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Oil Production
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• Production from Oil reservoir
• Porous rocks with oil in pores
• 10ଵ to 10ସ ݇݉ଶ in size
• Geological structure heterogeneous

• Very different rock properties within reservoir
• Life cycle of 10 – 100 years

• Oil production phases
• Primary production (5-15%)
• Secondary production (Water-flooding)
• Tertiary production

Van Essen et al. (2010)
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• Large-scale, non-convex and non-linear optimization

• Uncertainty:
• Economic uncertainty

• Varying oil prices

• Parametric uncertainty

Decision making (model-based economic 
optimization) under economic uncertainty 

Challenges
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Model-based optimization and Reactive strategy

PAGE 418-1-2016

• Net Present Value (NPV)
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• Gradient obtained by solving an adjoint equation

• Reactive strategy: 
• Injection with maximum rates and shut-in production wells when it 

is no longer profitable.

• Experiment with the ‘standard egg model’ 
Jansen et al. (2014)
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Long-term gains

Short-term gains

Nominal model-based optimization and reactive strategy

Model-based optimization and Reactive strategy

It is desirable to include uncertainty in the model-based optimization



Handling risk of uncertainties
Literature Survey
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Optimization over an ensemble of possible realizations (geological scenarios)

Van Essen, G., Zandvliet, M., Van den Hof, P. M. J., Bosgra, O., Jansen, J. D., 2009. Robust waterflooding
optimization of multiple geological scenarios. SPE Journal 14 (01), 202–210, DOI: 10.2118/102913–PA.

An ensemble of 100 realizations of standard egg model:

The mean optimization ܬெை for an ensemble of ௥ܰ ൌ 100 models

ெை
ଵ
ேೝ ௜

ேೝ
௜ୀଵ ௜

Where ܬ is NPV, ݑ is the control input and ߠ௜ is the uncertainty ensemble
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Handling risk of uncertainties
Literature Survey
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Handling risk of uncertainties
Literature Survey

• Uncertainty is mapped to the distribution of the objective (NPV)

• Considers uncertainty in optimization framework,  does not minimize 
the negative effect of it

Not a very robust scheme!



“Flaw of averages” (2009,2012), Sam Savage.
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Risk management

Risk is unpredicted variability or a potential loss of the expected economic 
objective.

Risk management is the shaping of gain\loss distribution.



Risk management
Risk measures H. Markowitz (1952), Rockafellar et. al (2000), Capolei et al. (2015b),

- Variance (Portfolio theory):

ெ௏ைܬ ൌ ெைܬ െ ௏ܬߛ

Capolei et al. (2015a),

ெைܬ ൌ 			
ଵ
ேೝ
∑ ௜ܬ ,ݑ ௜ߠ
ேೝ
௜ୀଵ (Mean)

௏ܬ 			ൌ 			
ଵ

ேೝିଵ
	∑ ௜ܬ ,ݑ ௜ߠ െ ெைܬ ଶேೝ

௜ୀଵ (Variance)

Siraj et al. (2015)
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Risk management
Risk measures

• A symmetric measure of risk

• It penalizes the best cases

• The decision maker is mainly 
concerned with the worst cases

- Variance (Portfolio theory):

Using asymmetric risk measures to improve the worst 
cases without heavily compromising the best cases
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Risk management
Asymmetric Risk measures

Worst-case (Robust optimization):

max
௨
				 min

ఏ೔
ܬ		 ,ݑ ௜ߠ

max
௨
ݖ	

.ݏ ݖ										ݐ ൑ ܬ ,ݑ ௜ߠ 									∀݅

Reformulation:



PAGE 1418-1-2016

Value at Risk (VaR):
ܸܴܽఉሺܺሻ ൌ min 	ݖ ௑ܨ ݖ ൑ ሽߚ	

Conditional Value at Risk (CVaR):
ఉሺܺሻܴܸܽܥ ൌ 	ܧ ܺ	 ܺ	 ൑ 	ܸܴܽఉሿ

Risk management
Asymmetric Risk measures
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Simulation experiments

max
௨
ݖ	

.ݏ ݖ										ݐ ൑ ܬ ,ݑ ௜ߠ 									∀݅

Experiment details:

• An ensemble of oil price scenarios

• A single realization of reservoir egg model 

• For worst-case optimization:

Where ܬ is NPV, ݑ is the control input and ߠ௜ is the uncertainty ensemble



Worst-case robust optimization

Worst-case increase:		4.41%
Average decrease:							6.18%



max
௨

ெെܬ			 ஼௏௔ோܬ߱
• ߚ ൌ 0,8

Handling economic uncertainty

Conditional value-at-Risk (CVaR) optimization



஼௏௔ோܬெെ߱ܬ		 ெܬ െ ௏ܬߛ

Conditional value-at-Risk (CVaR) optimization

Mean - CVaR optimization Mean - Variance optimization



Take-home office messages
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• Asymmetric risk management using concepts from the theory of risk

• Results highly dependent upon the chosen uncertainty quantification 
(uncertainty ensemble)

• CVaR and worst-case optimization provide improvement but at the 
cost of compromising best cases.

Future directions:

• Best cases can be retained by imposing some constraints.

• Semi-variance can be an attractive measure for asymmetric risk 
shaping (submitted to DYCOPS-CAB 2016)
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Conditional Value at Risk (CVaR) [1]

Let ܺ be a random variable with the cumulative distribution function 
	௑ܨ ݖ ൌ ܲሼܺ	 ൑ ܴܸܽ ሽ. Theݖ of ܺ with confidence level β	 ∈	ሿ0,1ሾ is

ܸܴܽఉሺܺሻ ൌ min 	ݖ ௑ܨ ݖ ൒ ሽߚ	
ఉሺܺሻܴܸܽܥ ൌ 	ܧ ܺ	 ܺ	 ൒ 	ܸܴܽఉሿ

CVaR optimization:

ఉܴܸܽܥ ܺ ൌ min
ఈ
ሼߙ ൅	

1
1	 െ ߚ ܧ ܺ	 െ ሿାߙ ,

where
	ሾݐሿା ൌ max	ሼݐ, 0ሽ

And 

min
௑

ఉܴܸܽܥ ܺ ൌ min
ሺ௑,ఈሻ

ሼߙ ൅	
1

1	 െ ߚ ܧ ܺ	 െ ሿାߙ ,



Worst-case robust optimization

ெௐ஼ைܬ ൌ ெைܬ ൅ ௐ஼ைܬߣ



Optimization solver
KNITRO

KNITRO:

A commercial solver for large-scale non-
linear constraint optimization

Both interior-point (barrier) and active-set 
methods;

Programmatic interfaces: C/C++, Fortran, 
Java, Python; 

Modeling language interfaces: AMPL ©, 
AIMMS ©, GAMS ©, MATLAB ©, MPL ©, 
Microsoft Excel Premium Solver ©; 


