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Closed-loop Field Development Optimization

ﬁ Drill New Well ﬁ

Collect Optimize
Reservoir Data Well Placement

b Update Models :

= Each new well is optimized with knowledge that it is one
well in a sequence
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Closed-loop Field Development Optimization
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Closed-loop Field Development Optimization
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Closed-loop Field Development Optimization
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Closed-loop Field Development Optimization
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Closed-loop Field Development Optimization
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Closed-loop Field Development Optimization
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Closed-loop Field Development Optimization
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Closed-loop Field Development Optimization
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CLFD with Multiple Realizations
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Optimization Problem in CLFD

NPV objective for field development optimization:
J(x,m) =p,Q, — Cwp pr — CwiQwi — XCwell

X: vector of decision parameters (number of wells, well
types, locations, controls, drilling sequence)

m: a “current” (updated) realization at time t;

Maximize expected NPV:

N
_ 1
J(x) = Nz:](x, m; )
j=1
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Optimization Problem in CLFD

= M'=|m}, m}..m}]|: set of current realizations (updated
at ti)

N
1 - .
= E J(xmi),  J=J(xM)

= Optimal solution (at t;) : x! = argmax ]_(X,Mi), using
PSO-MADS (Isebor et al. 2014 a, b)
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Evolution of Solution in CLFD

Production Prod / Inj
t, from Well 1 t, from Wells 1 & 2 L,
M?! M? M? M3
History Matching History Matching
J(x°, M) J(x*,M*?) J(x%, M?)

ﬂOptimization ﬂ Optimization

J(x1, MY) J(x%, M#) J(x3, M3)
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Evolution of Solution in CLFD

t1 t; t3
Optimal solution: x? Optimal solution: x? Optimal solution: x3
J(x', M) J(x?, M?) J(x3,M?)

J&EEmyrge) =——>  J(X% Mtrye) ——> J (X3, Mirye)

= Qurinterest is to investigate how “NPV for the true model”
changes with update steps of CLFD

SPE 173219 15



Randomized Maximum Likelihood (RML)
for Generating Multiple History Matched Models

= History matching in CLFD is based on RML (Oliver et al. 1996)

= Minimize N objective functions to generate N posterior
samples using L-BFGS

S(m) = S,,(m,m,.) < Model mismatchterm

+ Sd (m: duc) < Data mismatch term

= d,.: perturbed observation sample

" m,.:an unconditional realization of log-permeability field
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Optimization under Geological Uncertainty

= Alarge number of realizations (Ny) are used to capture
uncertainty
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= How many realizations should we use in optimization?

= Sample validation: optimize for N < Ny representative
realizations, then validate representivity
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Optimization with Sample Validation (OSV)

= Compute Relative Improvement (RI): ratio of
Improvement for the entire set (M) over that for the
representative set (M,..,):

_ ]_(Xoptr M) - ]_(Xinit) M)
RI = — —
](Xopt: Mrep) _ ](Xinit: Mrep)

= M : set of all realizations of size Np
= M,., :representative set of size N

= We require RI = 0.5 to accept x,,; as optimal solution
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Optimization with Sample Validation (OSV)

Xo: initial guess,
k=0

Run simulation for all N @
realizations with xj,

~

Select N, i
representative realizations
Q Set Nk+1 > Nk
[Optimize }
Yes No
Realizations

L Accept Xy representative?

SPE 173219 19



Simultaneous versus Well-by-Well
Optimization

Deterministic reservoir description

Simultaneous optimization: optimize the locations, controls and types
of 4 wells drilled at 210 day intervals

Well by well: optimize Well 1; then optimize Well 2 (drilled at 210

days), etc.
parameter | value

well cost S 25 MM
oil price S 90 / bbl
produced water S 10/ bbl
injected water S 10/ bbl

reservoir life 3000 days

20 40 60
log-permeability Porosity 0.2
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Final Saturation from Optimal Solutions

Well-by-Well Simultaneous
3000 Days 3000 Days
L L | Io.s Io.s
0.6 106
- 0.4 - 0.4
Io.z Io.z

20 40 60 20 40 60

NPV = $625 MM NPV = $708 MM
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CLFD for a 2D Reservoir (60 x 60)

Uncertain permeabillity field
Budget to drill maximum 8 wells at 210 day intervals

Casel: N =3
Case 2: N =10

Case 3: N determlned from OSV m

well cost S 25 MM
oil price S 90 / bbl

Produced- S 10/ bbl
injected water

reservoir life 3000 days

Porosity 0.2

True log-permeability . =0
R

(produces synthetic observed data)
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Optimization on “True” Model (Deterministic)

NC
0.8
. L] |
100 C & ;
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0.6 Ty |
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0.4 By P SN S| )

>0 x Optimal well

60 9 0.2 Configuration on truth

20 40 60
s, distribution at 3000 days (NPV = $ 730 MM)
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Selection of Realizations (N = 3)

x10° | __#3

1+ - All Realizations
® Selected Realizations

0 10 20 30 40 50
Ranked Realization Index

Real 2
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Optimization over 3 Prior Realizations

(1st Optimization Step of CLFD)

X 108

Initial E[NPV]

;7

Optimal E[NPV]

D 50

100 150

Equivalent simulation runs
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Optimal E[NPV] for CLFD (N = 3)

8
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* J(x', M}, ): Optimal E[NPV] at t;
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Optimal NPV versus CLFD Steps (N = 3)

X 108
Vs Mo .
Deterministic
6 ¢ Final NPV -
$ 398 MM
@\5* [ ) i
~— ® \\ ?
Z4 . ¢ s o " -
Z o ! |
2 B
o
1 0 210 420 630 840 1050 1260

Time (Days)
+  J(x',Ml,,): Optimal E[NPV] updated at t;

o J(x}, Myrye ): NPV for the true model
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Summary of Optimization Results

True NPV
Optimization cases S MM
Deterministic
(known geology) 730
50 Prior Reals 350
CLFD with 3 Reals 398
CLFD with 10 Reals 599
CLFD with OSV 586

SPE 173219
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CLFD for a 3D Reservoir (30 x 30 x 5)

= Wells operated on BHP with maximum rate constraint
= Drill 6 wells: 3 horizontal producers, 3 vertical injectors

= Apply CLFD Optimization with Sample Validation (OSV)

5 well cost S 25 MM
10 oil price $90/ bbl
> 15 Produced- S 10/ bbl

20 injected water

25

drilling lag-time 210 days

30

s reservoir life 2000 days
True log-perm (Layer 1) perforation cost  $2 MM /blk
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Optimization on True Model

O/
38>§\01\0\

>20 30

O O 10 X
30 4 13 -
20 o2
P3
10 P2 I 1
P
% 10 20 30

SPE 173219




Optimal NPV versus CLFD Steps

9 5X 108
)
Deterministic ®
9 ° * *
. o o o // ®
©8.5 Final NPV
E I\/I1 I\/I2 I\/I3 I\/I4 $ 899 MM
Z 8 o .
7.5 ® 1
7
0 210 420 630 840
Time (Days)

® J(x',M"): Optimal E[NPV] updated at t;

® J(x',Mgye ): NPV for the true model
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Summary

Implemented a framework for closed-loop field
development (CLFD) optimization under uncertainty

Results show that the use of too few realizations leads to
lower NPV values for “true” model

Optimization with sample validation (OSV) developed and
tested for optimization under geological uncertainty

Use of CLFD with OSV represents a robust and efficient
overall methodology
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