
SpringerBriefs in
Petroleum Geoscience & Engineering

Reza Yousefzadeh · Alireza Kazemi · 
Mohammad Ahmadi · Jebraeel Gholinezhad

Introduction 
to Geological Uncertainty 
Management in Reservoir 
Characterization and 
Optimization
Robust Optimization and 
History Matching



SpringerBriefs in Petroleum Geoscience & 
Engineering 

Series Editor 

Jebraeel Gholinezhad, School of Engineering, University of Portsmouth, 
Portsmouth, UK 

Editorial Board 

Mark Bentley, AGR TRACS International Ltd, Aberdeen, UK 

Lateef Akanji, Petroleum Engineering, University of Aberdeen, Aberdeen, UK 

Khalik Mohamad Sabil, School of Energy, Geoscience, Infrastructure and Society, 
Heriot-Watt University, Edinburgh, UK 

Susan Agar, Oil & Energy, Aramco Research Center, Houston, USA 

Kenichi Soga, Department of Civil and Environmental Engineering, University of 
California, Berkeley, USA 

A. A. Sulaimon, Department of Petroleum Engineering, Universiti Teknologi 
PETRONAS, Seri Iskandar, Malaysia



The SpringerBriefs series in Petroleum Geoscience & Engineering promotes and 
expedites the dissemination of substantive new research results, state-of-the-art 
subject reviews and tutorial overviews in the field of petroleum exploration, 
petroleum engineering and production technology. The subject focus is on upstream 
exploration and production, subsurface geoscience and engineering. These concise 
summaries (50–125 pages) will include cutting-edge research, analytical methods, 
advanced modelling techniques and practical applications. Coverage will extend 
to all theoretical and applied aspects of the field, including traditional drilling, 
shale-gas fracking, deepwater sedimentology, seismic exploration, pore-flow 
modelling and petroleum economics. Topics include but are not limited to:

● Petroleum Geology & Geophysics
● Exploration: Conventional and Unconventional
● Seismic Interpretation
● Formation Evaluation (well logging)
● Drilling and Completion
● Hydraulic Fracturing
● Geomechanics
● Reservoir Simulation and Modelling
● Flow in Porous Media: from nano- to field-scale
● Reservoir Engineering
● Production Engineering
● Well Engineering; Design, Decommissioning and Abandonment
● Petroleum Systems; Instrumentation and Control
● Flow Assurance, Mineral Scale & Hydrates
● Reservoir and Well Intervention
● Reservoir Stimulation
● Oilfield Chemistry
● Risk and Uncertainty
● Petroleum Economics and Energy Policy 

Contributions to the series can be made by submitting a proposal to the responsible 
Springer contact, Anthony Doyle at anthony.doyle@springer.com.

mailto:anthony.doyle@springer.com


Reza Yousefzadeh · Alireza Kazemi · 
Mohammad Ahmadi · Jebraeel Gholinezhad 

Introduction to Geological 
Uncertainty Management 
in Reservoir Characterization 
and Optimization 
Robust Optimization and History Matching



Reza Yousefzadeh 
Department of Petroleum Engineering 
Amirkabir University of Technology 
Tehran, Iran 

Mohammad Ahmadi 
Department of Petroleum Engineering 
Amirkabir University of Technology 
Tehran, Iran 

Alireza Kazemi 
Department of Petroleum and Chemical 
Engineering, College of Engineering 
Sultan Qaboos University 
Muscat, Oman 

Jebraeel Gholinezhad 
School of Energy and Electronic 
Engineering 
University of Portsmouth 
Portsmouth, UK 

ISSN 2509-3126 ISSN 2509-3134 (electronic) 
SpringerBriefs in Petroleum Geoscience & Engineering 
ISBN 978-3-031-28078-8 ISBN 978-3-031-28079-5 (eBook) 
https://doi.org/10.1007/978-3-031-28079-5 

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2023 
This work is subject to copyright. All rights are solely and exclusively licensed by the Publisher, whether 
the whole or part of the material is concerned, specifically the rights of translation, reprinting, reuse 
of illustrations, recitation, broadcasting, reproduction on microfilms or in any other physical way, and 
transmission or information storage and retrieval, electronic adaptation, computer software, or by similar 
or dissimilar methodology now known or hereafter developed. 
The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication 
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use. 
The publisher, the authors, and the editors are safe to assume that the advice and information in this book 
are believed to be true and accurate at the date of publication. Neither the publisher nor the authors or 
the editors give a warranty, expressed or implied, with respect to the material contained herein or for any 
errors or omissions that may have been made. The publisher remains neutral with regard to jurisdictional 
claims in published maps and institutional affiliations. 

This Springer imprint is published by the registered company Springer Nature Switzerland AG 
The registered company address is: Gewerbestrasse 11, 6330 Cham, Switzerland

https://doi.org/10.1007/978-3-031-28079-5


This book is dedicated: 

To my wonderful friend, Meysam Yari, and 
my family that always supported me. 

Reza Yousefzadeh—January 2023



Preface 

The main purpose of this book is to investigate the methods, challenges, and solutions 
to manage uncertainty in reservoir characterization and optimization. This book is 
a quick and strong introduction to reservoir characterization and optimization under 
geological uncertainty that can guide graduate/post-graduate students and researchers 
to start their investigations with a strong understanding of the basics of geological 
uncertainty and solutions to it. The content of this book is prepared based on the 
most prominent works by a large number of authors including the authors of this 
book who have had several published works regarding the geological uncertainty 
management both in reservoir characterization and in optimization. Since this book 
is a brief, methods and examples are briefly described and some outdated methods 
are ignored. 

This book contains five chapters. In Chap. 1, types and sources of uncertainty, 
uncertainty in different reservoir management phases, and challenges in those phases 
are introduced, and general methods to manage those uncertainties are explained. 
Chapter 2 is about the “Geological Uncertainty Quantification”. This type of uncer-
tainty is related to macro- (e.g., fluid contacts) and micro-scale (e.g., permeability 
distribution) parameters that affect all decisions about field development. Use of 
geological prior information, seismic and petrophysical data, geological parametriza-
tion, and exploring the range of scenarios are explained in this chapter. Then, 
geological realizations and methods to generate them are explained; their workflow, 
advantages, and disadvantages are discussed. Chapter 3 is dedicated to “Reducing 
the Geological Uncertainty by History Matching”. History matching suffers from 
different challenges including high dimensionality of the models, nonlinear, non-
Gaussian, and three-dimensional distribution of the uncertain parameters, which are 
introduced in this chapter. In the end, different approaches to history matching, 
including the open-loop and closed-loop reservoir management as well as the 
common methods of history matching, are described; their advantages and short-
comings are discussed. In Chap. 4, dimensionality reduction methods to resolve the 
challenges related to high dimensionality of the geological realizations are presented. 
Dimensionality reduction methods proposed by the authors of this book and others, 
including the conventional and novel machine learning-based methods, are presented,
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and their pros and cons are discussed. Chapter 5 is about “Field Development Opti-
mization Under Geological Uncertainty” using robust optimization. Challenges in 
robust field development optimization, including the high computational cost, risk 
attitudes, and choosing a subset of realizations to use in robust optimization, are 
discussed, and common solutions are introduced. In this regard, recent methods of 
selecting a subset of realizations using static, dynamic, and hybrid properties of the 
reservoir in green and brown fields and novel approaches to constraining the search 
space of the optimizers to facilitate the robust optimization process proposed by the 
authors and other researchers are presented. In the last chapter (Chap. 6), different 
kinds of proxy models in history matching and robust field development optimiza-
tion are introduced. These proxies include the physics-based, non-physics-based, and 
hybrid proxies. Their pros and cons are discussed, and some of their applications in 
history matching and robust optimization are presented. 
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Chapter 1 
Uncertainty Management in Reservoir 
Engineering 

Abstract Almost all activities in real life entail different kinds of uncertainty. From 
daily decisions to complicated problems, such as petroleum reservoir characteri-
zation, suffer from uncertainties. Uncertainty can have different roots, including 
incomplete observation of the system, incomplete modeling of the system because 
of our limited knowledge and understanding of the underlying mechanisms and 
rules of the system, intrinsic uncertainty in the system, and inaccurate measurement 
of the system’s parameters. The first step to deal with uncertainty is to recognize 
its root and type. This chapter introduces different types of uncertainty in reservoir 
engineering, challenges induced by uncertainty, and common ways to treat them. 
Two general approaches to handle the uncertainty are described, named forward 
uncertainty management and inverse uncertainty management. Forward uncertainty 
management tries to propagate the uncertainty from inputs to the output(s) to make 
robust decisions regarding the problem understudy. On the other hand, inverse uncer-
tainty management deals with calibrating model parameters to reduce the range of 
uncertainty. 

Keywords Uncertainty · Reservoir engineering · History matching · Robust 
optimization · Bayesian framework · Geological uncertainty · Field development 

1.1 Introduction to Uncertainty Management in Reservoir 
Engineering 

Uncertainty is present in almost all kinds of activities and processes. In fact, except for 
simple mathematical expressions, it is very hard to find an event that is completely true 
or that will happen deterministically [1]. This uncertainty increases the complexity 
of problems. For example, if a decision is made under some assumptions without 
considering the uncertainties, it may fail if the conditions turn out to be different from 
that of thought to be. This can yield instability in the decision making process. As a 
result, any decision making process should consider the uncertain nature of events, 
and the decisions should be made under the present uncertainties. Consequently, the 
decision will be stable if the situation changes.
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