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ABSTRACT

Steam Assisted Gravity Drainage (SAGD) is widely used in the Athabasca oil sands deposit to recover
bitumen. Since the viscosity of bitumen is high at original reservoir conditions, heat is required to lower
its viscosity to the point it becomes mobile enough to be recovered under gravity drainage. To heat the
reservoir, steam is injected into the formation and thus SAGD is energy intense. Given that the fuel used
to generate steam is the largest operating cost, the steam-to-oil ratio is one of the key parameter for
evaluating the economics of any SAGD project. Here, the use of dynamic distributed steam injection
within a pad of SAGD wellpairs is explored. The results demonstrate that feedback control leads to
improvements of the SOR over that of constant pressure. The results show that the controller is able to
detect the “sweet spots” (oil zones with better geological properties) in the reservoir and dynamically
deliver more steam to that region. Meanwhile, it reduces the steam injection towards relatively worse
quality zones to lower the local SOR.

Oil sands emissions
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1. Introduction

For Athabasca oil sands reservoirs, due to low solution gas drive
and relatively shallow depth, Steam-Assisted Gravity Drainage
(SAGD) is the recovery process of choice. In SAGD, shown sche-
matically in Fig. 1, two horizontal wells are drilled into the reservoir,
one atop the other. The top well is the injection well whereas the
bottom well is the production well. In typical practice, the separa-
tion between the two wells is equal to about 5 m [1]. At the start of
the process, steam is circulated for several months in both wells
until thermal communication is established between them after
which SAGD-mode ensues [2]. As steam is continuously injected
into the formation through the upper injection well, a steam
chamber grows within the reservoir and heated oil drains at its
edge to the base of the chamber where the production well is
located.
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A few studies have examined automated control of SAGD op-
erations via proportional-integral-derivative (PID) feedback con-
trol. Gotawala and Gates [3] employed a PID feedback control
algorithm to control steam injection conditions to promote steam
trap control by maintaining a subcool (defined as the temperature
difference between the injected steam and produced fluids) to a
target value. The study focused on a single SAGD well pair and
divided it into 6 segments so that each has its own injection
pressure. Their results demonstrated that the key benefit of dy-
namic well control was that steam injection was adjusted smartly
along the injection well so as to better address geological and fluid
heterogeneities along the horizontal well pairs. As a result, steam
chamber conformance along the wellpair was improved. In the base
case, steam was injected at 3500 kPa and fluids were produced with
a maximum steam production rate of 2 m>/day (cold water equiv-
alent, CWE). The results show that PID control both lowered the
cumulative steam-to-oil ratio (cSOR) and raised the cumulative oil
volume produced over 2 years' operation, as compared to non-PID-
controlled base case. One other result they found was that control
based on the subcool works only over the early stages of SAGD
where the steam chamber conformance and subcool are strongly
linked. After the chamber became mature, the PID controller had
less effect on the process. This is because the subcool is a near well
indicator whereas steam conformance after the chambers have
grown should be controlled by variables remote from the well pair.
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Fig. 1. Cross-section of the Steam-Assisted Gravity Drainage (SAGD) process: in typical
practice, the injection well is ~5 m above the production well.

Stone et al. [4—7] extended Gotawala and Gates' [3,8] work on
PID feedback control and instead of the six segment well configu-
ration, he proposed to use a dual/triple tubing structure with a PID
controller on each injection string to modify steam injection rates,
so as to improve steam trap control. By examining several case
studies, he suggested that an earlier PID control kick-in would
benefit steam conformance and that more frequent updates of
steam rates allows the feedback controller to achieve better steam
conformance and steam trap control. Although both works made
progress in the PID feedback control on SAGD operations, they only
dealt with a single well pair SAGD operation, which does not
address the issue of dynamic steam distribution for pad-scale op-
erations. Also, a single well model would not be able to capture the
effect of multiple steam chamber interactions.

Steam generation is the major operating expense of SAGD. High
steam-to-oil ratios (SOR, steam expressed as CWE) imply high
water consumption and high fuel consumption and emissions of
greenhouse gases from the steam generator. Thus, there are many
incentives to lower the SOR. Here, we explore the use of auto-
matically controlled dynamic steam injection into nine well pairs of
a SAGD pad.

2. Geological and reservoir models

This study focuses on the 102-North (102 N) pad of Con-
ocoPhillips' Surmont SAGD operation, displayed in Fig. 2, which
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Fig. 2. Location of Surmont 102 North pad.

consists of nine horizontal well pairs. The well pairs of the 102 N
pad are drilled into the McMurray Formation and at its location it
has both top and bottom water zones [9]. The 102 N pad was first
steamed in June 2007 with oil production starting in October 2007
after four months of steam circulation. The operator used a
declining steam injection pressure operating strategy illustrated in
Fig. 3. In 2011, after about 4 years of operation, the injection pres-
sure was dropped to 2500 kPa from the initial pressure of 4000 kPa
to reduce heat losses and fluid invasion to the top water zone.
According to the Annual Performance Reports filed by the operator,
another pressure decline is planned in a few years so as to maintain
a low cSOR. The cumulative SOR (cSOR) for the well pairs in the
102 N pad has ranged from 2.7 to 3.7 m3/m? over the past six years
[9].

The three-dimensional (3D) model of the Surmont 102 N pad
consists of three major layers: the top water zone, the middle oil
zone and a thin bottom water zone. The formation ranges from 40
to 60 m in thickness and consists of mostly sandstones, interbedded
with shale. The top layer is mainly composed of silty sands and is
saturated with water — it is considered a thief zone [9]. For facies,
the model consists of five rock types (rock type 1 is sand, rock type
2 is sand with breccia, rock type 3 is sand-dominated heterolithic
strata, rock type 4 is mud-dominated heterolithic strata, and rock
type 5 is shale) with relative permeability curves displayed in Fig. 4.
The key reservoir properties are listed in Table 1. The porosity-
permeability transforms for each rock type were generated from
core data obtained from wells in the vicinity of the 102 N pad and
are listed in Table 1.

The geological model was generated geostatistically by using
Sequential Gaussian Simulation conditioned to available log and
core data in a commercial geomodeling software package [10]. The
average porosity and oil saturation of the oil column within the
reservoir are equal to 0.34 and 0.86, respectively. In the horizontal
directions, the average permeability is equal to about 3866 mD. In
the vertical direction, the average permeability in clean sand is
equal to 3635 mD. Low permeability layers are interbedded within
the sandy intervals of the model and in some locations exist just
above the injection wells, which impairs steam chamber growth.

The 3D geological model was directly converted into a reservoir
simulation model and the nine wellpairs, listed with lengths in
Table 2, were placed within the reservoir model, according to well
trajectories available in public database [11]. A top view of the
reservoir model is displayed in Fig. 5. A view of the 3D model is
displayed in Fig. 6. The total number of grid blocks in the model is
equal to about 5.7 million. The dimensions of the individual grid
blocks are about 1 m in the cross-well pair direction, 25 m in the
down-well direction, and 1 m in the vertical direction. The simu-
lation is conducted by using a commercial thermal reservoir
simulator, STARS™ [12]. The 3D model, solved in parallel by using 4
cores, took roughly 600 h to simulate 7 years of SAGD operation on
a dual quad core (2.7 GHz) workstation. To ensure that the model
provided a reasonable representation of the performance observed
in the field, the relative permeability curves for each rock type were
adjusted until the simulation results matched the field data. As
shown in Fig. 4, the oil relative permeability curve remained the
same for all rock types whereas the curvature of the water rela-
tively permeability curves varied.

After the history match was complete, a two-dimensional (2D)
slice was selected and cut from the 3D model, along the cross-well
direction. The 2D model is 25 m long in the down-well direction
and contains the 9 well pairs, as shown in Fig. 7. To confirm that the
2D model is a good representation of the 3D model, we compared
the results of both models, in terms of SAGD performance in Fig. 8
(for constant injection pressure injection equal to 3500 kPa for all
well pairs and 1m?/day maximum steam production rate
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Fig. 3. Surmont SAGD steam injection strategy: the operation starts with up to 4500 kPa high pressure injection; after 3—4 years operation, the injection pressure is reduced to

2500 kPa; after 9 years operation, the pressure is planned to be maintained at 900 kPa.
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Fig. 4. Relative permeability curves for different rock types in the reservoir simulation
model. The water relative permeability curves are the same for all rock types. Rock
type 1=sand, rock type 2 =sand with breccia, rock type 3 = sand-dominated heter-
olithic strata, rock type 4 = mud-dominated heterolithic strata, and rock type 5 = shale.

(expressed as cold water equivalent) on the production wells to
mimic steam trap control. From Fig. 8, it is clear that the cumulative
oil production and cumulative steam injection volumes of the 3D
model are both the same factor greater than that of the 2D model.
Also, the cSOR profiles of both models have a similar trend and the
water cuts of both models are matched reasonably well. Thus, the
2D model is a good representative of the 3D model. In this paper,
the 2D proxy model is used to study PID control on SAGD pad-scale
operation. The 2D model took about 5 h to simulate 7 years of SAGD
operation on the same workstation.

3. PID feedback controller

A feedback controller is a type of process control mechanism
that is designed to reduce the difference (the deviation or error)
between an operating condition (the observed value) and the target
value (the set point) by adjusting operating parameters (control

Table 1

Reservoir Properties for numerical simulation.
Item Value
Original reservoir temperature, °C 10
Initial reservoir pressure at 280 m, kPa 1400
Average oil zone horizontal permeability, mD 3866
Average oil zone vertical permeability, mD 3635
Average oil zone porosity 0.34

Porosity-horizontal permeability transforms:
Rock type 1 (sand)
Rock type 2 (sand with breccia)
Rock type 3 (sand-dominated heterolithic strata)
Rock type 4 (mud-dominated heterolithic strata)
Rock type 5 (shale)
Average water saturation
Steam injection pressure, kPa
Injected steam quality
Formation dilation pressure, kPa
Solution gas-to-oil ratio, m*/m>
Dead oil viscosity @ reservoir temperature, cP
Dead oil viscosity @ 250 °C, cP
Rock heat capacity, kJ/m>-C
Thermal conductivity of rock, kj/m>-day-C
Thermal conductivity of water, kj/m>-day-C
Thermal conductivity of oil, kj/m3-day-C
Thermal conductivity of gas, kj/m3-day/C

In k, =41.59,675 ¢ - 4.45,636
In kp,=35.97,981 ¢ - 4.71,278
In ky =31.56,489 ¢ - 5.26,473
In k, =27.24,718 ¢ - 5.71,400
In k, =21.20,199 ¢ - 5.87,831
0.14

3500

0.9

4800

3

1.7 x 10°

5

2.39 x 108

6.6 x 10°

5.35 x 10*

1.25 x 104

2000
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Table 2
Well names, identifiers, and horizontal well length.

Well Name Well ID Horizontal Length (m)
102-101 103/07-12-083-07W4/0 768
102-102 102/07-12-083-07W4/0 853
102-103 108/08-12-083-07W4/0 867
102-104 105/08-12-083-07W4/0 878
102-105 104/08-12-083-07W4/0 852
102-106 110/08-12-083-07W4/0 878
102-107 102/05-07-083-06W4/0 870
102-108 104/04-07-083-06W4/0 849
102-109 106/04-07-083-06W4/0 880
102-P01 100/10-12-083-07W4/0 929
102-P02 100/07-12-083-07W4/0 876
102-P03 100/08-12-083-07W4/0 856
102-P04 102/08-12-083-07W4/0 855
102-P05 103/08-12-083-07W4/0 885
102-P06 109/08-12-083-07W4/0 876
102-P07 100/05-07-083-06W4/0 885
102-P08 103/04-07-083-06W4/0 906
102-P09 105/04-07-083-06W4/0 938
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Fig. 5. Top view of the reservoir model including well pair placement. The contours
indicate the depth relative to sea level.
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Fig. 6. Three-dimensional view of the reservoir model including well pair trajectories.
The domain has been exaggerated in the vertical direction.

variable). The general proportional-integral-derivative (PID) feed-
back controller has the following form [13]:

t
u(t) = Kp e(t)+% / e(t)dt+TDdZ(tt) 1)

where t is time, u(t) is the controller output (process input) at time
t, e(t) is the observed error at time t, Kp is the proportional gain

constant, Kp/Tj is the integral gain constant, and KpTp is the deriv-
ative gain constant. The performance of a PID feedback controller
depends on three constants: Kp , Kp/T; and KpTp . An increase of the
proportional gain accelerates the process of reaching the set point
[3,4,14]. If the proportional gain is greater than the optimal gain (or
even too low) the system can become unstable. The integral gain is
the sum of the instantaneous error over time and provides a
measure of the history of the deviation that has not been corrected
previously. It can cause oscillations around the setpoint with
decreasing amplitude based on the gain value. The derivative gain
controls the degree that current change of the deviation affects the
operating condition. It can suppress overshooting caused by inte-
gral control. However, a non-optimal derivative gain may push the
system towards instability.

For a SAGD operation in a nine well pair pad, for the ith well pair,
Equation (1) becomes:

tﬂEW
1 de;(t
Qinew = Qio1g + Kp | €5(t) +T1 / e;(t)dt + Tp éi ) )
Loid

where Q; o4 is the observed steam injection rate from the start or
reset of the process, m3/d, and Qi new is the new steam injection rate
for the next control cycle, m>/d. Here, the observed variable is the
instantaneous Steam-to-Oil Ratio (iSOR) with a set point value
equal to 2.7 m>/™3. This value was chosen on the basis of several
factors. First, the Surmont SAGD operation reported a cSOR range
from 2.7 to 3.7 m*™3. Thus, 2.7 m> ™3 is a reasonable most likely
achievable in the field. Second, a cSOR value of 2.7 m*™ is ob-
tained from an ideal model, which is among the best cSOR achieved
in the ConocoPhillips' Surmont operation. Thus, the error term is
given by:

e(t) = iSOR; — 2.7 (3)

Given that the SAGD process evolves often from high steam-to-
oil ratio (SOR) to lower values as the chamber rises to the top of the
oil column and then it starts to rise due to increasing heat losses to
the overburden, it might be more appropriate to use a time-varying
iSOR set point. However, in this work a constant was used
throughout the life of the process. In this study, the PID feedback
control time interval, tpeyw — toig, Was set equal to 3 months since this
appears to be a reasonable time scale over which operations can be
changed in the field.

The PID control algorithm was implemented in Matlab [15] to
automatically adjust the steam injection rates for each of the well
pairs and control the simulations. At each time control interval, the
simulation is stopped, an in-house-developed Matlab code ana-
lyzes the results to determine the error, integral of the error, and
derivative of the error (terms in Equation (2)), and then generates
the new restart simulation file for the next time control interval.

3.1. Tuning the control parameters

A PID controller with inappropriate control parameters can lead
to instability. The first objective of PID control is to establish proper
controller parameters, i.e. Kp, T}, Tp. To tune the PID gains, first both
the integral and derivative gains were set equal to zero (T; set equal
to 10° and Tp set equal to 0) to evaluate the behaviour of the pro-
portional gain alone. The results, shown in Fig. 9, reveal that pro-
portional control yields oscillations. In Fig. 9, the red curve
represents Kp= —50 and the blue curve represents Kp= —100. The
green line represents the set point of iSOR=2.7m?m?>. It is
observed that when Kp= —100, the process approached the set
point much quicker than when Kp= —50. However, at Kp=—100,
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Fig. 7. Reservoir properties of the 2D slice proxy model (numbers are well pair labels). Top: porosity and locations of SAGD well pairs; 2nd: horizontal permeability; 3rd: water
saturation; bottom: oil saturation. The thickness of the reservoir is equal to about 40 m whereas the width, in the cross-well direction, is equal to 1200 m. In the down-well di-
rection, viewed as into the page, the dimension is equal to 25 m. The average porosity is equal to 0.34, the average horizontal permeability is equal to 3866 mD, and average water

and oil saturations are equal to 0.14 and 0.86, respectively.

the process starts to oscillate at quite large amplitude around the
set point and became unstable, which indicates a large fluctuation
in steam injection rates. In SAGD operations, we would try to avoid
such a situation because a low steam injection rate for 3 months, in

the early stage of steam chamber growth, would not provide
enough steam for chambers to grow which eventually harms SAGD
performance. On the other hand, the Kp = —50 curve closes up the
discrepancy too slow and in the end, it failed to reach the set-point,
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Fig. 9. Effect of proportional gain: Kp=-100m>/day yielded larger oscillations than
that with Kp=-50 m>/day.

which is not desired in SAGD operations. Thus, a properly chosen
value of the proportional gain is essential in SAGD operations with
PID control.

It is also noticeable that in the early stage the iSOR value did not
oscillate around the set point. This is because the Kp value is too
small and the process took too long to approach the target value.
Thus, it is preferred to use relatively large Kp in the early stage of the
process. Meanwhile, at the end of SAGD operation, where we could
see that Kp= —100 already gave quite large oscillation, we prefer a
smaller Kp to reduce the amplitude of oscillation. Thus, we suggest
using a dynamic proportional gain throughout the operation, as
shown in Fig. 10. Suitable values of the integral and derivative gains
should be sufficient to eliminate or reduce the oscillation until it is
practical from a field operation point of view and remove the
overshoot, as shown in Fig. 11. The proportional, integral and de-
rivative gains used are listed in Table 3.

The selection of the set point is also crucial in the PID feedback
control process. In this study, the iSOR target value was set equal to
2.7m3/m3. A homogeneous single well 2D model was used to
determine the target iSOR. The model represents an ideal reservoir
condition and thus the iSOR will be the lowest possible for the
given reservoir properties. The operation constraints are simple
constant steam injection pressure (equal to 3500kPa) and

maximum steam production rate (equal to 0.04 m>/day to mimic
steam trap control). The results reveal, as shown in Fig. 12, that the
limiting iSOR of the reservoir is equal to about 2.7 m3/m>. Mean-
while, the Surmont 102 N operator reported similar best-case iSOR
(2.7 m3/m?) in one of the well pairs [9].

The workflow of PID feedback controller on SAGD pad opera-
tions is summarized as below:

(1) Choose proper value for proportional gain first by disabling
the integral and derivative gains,

(2) Obtain integral and derivative gains to eliminate overshoot
and reduce oscillation, and

(3) Determine iSOR set point based on homogeneous ideal
reservoir model where performance is expected to be as best
as can be expected from the reservoir.

(4) Multiple Well Pair PID Feedback Control Cases

In this study, three cases are evaluated:

Base case: The base case applies a constant injection pressure of
3500 kPa for each well pair and each producer is constrained by a
maximum steam rate of 0.04 m>3/d (rate for 2D proxy model with
length equal to 25 m) to mimic steam trap control. The injection
pressure of 3500 kPa was chosen since this is roughly equal to the
average injection pressure of the Surmont operation over the first
few years of the process.

Case 1: cSOR priority case. In this case, the total steam rate for
the pad varies according to the PID controller within the controller
priority to shift the iSOR of each well pair to the target iSOR. Each
producer is constrained by a maximum steam rate of 0.04 m>/d to
mimic steam trap control. In this case, the overall steam rate for the
entire pad of well pairs is not constrained to a constant value but
can change through time as the controller adjusts the steam rate of
each well pair.

Case 2: 100% steam utilization case. In this case, the total steam
rate of the pad of well pairs is fixed to a constant value, that is, a
constant steam supply rate is imposed for all of the well pairs. The
well pairs collectively must use all of the steam supplied to the pad.
Here, the controller adjusts the fraction of the total steam rate of
the pad to each well pair to reduce the iSOR to the target value. Each
producer is constrained by a maximum steam rate of 0.04 m>/d to
mimic steam trap control.
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Fig. 12. Homogeneous model with PID control: the cSOR stabilizes at 2.7 m*/m> before the steam chamber reaches the top water zone where heat losses grow significantly.
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Fig. 13. PID_100% steam utilization reduced cSOR by 6.9%; PID with cSOR priority
reduced cSOR by 16%, over that of the no-PID controlled case by the end of 7 years
SAGD operation.
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Fig. 14. PID case with 100% steam utilization increased cumulative oil produced by 6%;
PID with cSOR priority lowered it by 20% under that of the no-PID controlled case by
the end of 7 years SAGD operation.
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Fig. 15. The cumulative steam injected of the PID Case 1 (cSOR priority) is about 30%
lower than that of the no-PID controlled case whereas the cumulative steam injected
in PID Case 2 (100% steam utilization) is roughly the same as that of the no-PID
controlled case by the end of 7 years SAGD operation.

stant pressure operation, as shown in Fig. 15) which explains the
lower volume of oil recovered than that of the base case. The
variability of the normalized steam injection rates for each of the
wells is displayed in Fig. 16. Although it is hard to justify econom-
ically whether the method has made an improvement in SAGD
performance, the PID feedback control does provide a steam in-
jection strategy that reduces the steam-oil ratio (SOR) to the set
point. The results from an energy efficiency point of view suggest
that the primary means that the controller used to improve the
steam-to-oil ratio was by limiting steam injection with the
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Fig. 16. Case 1 (cSOR priority) steam rate varies from well pair to well pair. Note, steam
rates have been normalized to per meter of well pair length. 101 refers to well pair 1
and so on.

consequence that the oil production rate and overall volume suf-
fered. The lower the amount of energy injected into the reservoir,
the smaller the volume of bitumen mobilized and drained to the
production well.

4.2. Case 2: 100% steam utility operation

In this case, daily steam rate (expressed as cold water equiva-
lent) is fixed at 117 m3/d for the 2D proxy model. For the 3D model,
this equates to about 4082 m>/day for the entire pad or 0.52 m?/
day/m well. In other words, the steam injection rate to the entire
pad is fixed throughout the life of the SAGD operation. The rate was
chosen so that over 7 years operation, the same amount of steam
would be injected as that of the base case (shown in Fig. 15). As
shown in Fig. 13, the PID-controlled case shows a 6.9% cSOR
reduction. Fig. 14 reveals that a 6% oil recovery increase results with
PID-control over that of the base case. A comparison between the
two PID-controlled cases is listed in Table 4.

The improved SAGD performance is the result of steam alloca-
tion which is controlled by the PID algorithm. For each control
cycle, the PID feedback controller reads the iSOR for each well pair
and it delivers a larger fraction of the total daily steam to the
highest iSOR well pair. As shown in Fig. 17, for example, an increase
of Wellpair 102—09's steam injection rate would result in a jump of
the iSOR, due to local poor reservoir quality; thus, the PID controller
correspondingly reduced steam injection for that well pair. In the
long run, that well pair would only consume a relatively small
fraction of the total steam while maintaining the target iSOR. On
the other hand, Well pair 102—06 is able to maintain the target iSOR
while taking a large amount of steam injection. The fundamental
difference behind the performance of the two well pairs is the
reservoir quality. Constant pressure injection would either cause
too much steam injection into 102—09 which results in higher iSOR
or too little injection into 102—06 which results in much lower
volume of oil recovered.

Through analyzing the iSOR and its variation at different steam
injection rates, the PID controller identifies the relatively more
productive well pairs (that is, low iSOR, high steam rate) and the
relatively less productive well pairs (that is, low iSOR, low steam
rate) and the steam is dynamically allocated according to this
pattern — the iSOR is the signal by which the reservoir heteroge-
neity is communicated to the control algorithm. In this way, PID
feedback controller bypasses the relatively poor reservoir regions
(those regions with less productive well pairs) and accelerates the
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Table 4

100% steam utility case PID-controlled and no-PID results.

T. Guo et al. / Petroleum 4 (2018) 318—328

cSOR, m*/m? Cumulative Oil Produced, m® per m length of well pair Cumulative Steam Injection, m> per m length of well pair
PID-controlled 3.10 3838 12,021.0
No-PID 3.33 3621 12,094.1
% Difference —6.9% +6% —0.61%
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Fig. 17. Case 2 (100% steam utilization) steam rate profile for Well pairs 102—09 and 102—06.102-09 has similar cSOR as that of Well pair 102—06, however, Well pair 102—09
consumes much more steam than that of Well pair 102—06. Note, steam rates have been normalized to per 25 m of well pair length.

steam chamber growth and thus the oil recovery in the relatively
high-quality regions, that is, the “sweet spots” of the reservoir. For
example, in Fig. 18, after 7 years operation, the size of the steam
chamber of Well pair 102—06 is much larger than that of Well pair
102—09, which suggests that Wellpair 102-w06 has recovered
more oil than that of Wellpair 102—09. Although it remains unclear
if PID feedback controller would improve the long-term cSOR
(operation life >20 years) and the ultimate oil recovery (since
eventually the majority of the reservoir would be heated and
resident oil mobilized and drained), it is demonstrated, by nu-
merical simulation, that the PID controller substantially improves
both cSOR and cumulative oil production over a period of the first 7
years' operation (much of the economics of the process is estab-
lished in the first 7—10 years given the time value of money) while
keeping the same energy input as the no-PID controlled case. If the
PID controller gains could be updated frequently, then the control
could be potentially more beneficial.

The results suggest that PID-based feedback control can
improve the performance of SAGD. In the field, this could be
implemented by using not only the production data which provides
the steam-to-oil ratio but also thermocouple or fiber optic tem-
perature measurement systems to provide data on where the steam
is moving within the reservoir, in other words, temperature data
within the reservoir. This, together possibly with seismic in-
terpretations of steam chamber extent, can be used as the control
data in a PID scheme to reinforce an injection strategy that auto-
matically moves steam to cooler regions of the reservoirs which
indicate that steam has not reached there at a given point of time.
The controlled variables would be the steam injection rate or
pressure or both into each well pair. One interesting outcome of the
control strategy is that the automated control system determined,
through the response of the system as measured by the steam-to-
oil ratio, indications of the ‘sweet spots’ in the reservoir — a low
steam-to-oil ratio implies that the steam has assessed an oil zone

that is relatively mobile and is then produced. This further implies
that the oil was from either a high oil saturation region or a rela-
tively high permeability region with good connectivity to the pro-
duction well (this defines the sweet spot).

5. Conclusions
The conclusions of the study are as follows:

(1) A proportional-integral-derivative feedback control method
to control SAGD pad-scale operations is suggested where
(a) The proportional gain should be dynamic and be large at

early stage and small at late stage of SAGD operations,
(b) The proper integral and derivative gains should be added
to kill overshoot, and
(c) The proper set point value should be determined from an
“ideal” homogeneous model with average reservoir
properties.

(2) PID feedback control is able to guide the steam injection
strategy for SAGD pad-scale operations to effectively main-
tain the target cumulative steam-to-oil ratio.

(3) PID feedback control, in the case where there is a fixed steam
capacity to be used among all of the well pairs, is able to
dynamically adjust steam injection rates among multiple
well pairs to achieve lower cSOR and higher volume of oil
recovered for the same amount of steam injected.

(4) PID control can potentially yield robust SAGD operations that
adapt to performance impacts arising from heterogeneity of
the geology of the reservoir. However, there is the possibility
that if the PID control parameters are applied to a reservoir
with properties different from that of the one from which
they were tuned, then the PID performance may not be
optimal. This issue could be addressed by using continuous
updating of the geological model as new production data is
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Fig. 18. Comparison of oil-water-gas phase distributions in (a) no-PID, (b) Case 1 (cSOR priority), and (c) Case 2 (100% steam utilization) cases after 7 years of steam injection. Case 1
has steam chambers of similar size or slightly smaller than that of the no-PID case whereas Case 2 has a larger steam chamber at Well pairs 102—05 and 102—06 than that of the no-
PID case. The results reveal that the cSOR priority case reduces cSOR but the overall oil production volume and steam conformance may suffer as a consequence. The 100% steam
utilization case reveals that steam is better used in the reservoir leading to greater volume of oil produced and improved cSOR over that of the no-PID case.

generated by using Ensemble Kalman Filter techniques (e.g.
Ref. [16]).

Acknowledgements

The authors acknowledge financial support from the Carbon
Management Canada (CMC-NCE), Schlumberger for use of its
geological modelling software Petrel, and Computer Modelling
Group for use of its thermal reservoir simulator, STARS™. Funding
is acknowledged from the University of Calgary Canada First
Research Excellence Fund — Global Research Initiative in Sustain-
able Low Carbon Unconventional Resources and support from the
University of Calgary Beijing Research Site.

Nomenclature
SAGD Steam-assisted gravity drainage
cSOR Cumulative steam-to-oil ratio, m*/m>
iSOR Instantaneous steam-to-oil ratio, m3/m>
PID Proportional-Integral-Derivative
Kp Proportional gain, m>/day (for rate PID equation)
T Integral gain, month
Tp Derivative gain, month
Pressure, kPa
t Time, month
e Error between actual iSOR and target iSOR, m3/m>
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