Parameter value

Thickness (ft) 16.4

Porosity (%) 12

Absolute permeability (mD) 0.28

Initial reservoir pressure (psia) 2 017

Initial oil saturation (%) 86

Initial water saturation (%) 14

Reservoir temperature (�F) 115

Model area (acres) 640

Number of blocks

(NX 9 NY 9 NZ)

105 9 105 9 1

Dimension of blocks

(ft 9 ft 9 ft)

50 9 50 9 16.4

TABLE 2

Fluid properties used in the simulations

Oil

Pb (psia) 1 602

Rs at Pb (scf/stb) 430

Viscosity at Pb (cp) 1.43

Bo at Pb (res. bbl/stb) 1.22

Density at STP (lbm/ft3) 51.8

Gas

Ave. Viscosity (cp) 0.011

Density at STP (lbm/ft3) 0.069

Water

Viscosity (cp) 0.58
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Figure 2a displays a close-up view of the simulated

transverse fractures planes which are perpendicular to

the well trajectory. To precisely capture the physics of

the fluid flow in the models, the Local Grid Refinement

(LGR) feature is used to explicitly construct the hydrau-

lic fractures along the well. However, exact duplication

of the fractures’ width in a simulation model will require

extremely refined grids which results in computationally

very expensive models (Shaoul et al., 2007). Therefore, a

sensitivity study was performed to determine the optimal

degree of refinement for the fractures blocks as well as

the parent block dimensions. Also, transmissibility of

the fractures blocks should be adjusted such that follow-

ing relationship holds:

kf � wf ¼ k0f � Df ð1Þ

where kf 9 wf is the product of fracture permeability

and width and k0f 9 Df is the corresponding product in

the simulation model. The hydraulic fractures in our

study have a constant width equal to 2.0 ft which are

obtained by dividing the parent grid block into 25 parts

in the direction perpendicular to the fracture orientation.

Figure 2b shows the historic oil production rates from

the subject well for almost one year. It should be noted

that in Figure 2 time zero corresponds to the time when

the well has reached the “pump-off state”, signified by a

stabilized fluid level in the annulus. As the well bottom-

hole pressure (BHP) was estimated from periodic fluid
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Figure 1

Comparison between the experimental and simulated PVT behavior of the fluid used in this study: a) oil formation volume factor vs

pressure, b) oil solution gas vs pressure, c) oil viscosity vs pressure, d) gas viscosity vs. pressure.
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Figure 2

a) A close-up view of the simulation model showing the fractures’ plane crossing the well lateral; b) historical oil production data for the

subject well; c-d) comparison of gas and water production data from well history and simulation, respectively; e-f) two-phase relative

permeability of water-oil and gas-oil obtained from history matching of production data, respectively.
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shots combined with casing pressure, a stabilized fluid

level in the annulus indicates that the well is producing

under constant BHP. For the period of production dis-

played in Figure 2b this BHP is close to 250 psia (the

pressure data is not shown).

For history-matching, oil production rate and flowing

pressure were honored in the simulator and gas and

water production rates were predicted. Figure 2c shows

the gas production history from the well and the simula-

tion results from the history-matching process, while

Figure 2d shows the water production rate match. Alt-

hough the overall match in both graphs looks acceptable

and the trends are honored, there is a period (between

185 to 240 days) in which the simulation results are quite

different from the historical data. The anomalous well

production during this period is due to an unknown

operational change in the well and is ignored in the sim-

ulation model.

Figures 2e, f show the two phase water-oil and gas-

oil relative permeability curves which were obtained as

a result of history-matching the production data. The

curves were generated with the Corey correlation for

initial simulations. These were then adjusted for

matching historical water and gas rate measurements.

It is important to note that because the changes in

the gas rate follow the changes in the oil rate (compare

Fig. 2b, c) and also the gas rate has stabilized at the

end of the matching period, the reservoir is interpreted

to be above the bubble point pressure (if the pressure

falls below the bubble point pressure we will experience

a sharp increase in gas rate and consequently gas-oil

ratio). As also noted by Clarkson and Pedersen

(2011), the GOR is relatively flat through the produc-

tion history. Therefore, because only oil and water are

flowing in the reservoir, the production data are not

ideal for deriving the gas-oil relative permeability

curve. Nonetheless, the best match was obtained by

using this set of permeability data and we continue

using it in the rest of this study.

From the history-matching process, we have obtained

base values for our simulation runs. In the next section,

we will define the modeling strategy for our sensitivity

study and the parameters considered.

2 MODELING STRATEGY

To fully understand the requirements for successful

exploitation of low-permeability reservoirs, one should

perform extensive simulation runs. Before any simula-

tion, the objective function or response (e.g. cumulative

oil production) should be defined and all impactful fac-

tors (those which are believed to affect the response,

which might be as many as tens) should be determined.

These factors usually require two to three levels (values)

to cover all possible range of variations under different

circumstances. An important question is that, in each

simulation run, which parameters should be used in

the sensitivities and which level(s) (high, medium and

low) should be employed.

Design of Experiment (DOE) is a formal structured

technique for studying any situation that involves a

response that varies as a function of one or more inde-

pendent variables (Mathews, 2005). DOE is specifically

designed to address complex problems where more than

one variable may affect the response and two or more

variables may interact with each other. DOE replaces

inferior methods such as the traditional method of

studying the effect of One Variable at a Time (OVAT).

Compared to DOE, the OVAT method is an inefficient

use of resources and is incapable of detecting the pres-

ence of or quantifying interactions between variables

(Mathews, 2005).

Application of DOE and Response Surface (RS) in

reservoir engineering where an optimization problem,

history match or uncertainty analysis is of interest has

recently received considerable attention (such as works

done by Zabalza-Mezghani et al., 2004; Feraille and

Busby, 2009; Feraille and Marrel, 2012). DOE can con-

siderably reduce the number of runs during a risk assess-

ment problem which is an imperative concern for

potentially expensive fluid flow simulations (Scheidt

et al., 2007). Therefore, we use the DOE technique for

determining the variables and their associated levels for

each simulation run and the sequence in which these runs

should be performed.

3 SIMULATION RESPONSE AND VARIABLES

The main objective function that we are interested in is

the final oil recovery factor (recovery efficiency) of the

reservoir. However, production from multi-fractured

horizontal wells starts with relatively high rates

followed by a rapid decline. Therefore, short-term

recovery factors (recovery at the end of 5 years) and

long-term recovery factors (recovery at the end of

20 years) will be considered separately as the

responses. Seven factors which seem to affect the

recovery in tight oil formations the most were chosen.

These factors and their different levels are summarized

in Table 3. Five parameters are assigned three levels

and the two remaining ones get two levels. In the fol-

lowing, we provide a brief description of the response,

selected factors and their levels and the rationale for

these choices.
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Recovery Factor (Response)

The ultimate objective of any reservoir engineering

design is to obtain the highest possible recovery from

the reservoir, subject to economic viability of the design.

However, we intentionally neglect the economic factors,

as this is the focus of the second part of this study, which

will be looking for the optimal design.

Number of Wells per Section (Factor A)

The number of wells and the spacing between them are

important factors in management of recovery. As the

number of wells increases, the cumulative drainage area

of the wells increases as does the recovery efficiency. To

simplify the problem, in all conducted simulations, the

wells are aligned in the same direction and are evenly

spaced in the reservoir section.

Length of Well Lateral (Factor B)

As the well length increases, more volume of the reser-

voir would participate in production leading to increased

recovery. The minimum and maximum well lengths are

1 500 ft and 4 500 ft, respectively.

Density of Hydraulic Fractures (Factor C)

The main goal of generating hydraulic fractures from the

horizontal well is to increase the contacted area with the

reservoir. It is reasonable to increase the number of frac-

tures per well (to a point) in favor of obtaining higher

recoveries. In this study, the hydraulic fractures will be

evenly spaced along the well. Factor C controls the

number of fractures along the well which can be calcu-

lated from Equation (2).

# HF=Well ¼ nþ 1 ; C ¼ 2

2nþ 1 ; C ¼ 3

�
ð2Þ

where n is the well length (B)/500 ft. For instance, if a

well is 3 000 ft in length, the number of fractures is 7

and 13 for C equals to two and three, respectively.

Half-Length of Hydraulic Fractures (Factor D)

In the case of transverse hydraulic factures, increasing

the fracture half-length also increases the contacted area

for each horizontal well. In simulation runs, one of these

values may be encountered: 125 ft (short), 225 ft (moder-

ate) or 325 ft (long).

Conductivity of Hydraulic Fractures (Factor E)

This factor is important in determining the dimension-

less fracture conductivity parameter as given in

Equation (3):

Fcd ¼ kf � wf

k � xf
ð3Þ

where kf 9 wf is the conductivity of the hydraulic frac-

ture, k is the matrix permeability and xf is the fracture

half-length. Considering a matrix permeability equal to

0.28 mD the range of possible Fcd in this study will be

between 2.7 (for lowest fracture conductivity and highest

fracture half-length) to 35.7 (for highest fracture conduc-

tivity and lowest fracture half-length). This range covers

TABLE 3

Factors considered for simulation runs

Factor Unit Low Medium High

A: number of wells Number/section 2 4 6

B: length of well Ft 1 500 3 000 4 500

C: density of HF Number of HF/(500 ft well) 2 - 3

D: half-length of HF Ft 125 225 325

E: conductivity of HF md-ft 250 750 1 250

F: well operating BHP Psi 300 600 1 200

G: completion method N/A Open-hole (“1”) - Cased-hole (“2”)
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a spectrum of finite to almost infinite conductivity; i.e.

Fcd > 20 (Economides et al., 2002).

Well Operating BHP (Factor F)

BHP values closer to the oil bubble point pressure hinder

the formation of two phase flow of oil and gas and keep

oil effective permeability at higher values but restrict the

overall flow rates. BHP values closer to atmospheric

pressure on the other hand have a reverse effect. Thus,

this factor may also have a two-sided effect on the recov-

ery factors and needs to be considered.

Completion Strategy (Factor G)

In an “open-hole” completion, the whole length of the

horizontal well + the hydraulic fractures contribute to

the fluid flow while in the “cased-hole” method, the pro-

duction only occurs through the hydraulic fractures to

the well. This restricted flow path may adversely influ-

ence the productivity index of the well.

If OVAT technique is used to design the simulation

runs, a total of 972 (= 35 9 22) runs will be required.

However, if an “optimal design” scheme through DOE

is used, far fewer runs will be required to obtain the same

level of information. By an optimal design, we mean a

design that is “best” with respect to some criterion.

There are several popular design optimality criteria

like A, D and I just to name a few (Montgomery,

2007). In this study, we used the “D-optimal” design

which is the most widely used and is a suitable choice

for deterministic computer simulation models. However,

it should be mentioned that “optimal design” is only one

of the available algorithms in DOE and other methods

such as “factorial design”, “latin hypercube” or more

sophisticated techniques have been used in dealing with

demanding reservoir simulation runs (e.g., see Manceau

et al., 2001; Feraille and Busby, 2009; Maschio et al.,

2010; Ghomian et al., 2010).

4 RESULTS AND DISCUSSION

The collection of simulation runs and the order in which

these runs performed are tabulated in Table 4. As can be

seen in this table, a total of 79 runs were carried out

which is only 9% of the total runs required if the OVAT

method were used. In each scenario, several factors may

change simultaneously and acquire different levels. The

design of the runs was performed using the Expert-

Design� software (Stat-Ease, 2010). As can be seen in

this table, no special pattern in the chosen factor levels

from one run to the next can be recognized, thus the ran-

dom nature of selections is honored.

Despite the significant difference in the time-span of

the two model responses, as can be seen in Table 3, for

the majority of the simulation runs, the recovery factor

at the end of 20th year (long-term recovery) is not con-

siderably higher than that at the end of the 5th year.

Therefore, it is reasonable to analyze these two responses

separately. According to these results, the short-term

recovery factor ranges between 0.9% (Run 64) and

14.9% (Run 19) and between 2% and 18.7% for the

long-term recovery for the same set of runs.

A half-normal probability plot is used to determine

whether the entire set of factors and interaction effects

are by coincidence (and, thus, shows no effect signifi-

cantly different from zero) or whether some factors

and/or interactions have significant effect. This is a plot

of the absolute value of the effect estimates against their

normal cumulative probabilities. Any factors or interac-

tions whose observed effects are due to chance are

expected to be randomly distributed around zero. These

effects will tend to fall along a straight line called “line of

no effect”. The straight line on this plot always passes

through the origin and should also pass close to the fifti-

eth percentile data value. The effects that might be signif-

icant have average values different from zero and are

located a substantial distance away from the straight line

that represents no effect (Montgomery, 2007).

Figure 3a displays the half-normal probability plot of

the factors that might affect the short-term recovery fac-

tors in simulation runs. As this figure suggests, with the

model properties used in this paper (Tab. 1), only 5

factors out of 7 have a significant effect on the recovery.

The order of their significance is:

– the number of wells (factor A);

– the length of the well (factor B);

– operating BHP of the wells (factor F);

– half-length of hydraulic fracture(2) (factor D);

– density of HF (factor C).

Interestingly, the conductivity of the fractures and the

completion strategy in comparison with the other five

factors have only a minor effect on the objective function

(they are statistically insignificant). In other words,

although increasing fracture conductivity and using the

open-hole completion scheme may increase the recovery

factor (which is the case for our simulation runs), invest-

ment in the other five factors possibly will yield better

results. Figure 3b is similar graph but for the long-term

recovery factors. The same factors as in the short-term

recovery cases have emerged as significant, except the

2 The term “Hydraulic Fracture(s)” will be henceforth abbreviated as

HF.
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TABLE 4

Simulation runs chosen based on the “d-optimal” design

Run No. Factor Response

A B C D E F G Rec. (%)
short-term

Rec. (%)
long-term

1 4 4 500 3 225 250 1200 1 5.2 7.8

2 6 4 500 2 225 1 250 600 2 12.2 17.0

3 4 4 500 2 225 1 250 1 200 2 4.4 7.4

4 2 3 000 2 325 250 600 2 3.2 6.4

5 6 1 500 2 225 750 600 2 5.0 8.1

6 2 1 500 2 325 250 1200 1 1.1 2.3

7 6 3 000 2 325 250 300 1 10.5 14.3

8 2 1 500 3 225 1 250 1 200 1 1.2 2.3

9 4 1 500 3 225 750 600 1 4.0 6.8

10 2 1 500 3 225 750 300 1 2.3 4.5

11 2 1 500 3 225 250 1 200 2 1.1 2.2

12 6 1 500 3 225 1 250 600 1 5.6 7.9

13 4 3 000 2 125 250 1 200 1 2.9 5.2

14 2 3 000 2 225 750 600 1 3.3 6.2

15 4 1 500 2 325 1 250 300 1 5.1 8.1

16 2 3 000 3 125 1 250 600 1 2.9 5.8

17 6 4 500 2 225 750 300 1 14.1 18.5

18 4 1 500 2 225 250 300 2 3.6 7.2

19† 6 4 500 3 225 250 300 2 14.9 18.7

20 4 1 500 2 125 750 300 2 3.1 6.7

21 6 4 500 3 125 250 600 2 11.2 16.2

22 2 4 500 2 225 250 1 200 2 2.0 4.1

23 6 1 500 3 325 1 250 600 2 6.3 8.5

24 2 3 000 3 325 250 600 1 4.0 6.8

25 6 4 500 3 225 750 1 200 2 7.4 9.1

26 2 3 000 3 325 750 300 2 5.0 8.2

27 2 1 500 2 225 1 250 600 2 1.9 3.9

28 6 3 000 3 325 1 250 1 200 1 5.9 7.2

29 4 3 000 3 325 750 1 200 2 4.6 6.4

30 6 4 500 3 125 1250 1 200 2 6.1 8.7

31 4 3 000 3 225 250 600 2 6.7 10.7

32 4 4 500 2 225 250 600 1 8.5 14.1

33 2 4 500 3 125 750 300 2 4.6 8.7

34 4 4 500 3 325 1 250 600 1 12.1 15.4

35 4 4 500 3 125 250 1 200 2 4.2 7.1

36 2 1 500 2 325 250 300 2 2.1 4.5

37 2 3 000 2 125 1 250 1 200 2 1.3 2.8

38 2 4 500 2 325 750 300 1 6.0 10.0

(continued)† Highest short and long-term recovery.

� Lowest short and long-term recovery.
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TABLE 4 (continued)

Run No. Factor Response

A B C D E F G Rec. (%)
short-term

Rec. (%)
long-term

39 6 1 500 3 225 1 250 300 2 6.4 9.0

40 6 3 000 3 225 750 600 2 9.9 12.8

41 6 1 500 2 325 250 600 2 4.9 8.1

42 4 3 000 2 225 750 300 2 6.9 12.1

43 4 3 000 3 125 750 600 2 5.7 10.2

44 4 3 000 3 325 1 250 300 2 9.7 13.2

45 6 3 000 2 125 250 600 1 7.7 12.1

46 6 1 500 2 125 750 300 1 5.1 8.5

47 4 1 500 2 325 750 600 1 4.4 7.2

48 4 4 500 2 125 250 300 1 8.4 15.2

49 4 1 500 3 225 250 300 1 4.3 7.4

50 6 1 500 2 125 1 250 1 200 2 2.0 3.9

51 2 4 500 2 225 1 250 300 1 5.1 9.3

52 4 4 500 2 125 750 1 200 1 4.2 7.1

53 6 3 000 2 325 750 1 200 1 5.3 7.1

54 2 1 500 2 125 250 300 1 1.8 3.9

55 6 1 500 3 225 750 1 200 1 3.0 4.4

56 2 3 000 2 125 1 250 300 1 3.1 6.4

57 6 4 500 3 125 750 600 1 11.5 16.2

58 6 1 500 3 125 250 1 200 1 2.5 4.1

59 6 4 500 2 125 750 300 2 10.9 18.0

60 6 3 000 2 225 250 1 200 1 4.6 6.7

61 2 4 500 2 325 1 250 1 200 2 2.8 5.0

62 6 4 500 3 325 250 1 200 2 7.5 9.2

63 4 1 500 2 325 1 250 1 200 2 2.3 3.9

64� 2 1 500 3 125 750 1 200 2 0.9 2.0

65 4 1 500 2 125 1 250 600 2 2.8 6.0

66 2 3 000 3 225 1 250 300 2 4.1 7.3

67 2 4 500 2 125 250 600 1 3.8 7.6

68 6 3 000 3 125 750 1 200 1 4.4 6.5

69 6 3 000 3 125 250 300 2 8.9 13.5

70 2 1 500 2 225 750 1 200 2 1.0 2.1

71 6 3 000 2 325 1 250 300 2 11.0 15.0

72 4 3 000 2 225 1 250 600 1 6.5 10.8

73 4 1 500 3 125 1 250 1 200 1 1.8 3.4

74 6 4 500 2 325 1 250 600 1 14.1 16.9

75 2 4 500 3 325 750 600 2 6.2 9.7

76 4 4 500 3 325 750 300 2 13.3 17.4

77 2 4 500 3 125 250 1 200 1 2.3 4.2

78 4 1 500 3 325 250 600 2 4.5 7.0

79 2 4 500 3 325 1 250 300 1 7.0 10.9

1164 Oil & Gas Science and Technology – Rev. IFP Energies nouvelles, Vol. 69 (2014), No. 7



density of HF (factor C). We will discuss the reasons for

this difference later in the text.

In some situations, the difference in response between

the levels of one factor is not the same at all levels of the

other factors. When this occurs, there is interaction

between the factors. For example in Figure 3, we see that

interaction exists between A and B, denoted as AB, and

this interaction is contributing to the recovery. However,

factor D has no interaction with other factors. To clarify

the interaction effect, consider Figure 4a in which recov-

ery is plotted versus fracture half-length (factor D) at

three different levels of factor A. The three depicted

curves are approximately parallel to each other indicat-

ing that regardless of the level of A, increasing/decreas-

ing the level of D from one level to the next one

always causes the same amount of increase/decrease in

recovery (similar slope for the curves). Since D has no

interaction with any other factor, a similar plot will be

obtained if the alternative factors (B, F, etc.) are used

instead of A. The general trend is similar; if the level of

factor D increases the recovery factor will increase and

vice versa. Conversely, we see in Figure 4b that the curves

describing the recovery factor versus the number of wells

at different levels of B are non-linear; the amount of

increase/decrease in the recovery factor depends on the

changes in levels of both factors. For Figures 4c, d, sim-

ilar comments can be made. Another possible conclusion

from these figures is that increasing both the number and

the length of the wells (Fig. 4a), increasing the number of

wells and decreasing the BHP, increasing the well length

and decreasing the BHP causes an increase in the achiev-

able recovery factor. Therefore, more wells with longer

laterals which are operating at lower BHP when stimu-

lated with longer hydraulic fractures increases both short

and long-term recovery.

It is worth looking at the effect of factors which were

recognized as having an insignificant impact on primary

recovery, namely fracture density (factor C) for the long-

term recovery efficiency, and fracture conductivity (fac-

tor E) and completion strategy (factor G) for both

long-term and short-term efficiencies. Increasing the

number of fractures per well, although improving the

contacted area with the reservoir, causes the spacing

between the fractures to reduce. Under constant BHP

operation (pwf < pb) this may accelerate the pressure

depletion between the fractures and the formation of

the two phase flow regimes in this region. This can

adversely reduce the oil effective permeability. Neverthe-

less, the amount of reduction in the oil effective perme-

ability is a function of the relative permeability

characteristics and especially the oil relative permeability

end points and critical gas saturation. If the critical gas

saturation is so high that it takes a long time to reach

that gas saturation between the fractures, then increasing

the number of fractures (neglecting economic factors)

would be favorable, otherwise there is not much benefit

expected. However, since the low-permeability reservoirs

should be produced under very low-BHP conditions, this

critical value of the gas saturation between the fractures

will pass soon after the start of the production and
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Figure 3

Half-normal probability plot of observed effect of factors and their interactions on a) short-term recovery factors and b) long-term

recovery factor for reservoir model with absolute permeability equal to 0.28 mD.
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higher mobility of the gas with respect to oil hinders the

sustainability of high oil production rates.

Figure 5a, b show the gas saturation distribution in

the reservoir (top-view) after one year from start of pro-

duction for two simulation runs which differ only in the

number of fractures per well. The spacing between the

fractures in Figure 5a is 500 ft and in Figure 5b is

250 ft. For the run with closer hydraulic-fracture spac-

ing, the amount of the evolved gas saturation between

fractures and also the extension of two phase oil-gas

region is greater, both of which augment two phase flow

interference. This in turn causes lower mobility to oil and

hence reduces recovery efficiency. Figure 5c demon-

strates that oil production rates from the model with

larger number of fractures will produce oil at higher

rates early on (short-term effect) but at later times the

two-phase flow interference becomes important and pro-

ductivity drops off (long-term effect). The recovery

curves (Fig. 5d) are consistent with the oil production

rates and the results from two half-normal probability

plots. According to this figure, there is a statistically sig-

nificant difference between the short-term recovery fac-

tors but this difference gradually diminishes over time.

Therefore, there exists an optimum number for the frac-

ture density which primarily depends on the reservoir

characteristics and secondly on the economic concerns.

Our simulation results confirm that similar comments

made for fracture spacing can be made for the effect of

fracture conductivity, as this factor was also recognized

as insignificant for recovery efficiency. Figure 6a
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For: B = 1 500; C = 2; E = 250; F = 300; G = 1

b)

For: C = 2; D = 125; E = 250; F = 300; G = 1
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For: B = 1 500; C = 3; D = 325; E = 250; G = 1 
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Effect interaction plot between different factors: a) AD, no interaction case, b) AB, c) AF, d) BF.
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compares the oil production rate from two models which

differ only in fracture conductivity. Figure 6b demon-

strates the corresponding recovery factors for the mod-

els. Embedding more conductive fractures will result in

higher production rates earlier in the life of the project

which might shorten the project pay-back period.

Finally, the difference in results for the open-hole and

cased-hole methods (factor G) is depicted in Figure 7

and confirms the outcome of the previous analysis which

demonstrated that there is little difference between the

two completion methods. The largest contribution to

production occurs through the highly conductive frac-

ture conduits and the contribution from other perfora-

tions along the horizontal well is of subtle importance.

It should be also noted that a minor difference in the

recovery factors between two models in Figure 7b may

arise from the numerical errors.

Since the conventional methods for measurement of

permeability sometimes fail when applied to tighter for-

mations, there is risk in the estimation of this property.

Therefore, we repeated the analysis above but with

absolute permeability reduced one order of magnitude
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Half-normal probability plot of observed effect of factors and their interactions on a) short-term recovery factors and b) long-term

recovery factor for reservoir model with absolute permeability equal to 0.028 mD.
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(absolute permeability = 0.028 mD). The half-normal

probability plot of the factor effects is given in Figure 8.

It is interesting to note that once more the same signifi-

cant factors appear on both graphs but now factor C is

significant for short and long-term recovery efficiency

(compare Fig. 8 and Fig. 3). Also comparing the two

figures, we see that factor C either does not appear as

a significant factor or it sits very close (in comparison

with other factors) to the “line of no effect”. There is a

good chance that if the reservoir properties change, par-

ticularly the relative permeability data, fracture density

may be totally removed from the list of significant fac-

tors and hence it should be treated carefully and opti-

mized for the formation under consideration. This

result signifies the importance of accurate reservoir char-

acterization for tight formations.

CONCLUSION

In this work, a systematic method for establishing the

most important factors affecting primary recovery

(short- and long-term) using multi-fractured horizontal

wells is provided. The combination of Design of Exper-

iment (DOE) and numerical simulation used in this work

is superior to the One Variable at a Time approach

(OVAT) used in many studies because a) fewer runs

are required and b) the interaction between factors can

be established and quantified.

For reservoir and fluid properties typical of the low-

permeability Pembina Cardium, the most important fac-

tors controlling primary recovery in order of significance

are: the number of wells per section; the length of the

well; operating BHP pressure of the wells. Fracture con-

ductivity has a lesser effect on recovery factor but will

impact early time production rates. Higher fracture den-

sity may accelerate oil production but also accelerates

gas saturation build-up between fractures, which reduces

oil mobility and impairs long term oil production.

Further, whether or not fracture density has a significant

impact on recovery depends on the combination of reser-

voir properties, particularly relative and absolute perme-

ability, underpinning the need for careful reservoir

characterization. The difference in long-term recovery

factor due to completion method (open-hole versus

cased-hole) appears to be insignificant.

Although we performed our sensitivity runs at two

different matrix permeability levels, we recognize that

there is also considerable uncertainty in relative perme-

ability characteristics – we will perform our analysis

using different relative permeability scenarios in the

future.

In future work, reservoir heterogeneity and changes in

relative permeability will be considered. Economic crite-

ria will also be incorporated into the analysis. Finally, a

similar approach will be used to establish critical factors

controlling CO2-EOR in this tight oil play; CO2-EOR in

this play is worthy of investigation because of not only

the potential for increased of oil recovery but also the

possibility for CO2 sequestration.
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