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Chapter 1

1.1

Climate Change and Carbon Capture And Storage

Climate change, i.e. global warming and cooling, is inherent to the “system” earth. Climate
and weather denote phenomena, which are determined by physical and chemical processes in the
atmosphere. The atmosphere is a very complex system and weather processes taking place in
the atmosphere are only predictable over short time horizons. Climate and weather are mainly
determined by processes taking place in the lower layers of the atmosphere, where water vapor and
other gases, e.g. CO2 , absorb sun light and thereby increase temperature.1 This phenomenon is
known as the greenhouse effect, and gases triggering this effect are commonly known as greenhouse
gases (Bauer et al. 2007).
Next to water vapor, CO2 is the most abundant greenhouse gas and the share of CO2 in the
atmosphere is rather volatile.2 This implies that the share of CO2 in the atmosphere determines to
a great extend the global climate. In the past two centuries, the share of CO2 in the atmosphere
has increased by more than 40 percent to almost 400 parts per million (ppm), and, according to
Foster and Rohling (2013), the global CO2 levels have never been as high as today within the last 40
million years. The increase in CO2 levels is almost solely attributed to anthropogenic activities such
as burning fossil fuels, e.g. oil, coal and natural gas. Among fossil fuels, coal plays an outstanding
role due to extensive use for energy production3 , and its emission intensity.4
As the consequence of increasing greenhouse gas levels in the atmosphere, according to Pachauri
and Reisinger (2007), global mean temperatures have risen significantly and will continue to do so.
The rise of global mean temperatures is estimated to increase frequency of extreme and catastrophic
weather events across different geographical regions. Some regions will be more affected by extreme
heat, while others will be more affected by extreme floods and storms. The cost of global warming
are distributed asymmetrically among nations and communities of different economic strength, with
more economically advanced nations and communities, being more capable to adapt.
To seek control of the consequences of climate change, a unique political initiative, comprising
leaders of almost all nations and many nongovernmental groups, emerged in the late 1980ies. The
Intergovernmental Panel on climate change (IPCC) was established with the aim to summarize
climate change related research results and to publish reports every five years.5 Moreover, within
the UN Framework Convention on Climate Change (UN-FCCC), multilateral treaties, such as the
1 These

processes interact with the global water cycle

2 There

are more efficient greenhouse gases. Methane is, depending on the time scale under consideration, between
8 and 72 times more efficient than CO2 . However, it is much less abundant.
3 According

to (Metz, 2005), circa 40% of electricity generation is generated by burning coal.

4 Burning

coal emits twice as much as burning natural gas and 50 percent when used to generate electricity. Burning
coking coal emits 94 gram of CO2 per Giga Joule (GJ), raw oil emits 73 gram/GJ and natural gas 56 gram/GJ.
5 In September of 2013, the results of the first working package of the climate change assessment group were
published. The latest complete report, can be found in Pachauri and Reisinger (2007).
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Kyoto protocol, were negotiated to bring mitigation measures into action. “cap and trade” systems
were initialized, which are supposed to help internalizing the cost of emission. Under a “cap and
trade” system, regulators determine caps, which limit the supply of tradeable emission certificates.
Each certificate provides the holder with the permission to emit a certain amount of CO2 , e.g. one
ton (Watson and Albritton, 2001). Regulators are responsible for the tracking and validation of the
actual emissions. One of the most mature CO2 markets for emission certificates is the European
Emission Trading Scheme (EU ETS). In chapter three of this book, we discuss how uncertainty in
emission allowance prices and other factors determine investment in a climate change mitigation
technology.
With internalized cost of emission, emitters are forced to employ less carbon intensive production
technologies. According to Pacala and Socolow (2004), Metz (2005) and Deutch and Moniz (2007)
among others, Carbon Capture and Storage (CCS) helps emitters (mainly electricity producers)
to reduce the cost of fulfilling regulatory requirements that are taken to internalize the cost of
climate change. CCS denotes a bundle of technologies to capture CO2 from point emission sources,
transport it to, and store it in geologic formations. In 2004, Pacala and Socolow argued in a widely
cited article that CCS is good for avoidance of 1/7th of required global emission mitigation. To
realize this,
” ...the installation of CCS at 800 GW [giga watt] of baseload coal plants by 2054...”
would be required. 800 GW corresponds to the power output of at least 800 large scale coal fired
power plants. Many scholars, e.g. Haszeldine (2009), support Pacala and Socolow’s view and
highlight that CO2 mitigation by CCS has a cost advantage as compared to alternative mitigation
technologies. These scholars considers CCS to be the centerpiece of global mitigation effort. Further
details on economic aspects of CCS can be found in the second chapter of this thesis.
However, despite increasing evidence that the consequences of global warming might be severe,
so far, CCS is not employed on the industrial scale yet. In 2009, Haszeldine indicated that,
“Urgent action is required if carbon capture and storage is to play a large role in
limiting climate change.”
In recent years, relatively few CCS demonstration projects have been installed. Four of the most
relevant industrial scale projects are the Sleipner project (Norway), the Salah project (Algeria),
Weyburn (Canada/USA) and Snohvit (Norway). With exception of the Weyburn project, these
projects are linked to the processing of natural gas. At Sleipner, around one million tonnes of CO2
are annually sequestrated and injected into the nearby Utsira formation.6
6 The

Institute for CCS provides an overview over planned and operational CCS projects all over the world.
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However, many planned projects have been canceled prematurely. For the time being, given

the optimistic expectations of engineers, climate researchers and some economists, application of
CCS can be considered as having failed in Europe. The relative lack of investment in mitigation
technologies leads to the situation that national and international policy makers might not be able
to fulfill their ambitious mitigation plans.
All this raises the question of why CCS is not a success so far. According to Haszeldine,
“The pricing provided by the current carbon market is far too low and erratic.”
Indeed, only few countries penalize emission of CO2 currently. In regions where such penalties have
been introduced, emission prices are very low.7
Moreover, despite the successful realization of the aforementioned projects, public resistance
against storage projects has become relevant for the materialization of demonstration projects.
Haszeldine states:
”Opposition has halted several feasible test sites for CCS in Europe.”
His view is in line with other scholars, interested in the social environment of CCS, e.g. Curry (2004),
Itaoka et al. (2004) and van Alphen et al. (2007). In recent years, several papers, emphasized the
relevance of the social acceptance for the materialization of CCS.
In this thesis, we take a closer look at those issues that have been proposed to explain why CCS
is not employed on an industrial scale yet. Despite the fact that there might be various explanations
for the hesitant application of CCS, we focus our discussion on low carbon prices, uncertainty in gas
and carbon prices and local environmental activism. A survey among UK experts on CCS supports
our choice. According to Gough (2008), CCS experts consider policy related issues to be two of
the three most urgent potential show stoppers for the implementation of CCS in the UK. Public
perception is considered to be the fourth most relevant potential show stopper.
We devote chapters 3-5 to the discussion of these issues. The model proposed in chapter four
provides general insights into the breakdown of climate policy, as will become clearer in the remainder of this introduction. The second chapter surveys socio-economic characteristics of CCS and
highlights developments that might turn out to be relevant for its implementation. In the remainder of the introduction, we introduce the reader to the chapters of the thesis and briefly sketch the
main findings.
Our discussion shall help improving future investment decisions in CCS and other mitigation
technologies.
7 In

the beginning of December 2013, a price of approximately 5e per tone of CO2 has been observed.
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Chapter 2: The Economics of Carbon Capture and Storage

Chapter two of this thesis introduces the reader to CCS technologies and discusses economic, social
and legal aspects determining applicability of CCS.
CCS denotes a bundle of technologies that can be used to prevent CO2 emissions, released at
stationary emission sources, such as coal fired power plants, to reach the atmosphere. As has been
indicated, CCS comprises various components. Firstly, CO2 streams are being separated from other
waste gases emerging in the electricity generation process. This necessitates the use of additional
energy such that CCS equipped coal fired power plants produce less electricity than conventional coal
fired power plants per unit of burned coal. After having captured the CO2 stream, CO2 needs to be
compressed and injected into a transmission grid or ship. Modified natural gas transport pipelines
can be used to transport the CO2 . Finally, the stream is being extracted from the transmission
medium and has to be injected into geological formations, such as depleted gas and oil fields. To
ensure that CO2 does not escape from the storage, e.g. via injection wells, the formation where
CO2 is trapped needs to be monitored during injection and after injection has ceased.
In the second chapter we firstly discuss which legal and social issues might emerge when trying to implement the technological components of CCS. Notably capture, transport and storage
potentially trigger liability and other regulative issues that determine the viability of CCS. For
example, legislative guidelines are required to regulate the purity of the captured CO2 stream, i.e.
set the maximum amount of other contaminants contained in the stream. These guidelines affect
the cost of capture, transport and storage. Liability in case of leakage from the storage site needs
to be regulated, too. Many of these issues have been tackled in the context of oil- and natural gas
regulation, which may serve as archetypes for the regulation of CCS.
After having discussed the legal and socio-economic environment of CCS, we survey engineering
economic studies on CCS. These studies, performed on the single plant level, provide estimates of
costs of the components of CCS and the entire system. It turns out that pinning down particular
cost estimates is very complex and depends crucially on the employed assumptions, e.g. on cost
parameters, learning rates, and so forth. The costs of financing construction depend via credit
markets on the macro economic environment, which has been very volatile in recent years. Despite
the fact that those studies surveyed in this chapter are mainly based on relatively stable pre-creditcrunch data (2008 and earlier), there is a large variety in the estimates. While some studies estimate
mitigation cost of up to 130$ per tonne, others obtain estimates in the range of 30 to 40$ per tonne.
It is evident that mitigation costs exceeds current prices for CO2 emission by far.
Engineering-economic estimates can be used to calibrate micro and macro economic models,
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which will be discussed subsequently. Such models help evaluating the role of CCS in the context
of the electricity generating industry. According to these models, the total cost of stabilizing atmospheric CO2 levels at 400 ppm are below 2.5 percent of global GDP. The results of some macro
economic models indicate that excluding CCS from the list of mitigation technologies might undermine achievement of mitigation targets. Also restriction of the availability of geologic formations,
which can be filled with CO2 , might cause significant increase of mitigation cost (Edenhofer et al.,
2010). In the third chapter, we will take a closer look on how restricted availability of storage
supply affects the value of the option to invest in CCS.

1.3

Chapter 3: Abandonment of Natural Gas Production
and Investment in Carbon Capture and Storage

Herzog et al. (2007) and Fuss et al. (2008) argue that CCS is a valuable option for electricity
producers to mitigate CO2 emissions when emission cost are internalized. These studies implicitly
treat the availability of storage capacity as being exogenously given when valuing the option to
invest in CCS.
However, in Europe, maturing and depleted gas fields seem to be the best alternative to store
captured CO2 in the medium run.8 Such fields are well known and easily accessible via existing
infrastructure (see e.g. Metz (2005)). Particularly, experts predict that it is possible to recycle
existing gas production infrastructure and use it for CO2 injection. Yet, due to technological
and legal constraints, gas production and CO2 injection usually exclude each other. For example,
existing wells can only be used to either inject or extract substances into or out of the field (Breunese
and Remmelts, 2008).9 Therefore, storage capacity in gas fields is not available until gas production
has ceased.10
Hence, the value of the option to invest in CCS does not only depend on sunk cost of building a
CCS facility and climate policy, but also on the decision to abandon natural gas production, given
that there is no alternative storage option.11 Abandonment of gas production, and consequently
availability of a field for CO2 injection, depends on uncertainty and correlation of natural gas prices
8 In a survey among experts in the field of CCS, more than 50 percent of the respondents answered that onshore
aquifers and coal seams would never become a storage option. Moreover, 40 percent thought that unused gas fields
would be used heavily by 2025 as storage.
9 Moreover, in Europe, injection of CO produced at an emission source into a producing gas field is legally not
2
accepted as CCS.
10 Theoretically,

it is possible to inject and extract simultaneously. So far, this has not been demonstrated successfully
on an industrial scale. Mixing of natural gas and CO2 would require that the produced natural gas would have to be
cleaned afterwards. This makes simultaneous injection and extraction out of a field costly.
11 In

this chapter we ignore further alternative uses of the empty pore volume of the geologic formation, e.g. gas
storage. This would, however, be an interesting extension.
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and allowance prices. Moreover, the option value depends also on cost of abandonment, e.g. removal
of the infrastructure and plugging production wells. Installations that have been used for the gas
production and distribution can be reused for CO2 injection. If the infrastructure is used to inject
CO2 , firms do not have to pay for its removal nor for the plugging of wells until the end of the
injection of CO2 . Therefore, the time of abandonment is being postponed and abandonment cost
are being discounted over the time span of CO2 injection. This effect might constitute windfall
profits of investing in CCS. The strength of this effect may depend on the regulation of the timing
of abandonment. In some countries, the time until abandonment of the gas production facilities
is regulated. If there is no gas production anymore, the infrastructure of a field needs to be deconstructed and the wells need to be plugged before some predefined time.
In chapter three of this thesis, we discuss how uncertainty over future gas prices and correlation
between gas prices and allowance prices as well as other factors determine the value of the option
to invest in CCS. We construct and calibrate two different real option models and run sensitivity
analyses to evaluate how these effects interact. Particularly, we use a common call option model to
discuss the value of the option to invest in CCS when production of the gas field has ceased. Using
this model, we show that the value of the option to invest in CCS is decreasing when there has to
be abandonment of the gas production facilities (CO2 injection facilities) within ten years after the
end of gas production.
Next to the common call option model, we use a more general and more exotic exchange option
model to analyze the impact of volatility in gas prices and correlation between gas prices and
emission prices on the decision to invest in CCS. As an illustration for the exchange option model,
consider the following example: Olivia dates Jason but Liam is also interested in dating Olivia.
Basically, Olivia has the option to exchange Jason for Liam. However, if she decides to exchange,
the value of the relationship with Jason is lost. When the energy producer exercises the exchange
option, they exchange the uncertain value of allowance production for the uncertain value of gas
production. This implies that the value of allowance production needs to be subtracted from the
value of the gas production.
Our findings are as follows. The value of the option to exchange gas production for CO2 injection
is decreasing in the correlation between gas prices and allowance prices. At times where allowance
production is viable, also gas production is viable. This reduces the incentive to replace gas production for CO2 injection. However, given that high electricity demand has a positive impact on
gas and allowance prices, it can be assumed that these prices are indeed positively correlated. This
has been confirmed in an empirical study by Benz and Trueck (2009). Considering the positive
relationship between emission allowance prices and gas prices, the value of CCS as a mitigation
technology might be lower than previously estimated.
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1.4

Chapter 4: Games With Possibly Naive Hyperbolic Discounters And Climate Policy

Optimal mitigation of global warming is a problem with a strong inter-temporal (even intergenerational) dimension. Establishing emission penalties increases production cost and electricity
prices but may reduce future mitigation efforts. In other words, current economic growth needs to
be sacrificed to reduce the burden of future mitigation and adaptation cost and to increase future
wealth. Economists usually use constant discount rates and required rates of return to relate current wealth to future wealth. However, using those discount rates that are currently being used on
money markets to offset current mitigation efforts with future benefits does not work: constant,
exponential discounting at a rate of six percent per annum implies that one e in a century is now
worth .25 cent. Assuming that our grandchildren will own the e under consideration, using money
market discount rates implies that we value the wealth of our descendants at .25 cents.
Given the apocalyptic threats of global warming, discounting the benefits of climate change
mitigation at high market based discount rates seems somewhat myopic. Hence, some of the studies
calling nations into action to fight global warming, such as the Stern report from 2007, are based
discount rates that are much lower than market based rates.12 Nevertheless, the Stern report
received a lot of scientific attention, and many scholars support its findings. Often it is argued that
the low discount rate employed by Stern is the “correct” discount rate that should be used to value
future wealth.
Karp (2005) and Cropper and Laibson (1998) among others, argue that hyperbolic discounting
explains the discrepancy between observed, high money market discount rates and the normatively
correct discount rate employed by Stern. Hyperbolic discounting depicts the tendency of people to
overvalue cost and benefits that accrue in the immediate future. As an example for Hyperbolic discounting consider the following discussion. Back in the year 1995 people preferred to impose wealth
decreasing climate change mitigation measures until 2020 rather than until 2030. However, as the
year 2020 is coming closer, nations get more and more inclined to postpone these measure until
after 2030. This type of time inconsistency has been observed by psychologists, neuro-scientists and
behavioral economists. Already in 1968, Pollak argued that hyperbolic discounting and the inability to commit to future actions might result in employing Pareto inefficient discounting schemes.
According to Pollak, decision makers that are not aware, i.e. naive, of the hyperbolic structure of
their time preferences, tend to suffer from inefficient discount rates.
However, climate policy and the decision to fight climate change is merely determined by the
interaction of various players, which might discount the future hyperbolically. Policy makers might
12 Stern

uses a discount rate of 1.4 percent.
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have different perceptions with respect to their own as well as their opponent’s future time inconsistency problem. If they perceive their future time inconsistency problem naively, they are not aware
of the problem in the future. Naivety constitutes a false belief concerning the hyperbolic structure
of their time preferences. Contrarily, sophisticated players know that they will suffer from the time
inconsistency problem in the future.
In chapter four, we propose a solution concept for games with hyperbolic discounters. Our
equilibrium concept is based on O’Donoghue and Rabin’s (1999) perception-perfect strategies. In
line with the models of Pollak (1968), Strotz (1955) among others, our solution concept is based
on the idea that inter-temporal decision making can be modeled as a game between the current
and the future self. However, contrary to existing papers, we explicitly model belief systems of the
players. Notably, policy makers may be naive or sophisticated concerning their own as well as their
opponent’s future time inconsistency.
Our equilibrium concept works as follows. A player has certain perceptions about her own
future type and about the future type of the other player. Given those perceptions, and under the
assumption that all other present and future players have the same perceptions, we can derive the
subgame perfect equilibrium that the player perceives to be played in the future. We call this the
equilibrium as perceived by this player. Similarly, we can derive the equilibrium as perceived by
the other player. The perception perfect equilibrium in a period consists of actions taken by the
players, which are consistent with equilibria as perceived by the players.
We demonstrate the functioning of our model by applying it to a well known dynamic bargaining mechanism and to a common pool problem. We apply the model to the common pool
problem because clean air is a limited resource and consumption of clean air resembles features of a
common pool problem. Moreover, policy making is often modeled as a dynamic bargaining game.
Particularly, if policy makers from two different countries (or groups of countries) meet to decide on
how to share the value of a limited resource, such as clean air, they engage in bilateral bargaining.
Now, the bargaining process might be modeled as a process where players take turns in offering and
accepting/rejecting the offers. Such a bargaining game is known as Stahl/Rubinstein bargaining,
and it has been employed previously to model climate change policy, e.g. by Chen (1997).
In line with O’Donoghue and Rabin (1999), we find that a single player who is sophisticated
over her future hyperbolic discounting problem has greater problems than a naive player when
confronted with the common pool problem. The result hinges on the assumption that players are
not able to commit to future action. Being aware of their future hyperbolic discounting problem,
sophisticated players decide to spend more on current consumption. Naive hyperbolic discounters
optimistically think that in the future, they will discount consistently. This induces them to spend
less on current consumption. From the two player setting, we learn that certain combinations of
beliefs with respect to the own future discounting and the one of the opponent, cause break down of
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the bargaining and total exhaustion of the common pool. Particularly, if both players are naive concerning their own hyperbolic discounting problem and aware of the hyperbolic discounting problem
of the opponent, there demands will be incompatible. However, this situation is relevant in that it
receives strong support by psychological research. In a repeated bargaining setting, eventually, this
leads to repeated rejection of the offers and thereby to the breakdown of the bargaining process.
Hence, the tendency to discount time inconsistently may explain the breakdown of climate
policy. Without sufficient penalties on emission, there is no incentive to invest in CCS.

1.5

Chapter 5: Not In My Backyard Activism And Information

Some researchers argue that the failure to implement CCS is due to the lack of public acceptance. Even though some environmental NGOs support CCS technologies, local communities and
environmental activists have repeatedly undermined CO2 storage (demonstration) projects. Such
activism against projects is known as ”Not In My Backyard” activism (also known under its acronym
NIMBY). There is no clear definition of NIMBY activism; instead, NIMBY conflicts differ from case
to case. Generally, a broad range of projects face NIMBY activism, such as airports, prisons or
nuclear waste storage sites.
Usually, NIMBY activism is triggered by the fear that realization of a certain construction
project in the vicinity of a residential area imposes risks to this residential area. On the one
hand, local activists might fear that land and properties are being devalued; on the other hand,
a project might exercise a direct physical risk to the people living at this place. Local opponents
engage in mobilization of political initiatives on a super regional scale and undermine public support
for certain projects. However, often opposition goes along with the collection and acquisition of
information on the risk of a project.
In chapter five, we shed light on local environmental activism by arguing that NIMBY activism
can actually benefit investors rather decrease their profit. We assume that evaluation of the risk
of a project is costly for investors and that environmental groups have an incentive to evaluate
risk, too. Notably, the threat of being affected by negative externalities after the project has been
established motivates activists to engage in information collection and possibly to fight dangerous
projects. Conversely, as fighting requires expenditure of scarce resources, such as spare time and
money, informed groups do not want to fight safe projects. However, this activity pattern benefits
investors when fought projects are less or not viable and accepted projects are very viable. In the
absence of a group, the investor would have to maximize profits by choosing the optimal level of
risk evaluation and pay for that. Hence, if investors anticipate that a group becomes informed, they
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can save on information acquisition. In that sense, negative externalities which are being imposed
on the residents are turned into positive externalities for investors.
In how far investors benefit from the information acquisition of the group depends on the degree
of overlap of the interests of the group and the investors. For example, when fought projects have
little value and accepted projects are very viable, the interests of activists and investors can be
considered as being congruent. In the absence of activism, investors would have to evaluate the
risk themselves and optimize investment in information seeking. However, there may be a situation
where interests of investors and the group diverge in that risky projects are viable to the investors
but not acceptable to the activists. Given this, an informed investor might encounter resistance by
an uninformed group because the investor can not credibly communicate that a project is safe. If
information acquisition of the investor does not credibly communicate that the group should accept,
investors do not want to acquire information anymore.
Our findings contrast those results reported in the literature which are mainly concerned with
development of solutions for problems induced by NIMBY activism, e.g. Feinerman, Finkelshtain,
and Kan (2004) and Sakai (2012). In this context, Frey, Oberholzer-Gee, and Eichenberger (1996)
argue that the attempt to compensate residents living in the vicinity of the project site might crowd
out the willingness to support public projects. So far, scholars have ignored potential benefits of
activism.
The structure of the introduction resembles the structure of the whole thesis. In the second
chapter, we discuss technological and economic aspects of Carbon Capture and Storage to make
the reader familiar with the technology. In chapter three, we show how discounting and uncertainty
in carbon and gas prices and the correlation of these prices determine employment of CCS. In
chapter four, we discuss how hyperbolic discounting may shape the climate policy making process.
In chapter five, we show how NIMBY activism can help investors to improve the planning processes.
Thereafter, we conclude.
Each chapter can be read without knowledge of the other chapters.

Chapter 2

The Economics of Carbon Capture
And Storage∗

* This

chapter is based on Jepma and Hauck (2011)
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2.1

Introduction

The power sector will be heavily affected by the internalization of the cost of carbon emission and
subsequent implementation of CO2 penalties as it is responsible for a large part of global CO2
emissions (IAE, 2008). Consequently, power generators will be forced to modify their production
portfolios in order to overcome the hurdle of this additional cost component. Except from enhancing
energy efficiency and reducing heat losses, different technologies can be deployed to decrease total
emissions from power production portfolios. In particular, renewable energy sources, such as wind,
solar, hydro, geothermal power as well as nuclear power generation are considered by many experts
as parts of the solution of the climate change problem. However, so far, given current levels of CO2
penalties, technological conditions and political frameworks for the establishment and operation of
power plants, these entire options exhibit certain limitations compared to conventional generation
technologies. Moreover, according to the International Energy Agency (2004), even though availability of oil is subject of ongoing discussion and likely to be limited in the medium run, global
fossil fuel reserves are abundant enough to provide cheap energy for a century.
Barrett (2009) discusses the opportunities of alternative energy sources in more detail. He
argues that, while renewable energy sources, such as wind and solar energy are already viable on
small scales at some sites, they remain constrained by extraordinary low load factors and high
costs. Wind power, for instance, is currently the most competitive alternative to fossil fueled
electricity generation in many countries. However, to remedy the constraint of low load factors
and the dependency on weather conditions, large production sites are required, which have to be
distributed over locations with uncorrelated climate conditions. This implies high transmission
costs and extensive land consumption. Consequently, significant up-scaling of wind generation
will meet natural limits, sooner or later. The same holds true for hydro generation, which suffers
from grim environmental impacts of generation sites. Contrarily, the energy supply of the sun is
sufficient to cover the global demand of energy. A field of solar panels of the size of ten percent of
the Sahara would, given an electric efficiency of ten percent, suffice to cover current, global world
energy consumption twice. However, at present, production cost of solar energy are relatively high
and prices need to come down before utilities may start thinking about large scale application.
In the last decade, application of Carbon Capture and Storage (CCS) has been proposed to
make fossil-fueled power generation more sustainable and thereby prolong its viability when the
cost of emitting CO2 have been internalized. CCS is a combination of technological processes to
successively capture, compress, transport CO2 , and monitor it after its disposal in geological storage
reservoirs. Even though, technological details of the various components of the CCS chain are on
average fairly well understood, currently there are only few large scale CCS projects.
Proponents of CCS emphasize that, even though the scale of its current employment is rather
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limited, in the foreseeable future, CCS might possess a cost advantage in comparison to a wide
range of other mitigation technologies. Particularly, assuming acceptance of mitigation policies
and minimization of mitigation costs, this may make CCS an indispensable technology. Another
factor, potentially enhancing the acceptance of CCS by the power industry is that introducing the
technology does not require elementary changes in the structure of the industry and it prolongs the
lifetime of fossil fuels as primary energy source. It is also well established that CCS can be easily
applied to the production of Hydrogen, which is, due to its storability, considered by some experts,
the energy-carrier of the future. CO2 sequestrated from gases emitted at power stations can be
viably deployed to enhance recovery of oil by injection in maturing oil fields. Finally, combined
with biomass combustion, CCS removes CO2 from the atmosphere.
Contrarily, opponents highlight that CCS may crowd out the introduction of renewable energy
production and decentralized energy systems. Moreover, they highlight additional energy is required
to obtain the same amount of power output when CCS is employed. Finally, the risk that there is
leakage of CO2 from storage sites cannot be ruled out completely. Given these issues, opponents
challenge whether it is appropriate that trying to bring CCS to maturity competes with other
mitigation technologies for funding. The widely diverging views on the perspectives of CCS as a
serious future mitigation option partly reflect a lack of clarity about the technology’s likely future
technological, socio-economic, legal and public acceptance aspects. Collectively such factors boil
down to various types of risks. Precisely because the technology is still in its infancy, and in
the absence of clear climate policy guidance, many investment decisions depend strongly on the
availability of reliable information.
The outline of this chapter is as follows: in the upcoming section, we will provide a short overview
over technological aspects of CCS. Thereafter, we will briefly present studies dealing with those
legislative and socio-economic issues that may turn out to be relevant for the future deployment
of CCS. In particular, recent failure of demonstration projects due to public opposition highlight
the relevance of social acceptance of storage and transport. In chapter five of the thesis, we will
pick this up and zoom in to “Not in my Backyard” conflicts. Also political initiatives to shape
regulative frameworks got stuck before ratification recently. Therefore, despite of the somewhat
different focal point of the paper, which clearly lies on the economics of the system, we discuss
studies on public perception and regulative efforts prior to those papers dealing merely with cost
estimates and marketability of CCS. In chapter four of the thesis, we shed further light on the
failure of political decision making in the context of climate policy.
After having discussed public perception and regulation, we introduce the reader to the economics of CCS by reviewing engineering-economic studies, which constitute a large share of all
studies conducted on the economics of CCS. These studies, performed on the single plant level,
provide engineering-economic estimates of the costs of the components of CCS, as well as of the
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system. Jointly they provide an overview over the potential cost structure of CCS. Moreover,
engineering-economic models deliver data required to calibrate economic models, which will be
discussed subsequently. Economic bottom-up and top-down models, subject of the next section,
primarily reflect dynamics not only on the industry level, but also on the global level. In particular,
evaluation of the results of these studies shows that even though CCS is expected to be a relatively
low-cost mitigation technology, current carbon prices are too low to make CCS commercially viable.
This is why policy makers in various countries try to foster application of CCS by means of public
funding. Hence, discussion of potential incentive schemes follows the survey of economic models.
Finally, we will review major cost types and forecasting uncertainties before we conclude.

2.2

Carbon Capture and Storage Technologies

Here, we discuss technological aspects of the components of CCS, which jointly constitute the CCS
chain.

2.2.1

Capture Technologies

CO2 can be sequestrated from large, stationary emission sources. However, usually, only a fraction
of some 85–99 percent of the emerging CO2 can be captured. In general, there are three alternative
technologies to capture CO2 from point emission sources, such as coal or gas fired power stations.
Namely, these are post-combustion capture, pre-combustion capture and Oxyfuel-combustion. Precombustion capture denotes transformation, more precisely gasification, of the feedstock into carbon
monoxide and hydrogen. The latter can be burned in a clean way to generate electricity. In a
in a so-called water-gas shift reaction, together with water, carbon monoxide is being converted
to CO2 . Thereafter, water needs to be separated from hydrogen by means of binding agents.
The separation of the binding agents from the sequestrated carbon dioxide is energy intensive
and therefore costly. Power plants where gasification and electricity generation are integrated are
commonly known as integrated gasification combined cycle plants (IGCC). In contrast to precombustion capture, post-combustion capture denotes those technologies capable to sequestrate
CO2 streams from waste gases of conventional, pulverized coal fired power stations. Usually, a
reusable absorption fluid is used for that sake. One of the main advantages of this technology
is that modern super-critical, pulverized coal (PC) or natural gas power stations with high net
efficiencies may be retrofit with post-combustion capture. This technology could, theoretically, be
applied to most modern large stationary sources. However, due to very high energy requirements,
variable costs of this approach are significant. Finally, Oxyfuel-combustion describes the process
of combustion of the feedstock with pure oxygen. The resulting fumes consist almost solely of
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CO2 , which can be transported and stored easily. A certain fraction of the produced CO2 is being
cleaned and used to control the temperature of the combustion process. The capture efficiency
of Oxyfuel-combustion is approximately 99 percent. This is considerably higher than the capture
rates of pre- and post-combustion technologies, which usually capture not more than 85–90 percent
of the produced CO2 (Metz, 2005). However, production of the oxygen which is being used to
burn the coal is costly. Capture technologies are characterized by various factors, which results in
significantly different fixed and variable capital requirements. Next to the rate of captured CO2 ,
the technologies differ in the additional energy effort required to sequester CO2 , the so called energy
penalty. The energy penalty is defined as the ratio of net efficiency of the CCS plant and the net
efficiency of a reference plant minus unity. According to Metz (2005), an energy penalty of twenty
percent is considered as being technically feasible, when CCS is applied to modern power stations.
Next to distinct energy requirements and capture efficiencies, the technologies differ in their
level of maturity. Generators usually possess most experience with PC power generation. However,
technological components of pre-combustion capture are already in use on industrial scale outside
the electricity producing industry.

2.2.2

Transport

In order to transport CO2 it is usually compressed to a supercritical fluid, which denotes a physical
state in between liquid and gaseous. Transportation in this state minimizes transportation cost
as well as leakage risks. The technology to compress CO2 is currently in use in the natural gas
industry. Also, the transport systems that can be employed to transport the compressed CO2 ,
namely, pipeline systems and, potentially, tankers, are in use in the natural gas industry. The
energy, required to compress the CO2 stream, is mainly determined by the transport system as
well as the pipeline diameter. The composition of the CO2 stream, especially the share of water,
determines the requirements regarding the used material of the pipelines. With little water in the
stream, existing natural gas pipelines could be reused for that sake. In the U.S. CO2 pipelines are
in use to deliver CO2 to maturing gas fields, where it is injected to enhance the oil recovery. In
general, these pipelines exhibit good safety records (Barrie et al. 2004).

2.2.3

Storage

Finally, CO2 has to be injected and deposed in geological formations, such as depleted oil and gas
fields or deep geological formations filled with saline water (deep saline formations). The amount
of compression required depends mainly on the depth of the storage, which will typically exceed
800 meters. In the storage formation, a variety of chemical and physical processes trigger trapping
of CO2 in the empty pores of the formations and determine how the injected CO2 migrates in the
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storage. These processes take place over time periods of varying length and are affected by multiple
factors, such as pressure, the salinity of the water contained in the reservoir and its temperature.
In general, permanency of trapping mechanisms increase over time, i.e. the longer it takes to trap a
certain amount of CO2 , the higher the permanency of the trap. Suitability of a geological formation
as storage depends crucially on existence of an impermeable cap rock, which covers the storage and
prevents CO2 from ascending.
Characteristics of depleted oil and gas fields, such as size and injectability are usually well
known and, in many cases, they are easily accessible via an existing infrastructure. In addition to
that, it is known that the trapping mechanisms function properly, since these fields have trapped
resources over very long time spans. However, these geological formations are not evenly distributed
and in most regions storage capacity of these fields is rather limited. Deep saline formations are
more evenly distributed and usually possess enormous storage capacities. Yet, installation of a new
infrastructure, as well as significant geologic research to discover their properties, is required to
make them accessible. In total, geologists estimate the world wide storage capacity to be around
2000 giga tonnes of CO2 , which would be sufficient to achieve the climate mitigation targets of
stabilizing atmospheric CO2 at 450 parts per million (ppm). However, there is a high degree of
uncertainty in estimation of global storage capacity (Metz, 2005).
CO2 is harmful if its concentration in the air exceeds two percent, as it replaces oxygen. Above
7–10 percent it can cause loss of consciousness and death. Incidents where relatively small amounts
of CO2 are suddenly released, potentially effecting the near environment of the storage site, are
denoted as local risk in contrast to global risk, which denotes large scale emission from storage
sites, potentially harming mitigation targets. Even though the risk of leakage is usually considered
to be not significant, the trapped CO2 should be monitored to be able to take counter measures if
leakage occurs (Metz, 2005).

2.2.4

Supply Chain

As aforementioned, the integrated system has not yet been applied on large scale to electricity
generation. Though, a number of pilot and demonstration projects have been initiated all over the
world. Four of the most relevant industrial scale projects are the Sleipner project (Norway), the
Salah project (Algeria), Weyburn (Canada/USA) and Snohvit (Norway). With exception of the
Weyburn project, all projects are linked to the processing of natural gas. At Sleipner, around one
million tonnes of CO2 are annually sequestrated and injected into the nearby Utsira formation.
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Public Perception and Regulation
Public Perception

In recent years, it has become increasingly evident that public perception, as well as the effort of
public entities to introduce incentive schemes and shape the regulatory framework, will be of utmost
relevance for the implementation of CCS. Numerous pilot projects, such as the Dutch ‘‘Barendrecht
Project’’ highlight this issue. Even though, the general public is often considered to exhibit a
moderately positive attitude towards the implementation of CCS, a lack of local public acceptance
may slow down or prevent storage pilots, especially onshore. Moreover, if, due to a lack of public
support or for any other reason, public entities fail to provide a regulatory framework and thereby
create a stable investment framework, this will undermine applicability of CCS. The relevance of
socio-economic aspects for the implementation of CCS was recognized by the scientific community
early (e.g. in Turkenburg (1997)). As a consequence, a new branch of research focusing on the
social acceptance of CCS emerged.
Usually, these studies examine the attitude of the lay public and stakeholders separately. Detailed information provided by experts in the field of CCS have been used to evaluate the marketability of CCS (Gough, 2008). Two early studies on the public acceptance of CCS have been conducted
by Curry (2004) and Itaoka, Saito, and Akai (2004). Both are based on questionnaires with more
than 1000 respondents. These studies indicate that early successes or failures of CCS projects are
likely to have strong impact on public perception. This knowledge provides the industry with the
opportunity to promote CCS in an effective way by starting to communicate the benefits of CCS
early. However, opposing local initiatives may shed negative light on CCS and thereby withdraw
public support. Moreover, the studies reveal that global warming was usually not perceived as one
of the most urgent societal problems by US citizens and that only very little was known over CCS
among the lay public, especially in the United States. In Europe these results have been confirmed
by Shackley et al. (2009). The authors argue that public opposition is most likely triggered by
onshore storage, as well as onshore pipeline transport, and that increasing electricity prices caused
by more sustainable generation are hardly accepted by consumers. The authors evaluate the efforts
of public and private stakeholders to improve communication with the public as being insufficient
and uncoordinated, which is caused by long lead times and high financial intensity of information campaigns. In general, public opinion seems to be most responsive to the communication of
non-governmental organizations, which are the group among stakeholders with the lowest level of
support for CCS. The sensitivity towards the communication of electricity companies is lower, but
stakeholders from this party exhibit the most positive attitude towards CCS.
In contrast to the aforementioned studies, which deal with the attitude of the lay public, Gough
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(2008) investigates the attitude of 242 experts in CCS by means of a Delphi analysis1 . This study
aims more at the identification of relevant issues for the implementation of CCS and less at the
quantification of the level of public acceptance. The author seeks to identify key areas of uncertainty
and opportunities, as well as challenges to the implementation of CCS in the UK. This study shows
that, contrary to the lay public, experts possess high perception of the relevance of climate change
and that they consider it as the main driving force behind the future energy industry. Moreover,
respondents consider the lack of a regulatory framework, system costs, and issues arising from
international legislation as the main challenges to the implementation of CCS. Public perception
is considered the 4th relevant point, leakage the 6th and ineffectiveness as a mitigation option the
10th relevant point on a scale with 13 items. Issues arising from the transport component were
usually considered less relevant. Surprisingly, 50 percent of the experts expected that onshore deep
saline formations will never become available as storage option. In general, local and global risks
of CCS are considered to be relatively small. However, among relevant risk types, leakage risk
was perceived as the main risk. The aforementioned study also reveals that two of the three main
barriers to the implementation of CCS arise from regulatory issues. Clearly, regulatory frameworks
should provide sufficient incentives to invest in CCS. Hence, we will proceed by discussing legal and
regulatory issues affecting the implementation of CCS.

2.3.2

Regulation

Naturally, political decision making is directly linked to public perception. Yet, even if public consciousness of the threat of global warming increases and CCS becomes a widely accepted mitigation
technology, CCS will not get off the ground without provision of a legislative footing and sufficient
economic incentives. Instead, politically induced uncertainty prevents firms from investing and
thereby undermines public acceptance. Contrary to that, early adoption of a reliable regulative
framework might induce dynamics to the whole industry and thereby accelerate implementation
of CCS. Regulative action is required to organize storage and transport issues. This is, caused
by the fact that the consequences of failure of these components are potentially harmful both to
the nature and humans. Consequently, failures will have a strong impact on the economics of the
system and the public perception. Secondly, the presence of economies of scale in the grid-bounded
CO2 transport and storage industry, necessitates regulation to protect entrants to the market from
the exercise of market power of incumbents.
Among the first to evaluate existing jurisdiction with respect to CCS were Reiner and Herzog
(2004). In particular, the authors evaluated the suitability of existing jurisdictions on waste disposal,
1 Delphi analysis is a method to evaluate trends by repeated interviewing of experts in a field, and provision of
feedback after each round of interviewing.
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energy storage and energy production. More recently, De Figueiredo (2007) discusses regulative
analogues in the U.S. and depicts existing legislation that is likely to gain relevance for regulation
of CCS in the U.S. In particular, he addresses preemption, common law ownership and tortious
liability. Moreover, he alludes to the need of adaptation of the regulative framework to the spatial
structure of the industry; an industry where single plants are connected to proximate storage sites,
may require different regulation than an industry, where many plants are sharing a large scale CO2
grid. According to the author, regulation of oil- and natural gas pipelines and natural gas storage,
which evolved dynamically in the course of time, may serve as archetypes for the regulation of CCS.
Even though, regulation of oil and gas pipelines is covered by distinct legal approaches, regulation
addresses the same issues, namely, market power concerns. Next to that, De Figueiredo (2007)
discusses common law issues and the issue of underground injection control. He highlights that
ownership of the pore volumes of the mineral reservoir and surface usage rights are usually separated
from each other and that, depending on the state legislation, operators will lose the usage rights
as soon as the field is entirely exploited. However, exploration and production operators, currently
controlling the fields, will have measures to delay abandonment of the field, as it is technically
not feasible to exploit a resource entirely. Hence, electricity generators interested in acquiring CO2
storage might encounter holdout problems with exploration and production operators, who seek to
squeeze the rent of operating CCS. In the case of injection to deep saline aquifers, similar issues
occur. In this case, subsurface and surface usage right holders may seek to squeeze the profits of
the potential storage operator.
However, firstly, it has to be determined who controls the usage rights of the brine contained in
the pores of the formation. This leads to the discussion of the existing jurisdiction for protection
of subsurface water brines. Bachu (2008) emphasizes the relevance of post-operational issues in his
study. He argues that the design of post-operational regulation of CCS, that is tortious liability
after injection operations have ceased, is likely to be a high barrier to the implementation of CCS, as
numerous issues need to be resolved: firstly, categorization of CO2 varies among different jurisdictions; in some countries CO2 is categorized as a toxic substance, in others it is considered as being
an industrial good; secondly, it has to be clarified which authority is responsible for regulation. In
particular, liability issues may arise on sub-national, national or international levels. Underwater,
sub-seabed injection, for instance, is one of the issues that need to be tackled on the international
level. Thirdly, also on the industrial level, responsibilities and claims need to be assigned carefully.
When there are three firms, each operating one component, it has to be clearly stated which firm
has to carry risks and who can claim for profits of savings on emission allowances. This issue exhibits a high degree of relevance when it comes to the long-term liability. According to Bachu, it
cannot be expected that firms are able or willing to accept infinite liability. Fourthly, the degree of
pureness of the injected CO2 has to be specified; the composition of the injected substance clearly
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affects the economics, as well as the risk of injection.
Mace, Hendriks, and Coenraads (2007) provide a further discussion of international environmental law principles that might turn out to be relevant for the implementation of CCS. Moreover,
the authors reveal key challenges in existing international jurisdiction and analyze the impact of
potential environmental risks. The study is based on an extensive review of legal conventions. The
authors point out that issues arising from CCS may affect international law in two ways. Firstly,
it is a mitigation technology and therefore its application complies with the international efforts to
fight climate change. Secondly, it possesses the risk of trans-boundary harm in the case of leakage.
Moreover, uncertainty about how various frameworks will tackle CCS related issues constitutes a
barrier to investment. The authors evaluate how existing frameworks, such as the London Convention and London Protocol, the OSPAR Convention, the Kyoto Protocol, the UN Framework
Convention on Climate Change and various EU frameworks could be adopted to the requirements
of a CCS regulation.
The latest regulatory initiatives on CCS have been discussed in Kerr, Havercroft, and Dixon
(2009). This study provides an overview over recent developments of the legislative environment
of CCS in major industrialized economies. In particular, the authors highlight the European climate and energy package, which was launched in 2007 and, which puts forward a regulative regime
covering many issues that are relevant for the implementation of CCS. Next to the so called ‘‘CCSDirective’’, the Environmental Protection Agency in the U.S. created a new category of injection
wells for CO2 , which were enacted in 2010. The Australian Parliament approved the Offshore
Petroleum Amendment Act that is meant to provide an overarching regulatory framework for CCS
activities in Australia. Given the aforementioned challenges, designing a regulatory framework for
CCS should be in accordance with the following rule: keeping cost of fulfilling regulatory requirements for the industry minimal under the condition that all imaginable risks potentially threatening
human life are minimized.

2.4

Engineering-economic Cost Assessment

After having discussed technological aspects of CCS and its social and political environment, next
we survey studies dealing with the economics of CCS. We will depart from the lowest level of economic aggregation, i.e. from the single plant level, where economists, practitioners and engineers
are working together to translate engineering aspects into cost and minimize it. Considering the
engineering-economic stage first provides us with an understanding of the cost components, the
structure of costs, and technological uncertainty connected to the estimation of these costs. However, cost estimation requires consideration of a variety of parameters because, due to the limited
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availability of realized CCS projects, parameters are highly uncertain. Hence, modelers do have to
make a set of assumptions that affect the outcome of the studies.
Before estimation of cost, researchers need to make assumptions on the maturity and the boundaries of the system and the technology under consideration. In particular, it has to be specified
whether the analysis focuses on a plant which is the first of its kind or the nth plant of its kind whose
cost would be deflated due to learning benefits of the operator. Furthermore, it has to be specified
whether the study is meant to analyze the capture component only or the integrated system. If
the focal point of the study is analysis of the integrated system, further assumptions do have to
be made. These assumptions depend on the locations of sources and sinks, which are currently,
in many cases, not known. Therefore, estimation of costs of the chain is even more subject to
uncertainty and the modeler’s disposal. This, and the fact that cost of transport and storage are
usually considered as being minor in comparison to the cost of capture explains why many studies
are restricted to the estimation of capture cost. Therefore, starting with a discussion of studies
dealing with cost estimation of the capture component, we will consider studies restricted to the
capture component and the integrated system separately. There are various indicators that can
be employed to evaluate the economics of CCS, the most common being capital cost, incremental
product cost, cost of CO2 avoided and cost of CO2 captured. For a discussion of these indicators,
we refer to Metz (2005).
Due to the introductory character of this character, dealing with a broad set of issues relating to CCS, we do not try to provide readers with a rigorous, quantitative comparison of existing
engineering-economic studies. Instead, we aim at providing an overview over the different approaches employed to evaluate costs, their benefits and downsides, and survey the most relevant
outcomes. Incorporation of the results of these studies equips readers with a glance of the costs
of CCS and its components. Readers interested in more rigorous treatments are referred to the
sources mentioned in the text.

2.4.1

The Cost of Capture

A multitude of engineering-economic studies is concerned with the evaluation of the cost of the
system and its components on the single plant level. Due to the dependence of the results on
the modeler’s presumptions, the results vary considerably and comparison is not possible without
standardization.
Here, we discuss the results of the cost comparison provided by Davison (2007). The author
analyzes cost, performance and emission data for natural gas- and coal fired CCS power plants of
current design. The data are obtained from studies conducted in the context of the IEA Greenhouse
Gas R&D Program. The author also discusses sensitivity of the results with respect to various
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variables. Davison’s calculations are based on a power plant, which is located at the Dutch coastal
area. Moreover, the study is based on the following assumptions: an exchange rate of 1.23 dollar
per e, a plant life time of 25 years, natural gas prices of $7.8/GJ (GigaJoule), coal prices of
$2.2/GJ, a load factor of 85%, plant construction time of three years, a discount rate of 10% and
pressurization of the resulting CO2 flows to 110 bar. The author highlights that recent developments
in costs of skilled labor forces and construction material might not be sufficiently reflected in these
assumptions.
The results of the study are as follows. The net efficiencies of a CCS equipped coal fired plants
is 8.7% lower than the reference plant (44% net efficiency). For the IGCC plant, net efficiency
decreases by 8.6% in comparison to the reference plant (net efficiency: 43.1%). For the gas fired
plant, the net efficiency decreases by 8.2% in comparison to the reference plant (net efficiency:
55.6%). These numbers strongly depend on the employed technologies. Small differences between
IGCC and PC CCS systems reflect that the study is restricted to current plant designs. The
outcome of the study with respect to capital cost and cost of electricity generation are similar for
coal-fired plants. The lowest cost CCS equipped plant is an IGCC plant; for this plant the cost
of electricity generation are 6% (6.9 c/kWh) lower than that of the least cost post-combustion PC
plant and approximately 11% lower than an Oxyfuel combustion plant.
The most relevant cost component of coal fired CCS generation is capital charge, while for
natural gas fired plants, the main component are fuel prices. Abatement costs are defined as the
cost gap between the cost of the mitigation technology and a reference technology, usually a state of
the art technology. Abatement costs are 27–39$/t CO2 for coal fired plants, again, costs are lowest
for an IGCC plant; for natural gas fired plants costs of avoidance are higher (48–102$/t).
A similar analysis has been conducted two years later by Al-Juaied and Whitmore (2009). The
indicators used to assess the economics of different technologies are levelized cost of electricity2 and
mitigation cost. Some of the standardized assumptions are as follows: inflation 2%, required rate of
return 10%, construction time 3–4 years, coal price $1.71/GJ, natural gas price $7.59/GJ, capacity
factor 85%, plant life 30 years. Finally, the hypothetical plant is located in the U.S..
The results of the model comparison for the nth of a kind plant with respect to the LCOE are as
follows: on average, the LCOE of a CCS plant is between 10 and 13c/kWh, which is approximately
2–5c/kWh higher than for a reference plant. In particular, Oxyfuel combustion is characterized
by low LCOE; however, estimation of the cost of Oxyfuel combustion is subject to the highest
estimation uncertainty. Moreover, LCOE of IGCC plants are relatively lower than those of PC
technologies. This observation is confirmed by the results of the abatement costs. When estimating
costs of first of a kind plants, the authors do not consider PC CCS, referring to the limited avail2 Electricity

price required to obtain a net present value of discounted cash flows of a plant that equals zero, LCOE
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ability of studies and data. Evaluation of the first of first of a kind IGCC plant is based on a 460
MW power plant with a capture rate of 90%. The capture rate is estimated to increase capital cost
by 25%. In total, LCOE of this plant are between 16.4 and 20.2c/kWh and cost of abatement are in
between 120 and $180/t CO2 avoided. The authors highlight that these estimates are conditional
on the fact that data are taken from a period that is likely to represent the end of a cost escalation.
Cost de-escalation in 2009 may have significantly driven costs down. The difference between the
cost estimates in the two previously discussed studies might also be driven by the fact that Davison
ignores cost which are specific to first of a kind power plants, while the second study focuses explicitly on these plants. For further details on the employed assumptions and other relevant details, we
refer to the cited studies.
In summary, the authors draw the conclusion that despite the fact that IGCC with precombustion capture is on average more capital intensive than PC with post-combustion, and investment in
IGCC requires a higher risk premium due to its relative infancy, IGCC is likely to result in lower
abatement costs. However, the relative cost advantage of IGCC is within the range of estimation
uncertainty. Learning and improved process integration are expected to drive costs of IGCC in the
future.
Cost estimation is heavily affected by the financial and economic environment. In 2007, the
MIT (Deutch and Moniz) published a recognized study on the future of coal fired power generation.
However, cost escalations forced the authors to update the study only two years later Hamilton,
Herzog, and Parsons (2009). This illustrates the sensitivity of estimates with respect to changes in
the economic environment. In particular, the cost of capital rocketed by 44% in the period from
2005 to 2009. O&M cost, as well as input prices, increased considerably by 19% and 6%. According
to the authors, estimation of cost can be compared to ‘‘trying to hit a moving target’’. The authors
excluded the IGCC technology because
‘‘... any current IGCC cost estimate is highly uncertain since costs for IGCC may
have doubled or tripled ...’’.
The global and regional economic environment and dynamics seems to be highly relevant for the
evaluation of the market potential of CCS. Therefore, cost estimates require continuous update.
Only recently, Faaij et al. (2013) found that production cost of state-of-the-art coal-fired IGCC
with CCS are as low as $60.59/MWh.3 In the long term, these cost might decrease to $37.23/MWh.
This implies that CO2 avoidance costs might decrease to $13.14/t CO2 . In this study, the authors
do also discuss the use of torrefied biomass (TOPS) instead of coal for electricity production.
Each of the aforementioned studies focuses on the cost of capture and merely ignores cost of the
remaining components and their effects on the system price. However, an integrated assessment
3 This

is based on an exchange rate of 0.73e/$
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is required to estimate marketability of the CCS. Therefore, we will proceed by discussing studies
focusing on the cost of transport and storage. Finally, we conclude the discussion of engineeringeconomic studies with the presentation of the cost of the integrated system and its potential impact
on electricity prices.

2.4.2

The Cost of Transport and Storage

Estimating the cost of transport and storage depends on numerous variables and assumptions made
by the modeler. Even though technical details of those technologies with the highest likelihood of
employment are well known, there is a broad range of possible assumptions to be made. This is
due to the limited knowledge of the locations of potential sources and sinks, and uncertainty over
the legal framework.
There are various approaches to tackle these uncertainties. McCoy and Rubin (2008) exploit
similarities between CO2 pipelines and natural gas pipelines to estimate transmission costs. The
authors employ regression analysis to estimate CO2 pipeline cost depending on the location within
the US, the nominal pipeline size and its length. They obtain estimates in the range of $1.16 per
tonne of CO2 transported for a 100 km pipeline with a capacity of 5 million tonnes of CO2 per year
and $2.23 per tonne of CO2 for a 100 km pipeline with a capacity of 2 million tonnes per year. This
clearly reflects the impact of economies of scale.
Middleton and Bielicki (2009) develop a mixed integer linear program named ‘‘SimCCS’’ to
simulate and design an optimal CO2 transport grid for California. This model manages emission
sources and sinks optimally, that is, to open and close them according to CO2 emissions and demand
defined in scenarios. Subsequently, open sources and sinks are connected by means of a suitable
pipeline grid, optimized by the SimCCS. The algorithm accounts for potential economies of scale by
aggregation of flows in trunk lines. The authors find that cost of transport are minor as compared
to the cost of storage. However, the model is based on the assumption that there is a social
planner, who controls all stages of the chain and is capable to manage and connect them optimally.
Furthermore, the authors limit the effort to model uncertainty by discussing three distinct CO2
price scenarios.
Next to these studies, there is a multitude of case studies, evaluating prospective infrastructure
projects in different regions. Holt (2005) for instance, develop a transport model which links
prospective storage locations in the North Sea to regions with prospective sources. Transport and
storage costs are site specific. Due to abundant presence of suitable geologic formations, there is
plenty of storage capacity in the the North Sea region. Yet, this matches with strong demand for
storage capacity because the North sea is surrounded by countries with many, large emission sources.
Injection cost might turn out to be negative, as captured CO2 might be injected in maturing oil
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fields to enhance oil recovery (EOR). Holt et al. indicate that the value of CO2 , lies between 7.9
and $12.8/t CO2 . This value depends strongly on the oil price.
Breunese and Remmelts (2008) restrict their analysis to the Dutch part of the North Sea. The
authors highlight the relevance of capacity constraints of DOGFs. Average sized power plants
emit approximately 5 million tonnes per year and have a lifetime of circa 40 years. According to
the authors, there is currently no Dutch gas field that would be able to store 200 million tonnes.
Moreover, distinctiveness of the fields is likely to result in broad range of storage specific cost
structures.

2.4.3

Costs of the System

We conclude the summary of engineering-economic studies with a discussion of the estimation of
system cost.
Rubin, Chen, and Rao (2007) employ a single plant energy economic model to analyze the
costs of the integrated system. The authors provide an extensive sensitivity analysis, evaluating
the impact of numerous parameters, such as plant size, plant dispatch, gas price, and financing
on system costs. They obtain the following estimates for the integrated supply chain for the U.S.
Coupled with storage in saline aquifers, power generation from pulverized coal combustion equipped
with post-combustion capture will drive the cost of electricity up by some 45%. The cost of CO2
avoided is estimated to be 61$/t CO2 . In combination with EOR in the North Sea, Rubin et al.
(2007) estimate that the cost of electricity will increase by 28%, which implies that the cost of CO2
avoided are $29/t CO2 . Accordingly, the cost of electricity increase by 30% and 6% when IGCC
plants are employed with storage in aquifers or EOR. In these cases, the cost of CO2 avoided is
$32.4/t CO2 and $4.5/t CO2 .

2.5

Macro- and Micro-economic Models

The preceding survey of engineering-economic studies provides the reader with an overview over
the nature of costs of the CCS components and forecasting uncertainties. However, engineeringeconomic cost estimates are not necessarily well suited to estimate cost of mitigation. This can be
seen as follows. Electricity markets are characterized by time varying demand patterns. Typically,
an electricity demand curve is represented by a load duration curve (LDC), which plots sorted
electricity demand over a certain time interval against the total capacity required to cover demand.
The broadest approximation of an LDC can be obtained by separating it into a so-called peak-load
segment, the segment where demand is very high, and a base-load segment for the rest of the LDC.
To serve the different levels of the demand, i.e. different segments of the load duration curve,
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generators can choose from a variety of generation technologies, which vary in variable and fixed
cost requirements and fuel types. Generally, plants with low marginal cost, so-called base-load
plants, will be dispatched first, while those with higher marginal costs, peak-load plants, will only
be dispatched during periods of high demand. Typically, base-load plants are characterized by lower
variable costs and higher sunk cost, while peak-load plants have lower sunk cost but higher variable
costs. Many base-load technologies are less flexible, that is, changing its load takes longer and is
more costly. Moreover, base-load plants are often coal fired, which implies that they emit relatively
more CO2 than peak load plants. Therefore, penalizing emission of CO2 , reduces the marginal cost
advantage of base load plants as compared to peak load plants. Hence, electricity generators will
dispatch these plants less often, but dispatch the relatively less carbon intensive, natural gas fired
peak load units more often. Hence, to obtain reliable estimates of mitigation cost, CCS coal units
need to be compared to the plant that substitutes the coal fired plant when emission is costly. In
other words, the CCS plant needs to be compared to whatever serves the base load demand in a
carbon constraint world.
Therefore, a more comprehensive approach than the engineering-economic approach is required
to estimate mitigation cost. Models that incorporate the aforementioned complexities by optimizing
power generation portfolios are denoted as partial equilibrium models. Such models are based on
a bottom-up approach, as they incorporate detailed information of the employed technologies such
as capital costs for new plants, capacities of existing plants, efficiencies, operation and maintenance
costs, fuel cost, and so forth. The generation technologies are then matched with a discretized load
duration curve, representing an exogenously given demand curve. In the upcoming subsection, we
discuss such models.

2.5.1

Micro-economic Models

Reinelt and Keith (2007) discuss a model, where the CCS is modeled in the broader context of a
partial equilibrium model. The authors of this study employ an extensive linear program, capable
to incorporate more than 700 decision variables and almost 1300 constraints. The model aims at
minimization of the NPV of capital and operating costs so as to meet demand over a specified
planning horizon. Using this approach helps to evaluate the impact of increasing CO2 prices on the
merit order of generation, and thereby to assess the role of CCS in the generation portfolio. The
model was calibrated for Mid-Atlantic Area Council region, which is the largest integrated power
pool in the U.S.
The authors find that the price of CO2 at which CCS enters the generation mix depends on the
price of natural gas, initial generation mix, and the assumed cost of CCS abatement. Assuming
a low price of natural gas of $3.2/GJ, the study shows that CCS enters the generation mix at
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a price of $75 per tonne of CO2 . Moreover, consistent with traditional dispatch patterns, new
capital intensive units serve base load, while those units with high fuel costs serve peak demand.
Evaluating alternative CO2 price scenarios reveals that for higher CO2 prices, the dispatch of plants
is determined by its carbon intensity. In particular, abatement is relatively cheap for low carbon
prices because it could be achieved by dispatching existing natural gas units more often. However,
the results are dominated by the assumptions on exogenous demand growth and restrictions on
evolution of competing renewable sources as well as restrictions on expansion of nuclear power
generation.
Recently, two additional partial equilibrium models have been discussed to investigate the impact
of CCS on mitigation cost. The Targets Image Energy Regional simulation model (TIMER) as
well as the Prospective Outlook on Long-term Energy Systems model (POLES), provide ample
opportunities to model CCS technologies. Both models focus on the time span between 2000 and
2100 and are solved recursively. The objective is to minimize costs and both models allow for
changes in cost structures due to learning. While POLES is capable of modeling global energy
systems in a very detailed manner, it is restricted by the fact that it does not account for potential,
fundamental changes in generation technologies that may occur during the modeling period. This
shortcoming cannot be remedied by detailed modeling of learning. TIMER is constructed to model
long-term trends in the energy industry and it is capable to model emissions arising from land
use. Due to the relevance of this type of emissions, and the fact that TIMER is the only model
accounting for this type of emission, TIMER is a very powerful tool (Edenhofer et al., 2010).
When emission of CO2 is costly, the outcome of the POLES model is dominated by inflating
energy prices, which trigger technological improvements and thereby result in energy savings. Due to
high cost of electricity generation from renewable sources, TIMER estimates extensive employment
of CCS in a carbon constraint world. The intensity of application of CCS in TIMER is independent
from the stringency of the mitigation target, that is, the share of CCS in the generation mix does
not depend on whether the mitigation target is 400 ppm, 450 ppm or 550 ppm.
Both models predict mitigation cost to be below 2.5% of GDP in the most ambitious mitigation
case of 400 ppm. In the case of 550 ppm stabilization, the cost is less than 1% of the GDP.
In all cases, POLES’ cost forecasts exceed those of TIMER. However, the results are extremely
sensitive towards total employment of CCS. In particular, excluding CCS from the list of mitigation
alternatives implies that the low mitigation target cannot be realized.
Yet, the outcomes from partial equilibrium models are restricted by limited capability to incorporate feedback mechanisms among product and factor demand as well as supply. For instance,
these models do not incorporate the impact of increasing electricity prices, induced by carbon
penalties, on the electricity demand. Demand for electricity is known to be rather price inelastic.
Especially in the long run, strengthened by technological innovation, for instance in the housing
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sector, climbing prices for electricity are likely to reduce demand. The same holds true for price
developments on factor markets. Soaring demand for natural gas, induced by higher utilization of
existing gas units, triggers increasing gas prices and thereby drive other variables in the system
(Edenhofer et al., 2010).

2.5.2

Macro-economic Models

Electricity and fuel demand are endogenous to macro-economic top-down models. The objective
of these models is to maximize social welfare. Top-down models reflect the economies of different
geographic regions and combine them through international trade-flows. In this way, they are
capable to demonstrate the impact of market and economy-wide feedbacks.
Generally, such models possess the option to incorporate a rich set of economic variables, such
as regional economic and demographic developments, costs and availability of global and regional
fossil fuel resources, rates of technological change, the relative contribution of CO2 emissions from
different economic sectors, and so forth. According to McFarland and Herzog (2004), numerous
models constitute hybrids, reflecting the modeler’s desire to find a compromise between detailed
implementation of technologies and comprehensive modeling of the economy. Here, we discuss some
widely cited top-down models.
One of the first macro-economic models, capable to incorporate the impact of application of
CCS on mitigation cost, is the MIT Emissions Prediction and Policy Analysis (EPPA) general
equilibrium model discussed in Babiker et al. (2001). The EPPA model is a recursive dynamic
multi-regional model of the world economy, which considers a time span of 100 years and 12 world
regions. The regions are linked by international trade. Moreover, EPPA models six energy related production sectors as well as three more sectors, representing the remaining branches of the
economies. Constant elasticity substitution functions are employed to model production within the
sectors.
McFarland and Herzog (2004) incorporates CCS into the EPPA model. In this early study,
the data fed to the model are rather optimistic with respect to CCS technologies. The employed
estimates of natural gas prices are low. Hence, it does not come as a surprise that CCS plays a
substantial role among mitigation technologies and that excluding it results in a significant increase
in mitigation cost. In the short term, generators increasingly employ advanced gas generation before
CCS will globally start penetrating the market from 2020 onwards. The EPPA version employed in
this study does not account for the specific shape of electricity demand discussed in the beginning of
Section. In a more recent study, McFarland, Paltsev, and Jacoby (2008) modified the EPPA model
to tackle varying load factors of the incorporated generation technologies. Moreover, they update
the economic variables and production technologies. The result that CCS is a relevant mitigation
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option is robust to these modifications.
Recently, three additional general equilibrium models, REMIND, MERGE and E3MG, were
used to model employment of CCS. Each of the three models accounts for learning effects and
multiple geographic regions, as well as various alternative generation technologies. In contrast
to MERGE and REMIND, E3MG is not a pure equilibrium model but an econometric model,
based on time series forecasting. Depending on the assumptions made on initial fuel prices, the
exhaustibility of resources and the mechanisms employed to model learning, the models predict
different scenarios of the future energy mix. In the baseline scenario without emission constraints,
MERGE predicts continuation of the reliance on fossil fueled power generation due to low initial
fuel prices. In contrast to that, REMIND and E3MG predict increasing use of power generation
from renewable sources, which is caused by exhaustion induced inflation of prices and high learning
effects in renewable technologies.
In a carbon constrained scenario, REMIND forecasts increased use of CCS with biomass, while
MERGE, which is augmented with a climate change module, relies on the increased use of renewable
energy sources. Similar results can be found with E3MG. In all three models, application of CCS
is independent of the mitigation target to be achieved. Total cost of mitigation as estimated by the
models are as follows: REMIND and MERGE predict mitigation cost to be below 2.5% of GDP
in the most ambitious mitigation scenario at 400 ppm. Mitigation costs predicted by REMIND
are even below 1% of GDP. These results are sensitive to the exclusion of particular technologies.
For example, excluding CCS from the list of technological alternatives implies that the 400 ppm
mitigation target cannot be realized. Finally, keeping CCS as a mitigation option but restricting the
global storage potential to 120 Gt CO2 causes a significant increase in mitigation cost (Edenhofer
et al. 2010).
The last macro economic model to be discussed in this paper is the “World Induced Technical
Change Hybrid (WITCH)” model as discussed in Tavoni and Van der Zwaan (2009). This model
is capable to dynamically model strategic interaction between world regions. In particular, optimal
investments in generation capacity is modeled as a dynamic open-loop game. Technical change is
endogenous and depends on macroeconomic variables and climate policy. Therefore, the decisions
to invest in generation capacity in the world regions depend on each other. Detailed bottom-up
information of multiple generation technologies are incorporated into the model. Finally, the model
is equipped with a climate change module to reflect economic damages arising from global warming.
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2.6

Leakage From Storage

None of the partial and general equilibrium models discussed so far, incorporate the economic effects
of leakage from storage reservoirs. Even though leakage is an extremely unlikely event4 , the risk of
leakage is likely to determine the viability of CCS. van der Zwaan and Gerlagh (2009) evaluate the
economics of carbon leakage; in particular, they discuss leakage rates that might be acceptable from
an economic point of view. Gerlagh and van der Zwaan employ the top-down model “DEMETER”
to evaluate the economic effects of storage. This model comprises a climate module and is capable
to model the application of CCS very precisely. In particular, the authors incorporate marginal cost
of CCS between 10 and $150/t CO2 . They define four different leakage scenarios. The predefined
leakage scenarios account for leakage rates of 0%, 0.5%, 1% and 2% per year.5 These leakage rates
result in cumulative storage of 80, 60 and 50 Gt CO2 during the course of this century.6 The model
is capable to calculate the optimal time path of a tax, required to achieve a global mitigation target
of 450 ppm. This tax is minimal when there is no leakage, but increases in the leakage rate. In all
cases it has a unique maximum at around $150/t CO2 occurring approximately by 2060. Moreover,
the authors compare the results obtained with the DEMETER model to results from bottom-up
modeling. The comparison reveals that in both models CCS is viable with leakage rates as high
as 0.5%. However, with higher leakage rates, the results of the two models diverge. Calibrating a
bottom-up model, shows that CCS remains viable with high leakage rates, which contradicts the
predictions obtained by application of the top-down model. In summary, the authors demonstrate
that CCS is viable with leakage rates that significantly exceed the predictions of geologists.
Edenhofer et al. (2004) proposes to regulate the risk of leakage from storage sites by means
of environment performance bonds. Such bonds have been proposed earlier to regulate private
activities that bear environmental risks. Firms intending to invest in projects that potentially cause
harm to the nature are obligated to purchase these bonds. Prices of environment performance bonds
are determined by estimates of the largest potential environmental harm caused by the activity
under consideration. If damage occurs, e.g. due to leakage from a storage site, the bonds are
devaluated by the regulative authority. If no damage occurs, the bonds will be returned to the firm,
deflated by the interest rate. Finally, during the control period, the bonds can be traded, similar
to financial assets.
If managers have a shorter planning horizon than the society has, or that the private discount
rate exceeds the social discount rate, environment performance bond might help to align the inter4 According
5 Note

to Metz (2005), it is very likely that 99% of the stored CO2 remains trapped for more than 100 years.

that leakage rates of more than 0.1% are considered by many experts as extremely unlikely

6 Given that CCS is being globally employed on a large scale and given the previously indicated leakage percentage
rates, these numbers can be considered to be optimistic.
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ests of the society with those of the investors. Short sighted investors might take risks that are not
welfare maximizing when firms have to compensate after a catastrophic event has occurred. Notably, managers might have an incentive to pass potential cost of compensation over to consecutive
managements. However, the cost of environment performance bonds would accrue immediately and
their value would be determined on the market.

2.7

Knowledge Gaps

In order to account for the fluctuating macro economic environment, results of macro- and microeconomic modeling need to be updated frequently. In this context, Edenhofer and Stern (2009)
discuss how the credit crises of 2008 might have affected investment in climate change mitigation.
The authors highlight that investment in renewable energy sources might support recovery from
the economic crisis.
Next to the continuous update of cost estimates, future research should focus on strategic interaction of the players at the links of the CCS chain. Economic analyses provided in the previously
discussed papers, is usually based on the perspective of electricity generators. However, system
cost and market potential are determined by the interaction of multiple players at the links of the
CCS chain. CCS depicts a bundle of different technologies which are usually controlled by different
players. As the components need to be linked in order to close the chain, interaction of the agents
at different stages of the chain is likely to affect the total system cost of CCS. For instance, due
to spatial effects, the electricity plant operator may be exposed to the monopoly power of a storage field operator, who in turn could use his bargaining power to squeeze the profits of the plant
operator. This may be reinforced by the fact that the storage operator might have an incentive to
delay the availability of the field, since rising CO2 prices imply a rising value of the empty pore
volume in the geologic formation. Transport is subject to a number of potential economic issues
that might affect the cost of the system. The economics of grid bounded transport is often driven
by economies of scale.
In summary, economic research usually focuses on engineering-economic aspects, but does not
pay much attention to interaction and industrial organization of the components. The natural gas
industry constitutes a natural archetype, which could provide valuable lessons to learn.

2.8

Incentivizing Application of CCS

Economic theory predicts that cap and trade mechanisms, such as the European trading scheme
minimize societal cost of abatement. In particular, emitters regulated by a cap and trade mechanism
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will choose generation technologies and expenditure for emission allowances optimally and thereby
minimize production cost. If certain abatement technologies are fostered by subsidies, this may
induce market distortions because generators might not allocate optimally, i.e. welfare maximizing
anymore.
However, in the real world, politicians might have incentives to favor certain climate change
mitigation technologies. There are various measures to foster particular technologies, which are
being discussed in this section. To help electricity generators gain experience with CCS, public
funds have been made available in many regions. In total, worldwide over 100 pilot projects have
been initiated in order to test specific technological aspects of the CCS chain.
Some national programs, meant to trigger investment in CCS, have been evaluated by van
Alphen, Hekkert, and Turkenburg (2009). In particular, the authors evaluate and compare regulatory initiatives, aiming at stimulation of investment in CCS, in five countries: the U.S., Canada, the
Netherlands, Norway and Australia. In order to do so, the authors employ the functions of innovation systems approach. This approach is based on the idea that new technology is demonstrated
and deployed in the context of a technological innovation system. In this way, those strengths
and weaknesses of the innovation systems are evaluated, which might turn out to be essential for
the development of a long-term policy strategy aiming at a successful implementation of CCS.
The authors conclude that knowledge gains, which accumulated over the past years, have not yet
stimulated the development of integrated CCS concepts. They see this as evidence for a current
slow-down of the evolution of CCS. To overcome this phase, they propagate public funding of CCS
projects in the countries under consideration. Furthermore, they conclude that in some countries
the development of a regulative framework is too slow.

2.9

Summarizing Cost Types and Forecasting Uncertainties

In this section, we survey cost types that are likely to determine the overall system cost. We
combine this review with a discussion of the uncertainties linked to forecasting these cost types.
This approach is justified by the fact that there are differences in the maturity of the alternative
components causing various uncertainties in cost estimation. The costs of mature systems can be
predicted with a high degree of certainty.
Basically, costs and uncertainties linked to their estimation can be classified into three broad
categories:
1. system exogenous and statistically not assessable,
2. system exogenous and statistically assessable,
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3. system internal and statistically assessable.
The first category, comprises monitoring costs and costs of fulfilling regulatory requirements. Basically, these costs are determined by the political and public discussion, which in turn determines the
regulatory and legal framework. Naturally, uncertainties of such costs are hard to remove. Among
these uncertainties there are also upside risks: establishment of a large-scale hydrogen market could
increasing viability of CCS and boost its implementation.
Secondly, capital cost, labor cost, fuel cost, and cost of emission are system exogenous, but statistically assessable by means of various forecasting techniques. For instance, the cost of application
of CCS is heavily affected by fuel prices because CCS is energy intensive. The price of natural gas is
of outstanding prominence since it determines the availability and the price of DOGFS. Simultaneously, due to its relatively low carbon intensity, electricity production from natural gas combustion
can be seen as an imperfect substitute for CCS. Even though long-run forecasting is subject to
significant uncertainty, historic data for this cost category are available and future levels can be
statistically estimated. However, this category depends on the employed technological components
and therefore on the third category.
Costs can be considered as being internal to the system and assessable if investors can control
them to a certain extent. For example, R&D investment is controlled by internal decision makers.
Finally, there is a category of hybrid cost components. These are, for instance, costs of retrofitting
which are determined by external as well as internal cost components. The height of the energy
penalty is determined by R&D effort, as well as fuel cost.
As could be seen, all cost categories are linked to a certain degree to uncertainties. In fact,
these uncertainties determine in how far economies of scale can be realized since the higher the
uncertainty, the smaller the scale of the projects.

2.10

Conclusion

We have conducted a review of relatively recent literature on socio-, engineering-, micro- and macroeconomic studies on CCS related issues. The majority of the studies reviewed were published in
2007 or later. However, as many of the models considered in this paper are based on older data,
their results do often not reflect the latest developments.
The studies show that a lack of social acceptance and regulatory uncertainty as discussed in
the course of this thesis are major barriers to large-scale implementation of CCS. A number of
analogues from other industries, such as the natural gas industry, might ease development of a
regulative framework for CCS operations.
The economics of CCS are heavily affected by gas prices, emission prices, learning effects, dis-
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patching and a number of further factors that have shown considerable volatility in recent years.
This complicates reliable cost estimation and highlights the need of continuous update of economic
studies. Instead of increasing certainty, enhanced by maturing of the employed technologies and
increasing experience of operators, investors are faced with a highly volatile economic environment
that undermines reliable cost estimation. The prospective application of CCS is heavily affected by
the question whether policy makers are willing to provide additional incentives or not.

Chapter 3
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3.1

Introduction

The idea to capture CO2 from point emission sources, transport CO2 to, and store it in underground
geological formations is known as Carbon Capture and Storage (CCS). According to Pacala and
Socolow (2004) among others, CCS will become an important measure to economically reduce CO2
intensity of electricity generation when cost of emitting CO2 are internalized. The need to internalize
emission cost is due to the fact that accumulation of emissions in the atmosphere increases frequency
and severity of catastrophic weather conditions (Pachauri and Reisinger, 2007). First attempts to
internalize emission cost have been made by establishing cap and trade mechanisms, such as the
European carbon market, EU ETS.
Among others, Sekar, Parsons, Herzog, and Jacoby (2007) and Fuss, Szolgayova, Obersteiner,
and Gusti (2008) argue that CCS is a valuable option for electricity producers to mitigate costly
CO2 emission. However, these studies implicitly treat the availability of storage capacity as being
exogenously given when valuing the option to invest in CCS. In the study at hand, we endogenize
supply of CO2 storage when valuing of the option to invest in CCS. We argue that the assumption
of exogenously given storage supply might lead to an over-valuation of the CCS option.
According to Gough (2008), many experts predict that supply of onshore storage capacity is
restricted to declining or depleted natural gas fields.1 Gas fields are well known and easily accessible via existing infrastructure. However, many of the potential storage fields are still producing
natural gas. As there are technical restrictions on simultaneous production and injection, storage
capacity does probably not become available until gas production has ceased (Hendriks, Graus,
and Van Bergen, 2004).2 Moreover, it is not possible to deplete gas fields exhaustively but the
decision to abandon natural gas production depends on its viability. Therefore, if availability of
other storage options is limited, the value of the remaining gas reserves in the potential CO2 storage
field should be taken into consideration when valuing the option to invest in CCS. The value of the
option to invest in CCS then depends on uncertainty in natural gas and allowance prices and the
correlation between these prices.
Even if gas production has ceased due to a lack of viability, the option value of CCS might depend
on the decision to abandon a gas field: firstly, many countries impose regulatory requirements on the
time of abandonment of unused resource fields.3 Governments require resource producers to remove
infrastructure and plug production wells within few years, when a field is not used. However, once
a gas field has been abandoned, it is very costly to reactivate it. Given uncertainty in allowance
1 According to Gough (2008), many CCS experts predict that onshore saline aquifers will not become available as a
storage option. Off-shore deep saline aquifers are already in use for CO2 storage.
2 There have been attempts to increase gas production by injecting CO into a field. However, as of today, there
2
have not been any successful demonstrations of this procedure.
3 In

the Netherlands, there needs to be abandonment of onshore fields within two years after production has ceased.
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prices, we show how the option value depends on the maximum time span between the end of gas
production and abandonment of the gas field. Secondly, the option value depends also on cost
of abandonment, e.g. on the cost of removal of infrastructure and plugging of production wells.
Particularly, installations that have been used for gas production and distribution can be reused
for CO2 injection.4 If the infrastructure is used for injection of CO2 , firms do not have to pay for
its removal nor for the plugging of wells until the end of the injection of CO2 . Hence, the time of
abandonment is being postponed and abandonment cost are being discounted over the time span
of CO2 injection.
In this study, we explicitly assume that the value of the investment option does not only depend
on uncertainty in allowance prices and cost of CCS as discussed in existing studies. Contrarily, we
incorporate regulation of the abandonment time, uncertainty and correlation of gas and allowance
prices, and windfall profits due to discounting of abandonment cost into the analysis. We take the
perspective of a single, price taking energy producer, who holds an asset that permits her to invest
in CCS at some time in the future.
We employ two different real option models. Given that gas production has ended, uncertainty
in allowance prices is the only source of uncertainty. Considering the flexibility to choose the optimal time to invest and sunk cost of investing in a CCS facility, an American call option can be used
to model this situation. The call option allows us to evaluate the impact of regulation of the time
until abandonment on the option value. In order to value the option to invest in CCS when there
is ongoing gas production, we extend the call option model to an exchange option model. Using
this model, we explicitly take uncertainty of and correlation between allowance and gas prices into
account. We calibrate our models using data from the literature where possible.
The findings of this study are as follows. In line with existing real option studies, the value of
the option to invest in CCS is increasing in uncertainty in allowance prices, but decreasing in the
discounting scheme. Regulatory requirements to remove infrastructure quickly after gas production
has ended, typically decrease the option value. Positive correlation between gas prices and allowance
prices decreases the value of the option to exchange gas production for CO2 injection. Notably, with
positive correlation, at times where allowance production is viable, gas production is likely to be
viable, too. This decreases the incentive to replace gas production for CO2 injection.
Given that high electricity demand has a positive impact on gas as well as allowance prices, it
can be assumed that these prices are indeed positively correlated. Moreover, Hintermann (2010)
indicates that switching from coal fired power generation to gas fired power generation occurs at
times of high allowance prices. This is due to the fact that burning natural gas for electricity
4 Modification

of the infrastructure might be required, though.
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production releases approximately two thirds of CO2 emissions as compared to burning coal. Considering the positive relationship between emission allowance prices and gas prices, the value of
CCS as a mitigation technology might be lower than previously estimated.
There is a substantial strand of literature applying real option analysis to investment in energy
projects (e.g. in Herbelot (1994) and Dixit and Pindyck (1994)). Real call option models have
been applied to evaluate investment in CCS when CO2 prices are uncertain. For example, Reinelt
and Keith (2007) employ a stochastic model with a jump component to model politically induced
uncertainty. Yang and Blyth (2007) employ a database based model that captures multiple sources
of uncertainty. Also Fuss, Szolgayova, Obersteiner, and Gusti (2008) provide a real option analysis
which incorporates various sources of uncertainty and which accounts for the option of switching
CCS facilities on and off. These studies indicate that natural gas fired electricity production might
substitute coal fired power generation for moderate emission penalties. Moreover, uncertainty in
emission prices is usually delaying investment in CCS and increasing the value of the option to invest in CCS. Real option theory has also been applied to the optimization of investment in resource
production, e.g. by Dentskevich and Salkin (1991). Kemp (1992) discusses abandonment decisions
when resource prices are uncertain. However, in this study, the option character of the problem is
being ignored. We are not aware of any study that focuses on optimization of abandonment of gas
production by means of real option theory.
The outline of the chapter is as follows. In section 2, we introduce the reader to the economic
context of the analysis. In section 3, we discuss the real option approach employed in this study. In
section 4 we discuss data, which are being used to calibrate the models. Results of the calibration
of the models can be found in section 5. In he last section, 6, we summarize and discuss our results.

3.2

Assumptions

Here, we discuss the stylized economic context, which is being employed in this study. As will be
seen, we take a micro economic perspective when valuing the option to invest in CCS.
Particularly, we assume that there is an energy producer, which is operating a new carbon
capture ready power plant as defined by Bohm, Herzog, Parsons, and Sekar (2007).5 The producer
is a price taker on the wholesale electricity market where they sell the output of their power plant.
As we are interested in uncertainty in allowance and gas prices, we assume that electricity prices
are deterministic. When burning coal to produce electricity, CO2 is vented into the air. In order
5A

power plant which can be retrospectively equipped with a Carbon capture facility.

Abandonment of Natural Gas Production And Investment in Carbon Storage

41

to internalize the cost of emitting CO2 , policy makers established a cap and trade system that
regulates emissions. Hence, the producer has to buy emission allowances on the allowances market
where they are assumed to be price takers, too.6 The evolution of prices on the allowance market
is assumed to be given by geometric Brownian Motion (gBM),
dP I
= α I dt + σI dz I ,
PI

(3.1)

where dz denotes the increment of the Wiener process and I ∈ { A, G }.7 Particularly, we use I = A
when referring to the allowance price process and I = G when referring to the gas price process.
Annual growth rate and annual variance of the price processes are given by α I and σI . Modeling
emission allowance prices as a geometric Brownian motion process is a frequently used assumption
in the real option literature, e.g. in Dixit and Pindyck (1994) and Fuss, Szolgayova, Obersteiner,
and Gusti (2008). Note that the annual growth rate reflects that emission allowances shall become
more expansive to fulfill long term climate change mitigation targets of policy makers.
If the producer could sequestrate CO2 from the coal fired plant and inject it into a gas field, she
could save on buying emission allowances. Notably, emitters who capture CO2 and store it do not
have to surrender emission allowances under the European Union Emission Trading Scheme by EU
directive 2009/31/EC.
Even though there are only few firms simultaneously active on upstream and downstream markets, our energy producer is lucky in that she is controlling a mature gas field, which could be
used as a storage for CO2 emissions.8 The capacity of the gas field is sufficiently large to absorb
CO2 emissions from the CCS equipped power plant. In order to use the gas field as CO2 storage,
the producer needs to retrofit the CCS ready plant with a CCS facility. Moreover, if there is still
production from the gas field, the producer has to cease gas production before they can start to
inject CO2 because CO2 injection and gas extraction exclude each other.9 Under the assumption
that it is not viable to switch back to gas production after CO2 injection has started, the value of
the remaining gas reserves is lost when starting to inject CO2 . This implies that the gas producer
needs to take the value of the lost reserves into account when deciding on her investment in CCS.
The value of the lost gas reserves is determined on the market for natural gas, where the gas would
6 When
7 For

emissions are not covered by a sufficient amount of allowances, emitters do have to pay a severe penalty.

a thorough discussion of this and other technical issues, we refer to Dixit and Pindyck (1994).

8 Even if the gas field would be controlled by a second firm, the firms would share the common objective of maximizing
the payoff of investing in CCS. Inefficient bargaining would impose transaction cost on the firms and thereby reduce
the value of the transaction. In line with Coase’ theorem and many theoretical bargaining solutions, we assume that
the exchange is efficient, i.e. does not impose transaction cost (Coase, 1960).
9 Injection of CO to enhance oil or gas recovery constitutes no entitlement for saving of emission allowances. In other
2
words, if emitters inject the produced CO2 and thereby enhance oil or gas recovery, they still have to buy emission
allowances for the produced CO2 according to Loizzo, Lecampion, Berard, Harichandran, and Jammes (2009).
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be sold and where the producers is a price taker. The evolution of prices on the wholesale natural
gas market is given by equation 3.1, with I = G.10
If gas production ended some time ago, the producer may be forced by regulatory requirements
to remove infrastructure and plug injection wells timely. Implicitly, this puts a restriction on the
life time of the option to invest in CCS because after abandonment of the field, usage of the field
as a CO2 storage site is prohibitively expansive. This is due to the fact that infrastructure would
have to be rebuilt and new injection wells would have to be drilled. Therefore, we assume that the
obligation to abandonment a gas field within T years after the production has ended restricts the
life time of the option to T years.

3.3

Models

In this section, we present real option models that will be used to value the option to invest in CCS
in section 5.
Given that the life time of the option is restricted to T < ∞ years, and that there is uncertainty
in emission and natural gas prices, it is hard to obtain closed form solutions of the option value.
Therefore, we employ numerical approaches to obtain option values. Particularly, we simulate
option values by using a discrete time approximation of the processes depicted by equation 3.1.
Details concerning the discretization are being discussed in Appendix A. Based on the discrete
versions of the processes described in equations 3.1, optimal stopping rules can be used to calculate
the current values of the options to invest in CCS. This is a frequently used approach to solve real
option problems, see e.g. (Dixit and Pindyck, 1994).
However, if there are no restrictions on the life time of the option, it is possible to obtain closed
form solutions of the option value, which is discussed in Appendix B.
The listing on the next page provides an overview over most of the parameters we are using in
our models.

3.3.1

Gas Production has Ceased

Next, we introduce notation and develop an American call option model with a life time of T years
to value the option to store CO2 in an ”empty” gas field, which does does not produce natural gas.
V0 ( P0A ) denotes the current option value, i.e. the value of the asset that entitles the holder
to obtain savings on emission allowances in the future. We solve an optimal stopping problem to
calculate the value, Vt ( PtA ), of the common call option at time t ∈ {0, ..., T }, given allowance price,
10 Mean

reverting processes have been used to model uncertainty in resource prices. Pindyck (1999) present evidence
that resource prices evolve according to mean reverting processes in the long run. Yet, particularly natural gas prices
seem to converge slowly and we can assume the process 3.1 approximates the true process well.
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Call option value at time t

Yt (·)

Exchange option value at time t

PtI

Price of commodity I at time t

πtI (·)
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NPV producing commodity I at time t

δI

Required rate of return on asset I

cI

OM cost of producing commodity I

qI

Produced quantity, q I of commodity I

r

Risk free interest rate

PtA . We compare the value of immediate investment with the expected and discounted value of
postponing investment at every point in the life time of the option. Immediate investment provides
the firm with the net present value of investment, πtA ( PtA ), but comes at some cost, KCCS , defined
in equation 3.4. When postponing investment, the firm obtains the discounted expected value of
the option at the next time period, Vt+1 ( PtA+1 ).
Formally, we have to evaluate the following set of equations recursively:
n
o
Vt ( PtA ) = max πtA ( PtA ) − KCCS , δA E[Vt+1 ] ,

(3.2)

where E[·] depicts the expectations operator.11 Given that allowance prices evolve according to
equation 3.1, the expected net present value (NPV) of allowance production, πtA ( PtA ) in equation
3.2, is given by,
πtA ( PtA ) = PtA q A

Z t+τ
t

exp (−δA t) dt.

(3.3)

The expected NPV is a function of the allowance price at time t, the life time of the CCS facility,
τ, the required rate of return, δA ∈ (0, 1], and the amount of produced allowances, q A . Here, δA
represents the cost of waiting and postponing the investment.12
11 E [V
t+1 ] can be obtained as follows. Using the discrete time approximation of 3.1, for every t, the process can be at
two price states at t + 1. It is possible to obtain the values of the price states and the probabilities that the process
enters these states. Given this, instantaneous expectations can be obtained by probability weighting of possible price
states at t + 1.
12 δ

A is given by the difference between the risk-adjusted discount rate, and the growth rate of emission allowances
prices, α A . For further details, on how to estimate δA , check Dixit and Pindyck (1994).
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Moreover, the price of establishing the project, is given by,
KCCS ≡ c A

Z t+τ
t

exp (−rt) dt + ICCS − IG (1 − exp(−τr )) + L.

(3.4)

In equation 3.4, the first term depicts the NPV of the variable cost, c A , over the life span of the
CCS facility. Note that contrarily to risky revenues, which are to be discounted at δA , variable cost
are risk-free, and therefore are to be discounted at the risk-free interest rate. ICCS represents the
sunk cost of constructing the CCS facility and IG depicts abandonment cost (e.g. cost of removing
installations).
Investment in CCS causes postponement of abandonment of the gas field. Given that there is
injection during the life time of the facility, abandonment cost do not have to be payed before the
CCS facility has reached the end of its life time, τ. As abandonment cost do not have to be payed
before this time, they ought to be discounted by e−rτ . Therefore, investment in CCS causes windfall
savings of IG (1 − exp(−τr )).
Finally, L depicts follow up cost after injection of CO2 has ceased. For example, the CO2 plume
needs to be monitored to detect potential leakage in time. L includes also liability cost if there is
leakage from the field. On the one hand, leakage might affect residents at the storage site (local
risk). On the other hand, the firm might be forced to buy emission allowances to cover the leaked
CO2 emissions (global risk). Using option terminology, KCCS represents the strike price of the
option.
In sum, equation 3.4 can be interpreted as follows. At time t, with prevailing price levels, PtA ,
the investor has to decide if she wants to invest in the CCS facility which comes at a cost KCCS . The
strike price for exchanging gas and allowance production is given by KCCS . Investment provides her
with an expected net payoff of πtA ( PtA ). Alternatively, the investor can wait and see how prices
change in the next period yielding an expected, discounted net present value of δA E[Vt+1 ]. Solving
equations 3.2 recursively, we obtain the current value of the option at t = 0, denoted by V0 ( P0A ).

3.3.2

Ongoing Gas Production

If there is still gas production from the field and gas reserves are lost when injecting CO2 , exchange
of CO2 injection and gas production needs to be explicitly modeled. This can be done by means of an
exchange option model, which provides its holder (the energy producer) with the right to exchange
two assets at any time in the future. If the energy producer exercises the exchange option, the
uncertain value of allowance production is exchanged for the uncertain value of gas production.
This implies that the value of allowance production needs to be subtracted from the value of the
gas production. Consider the following example: Olivia dates Jason but Liam is also interested in
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dating Olivia. Basically, Olivia has the option to exchange Jason for Liam. However, if she decides
to exchange, the value of the relationship with Jason is lost.
Given that there is no restriction on the life time of the option, McDonald and Siegel (1986) find
a closed form solution for a similar problem. However, this solution does not explicitly take sunk
cost into account, such that we approximate the solution using the numerical approach proposed
by Boyle, Evnine, and Gibbs (1989). An exchange option model can be seen as a generalized call
option with a stochastic strike price (see Appendix B).
Given that gas prices and revenues of gas production evolve according to equation 3.1 but
O&M cost of gas production are deterministic, the value of the exchange option, Yt ( PtA , PtG ) can be
obtained as follows. At every point in time, the investor can either invest immediately, or postpone
investment. Postponement provides her with an expected, discounted value of Yt+1 ( PtA+1 , PtG+1 ).
Immediate investment provides her with πtA ( PtA ), but comes at a cost KCCS + πtG ( PtG ) because the
value of the remaining gas stock is lost. In that sense, the value of the remaining gas reserves can
be considered as adding to the sunk cost of investing in the CCS facility.
Formally, we obtain the following dynamic optimization problem,
n
o
Yt ( PtA , PtG ) = max πtA ( PtA ) − πtG ( PtG ) − KCCS , δA E[Vt+1 ] .

(3.5)

Given that gas prices evolve according to equation 3.1, the expected net present value of remaining
gas reserves πtG ( PtG ) in equation 3.5 is given by,
πtG ( PtG ) = qG γ

Z ∞
0



exp (−δG t) PtG − cvG dt.

(3.6)

In equation 3.6, the remaining gas reserves are given by qG , and the production rate is given by γ.
In order to obtain the NPV of gas production, we integrate the discounted sum of the returns of gas
production. In equation 3.6 the revenue of gas production depends on the stochastic evolution of gas
prices, PtG . Therefore, we discount the revenue of gas production by δG . Contrarily to the emission
allowance production, we do not put restrictions on the life time of gas production because it is not
possible to exploit gas reservoirs completely. cG represents marginal cost of producing natural gas.
The expected net present value of gas production, πtA ( PtA ), has been defined in equation 3.3.

3.4

Calibration

Here, we discuss data used to calibrate the real option models depicted by 3.2 and 3.5.
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ICCS
487.2

O&M cost
23.84

Fuel cost (Me/y)
14.88

CO2 released in Mt/y,q A
2.49

Table 3.1. Difference before/after retrofit for a common pulverized coal power plant as stated in
Bohm, Herzog, Parsons, and Sekar (2007) (in e, exchange rate: .8e/$) with a capacity factor
of 80% and a net power output of 500 Mega Watt (MW) and including a markup plant to
compensate the energy penalty of operating the CCS facility.

3.4.1

Volatility, Required Return Rates and Initial Price Levels

In line with existing studies on the valuation of resource extraction and investment in mitigation
technologies, e.g. (Herbelot, 1994; Dixit and Pindyck, 1994) and (McDonald and Siegel, 1986),
throughout large parts of the study, we assume that the required rates of return are δI = .04.
However, rather than specifying fixed values for σA , we conduct sensitivity analyses to check
for the impact of various levels of σA on the value of the option to invest in CCS. We consider this
approach to be suitable because emission allowance markets are immature and it is very hard to
obtain reliable estimates for σA based on historical data. For the same reason, volatility in allowance
prices can be assumed to exceed volatility in gas prices. Generally, we assume that annual allowance
price volatilities is between 10 and 20 percent, and that gas price volatility is 10 percent.
Moreover, we need to make assumptions on the initial price levels, P0I . P0I depicts the price
level prevailing at the moment of conducting the analysis. P0I can be observed in the market. For
instance, based on a crude estimate from 2012 data, it might be suitable to assume initial allowance
prices levels of P0A = 10 e per tone CO2 emitted. Gas price levels might be assumed to be P0G = 30
e per Mega Watt hour (MWh).13

3.4.2

Emission Allowance Production

To calibrate emission allowance production, we employ cost estimates provided in table 3.1. Table
3.1 is taken from table one of Bohm, Herzog, Parsons, and Sekar (2007).14
In line with the assumptions on the economic background, presented in section 3.2, we assume
that there is an existing CCS ready, pulverized coal power plant with a capacity of 500MW. The
plant is estimated to emit approximately 100 million tones of CO2 over its expected life time of
τ = 30 years.15 Moreover, sunk cost of building the facility as well as a makeup plant to cover the
energy requirements of the CCS facility are ICCS = 487.2 million e. The plant is assumed to be
utilized at a rate of 80%. Operating such a facility requires paying a yearly markup of cCCS = 38.72
13 These

estimates are obtained from spot price data, quoted at the European Energy Exchange (EEX) in July 2013.

14 Throughout
15 In

the analysis, we assume the exchange rate to be .8e/$.

total, 30∗3.4 = 102 million tones of CO2 will be captured and injected.
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million e for fixed O&M cost and additional fuel costs. The difference between the emissions
of the existing, common plant and the CCS equipped plant is given by q A = 2.49 million tones
per year. Hence, by retrofitting the plant with a CCS facility, the investor can save 2.49 million
emission allowances per year. In other words, the facility produces 2.49 million allowances, given
that emitters are allowed to emit one tone of CO2 per emission certificate.
If we ignore potential savings due to discounting of abandonment cost and follow-up cost of
CO2 injection, we obtain the total cost of establishing the CCS project as follows. The total cost
of establishing the CCS project are given by the sum over ICCS and the NPV of variable cost over
the life time of the facility, τ. Given r = 4%, the total cost of establishing the CCS project are
1163, 644 million e. Assuming that the required rate of return is equal to the risk free interest rate,
i.e. δA = r, and substituting these values in the allowance production function 3.3, we obtain the
net present value (NPV) of allowance production. Then, P A = 26.75, represents the break-even
point beyond which the NPV is positive, i.e. π A (26.75) − 1163, 644 = 0.
Hence, evaluation of investment in the CCS facility according to the NPV criterion and without
consideration of the value of the gas reserves, suggests that one should invest at a price, P A = 26.75.
At this price level, the present value of investment outweighs the sunk cost of investing. Using the
language of option valuation one would say that the option is in the money with prices beyond
P A = 26.75.
However, there might be significant cost of liability and monitoring, L after CO2 injection has
ceased. These cost are subject to tremendous regulatory uncertainty and therefore, very hard to
estimate. Therefore, we decided to ignore these cost in the remainder of this study.

3.4.3

Gas Production

It is harder to quantitatively characterize gas production than allowance production. Cost parameters, of gas production produced quantity, qG , and abandonment cost, IG , are affected by field
specific characteristics. Particularly, these parameters depend on the size of the resource field, its
location, and in how far the infrastructure of the field is shared with other fields. Moreover, variable
and abandonment cost depend on whether the field is located on- or offshore.
In contrast to the author, investors operating maturing gas fields, can obtain estimates for qG , cG
and γ from historic data. Also the cost of abandonment, IG , can be estimated by operators more
easily.
Abandonment Cost. When abandonment cost do not have to be payed before the end of the
life time of the CCS facility, they ought to be discounted by e−rτ . Hence, the firm might gain from
savings due to discounting when abandonment cost are postponed until after CO2 production has
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ended. Savings on abandonment cost are given by IG (1 − e−rτ ).
As abandonment cost are field specific, in subsection 3.5.2, we conduct sensitivity analyses to
quantify the impact of abandonment cost on the value of the option to invest in CCS. Particularly,
we consider abandonment cost, IG to be in the range of IG ∈ (0, 300) million e. Given that r = .04
and τ = 30, the firm realizes savings on abandonment cost between zero and 209.64 million e when
reusing the gas field. However, in practice, savings on abandonment cost might be partly crowded
out by follow-up cost, which might emerge after the end of CO2 injection.
Production Cost, Volume and Extraction Rate. In line with Breunese and Remmelts (2008),
we assume that approximately 4 billion cubic meters (bcm) of natural gas need to be extracted to be
able to inject 10 million tones (Mt) of CO2 .16 Given that the cumulative amount of CO2 captured
over the life span of the CCS project is approximately 100Mt, we are interested in a field that used
to contain at least 40bcm. However, technically, it is not possible to deplete a field exhaustively.
Therefore, we assume that, initially, before the beginning of gas production, the gas field contained
70bcm. After N years of production with a yearly production rate of γ, the field still contains
70exp(−γN ) bcm of natural gas.17 For example, assume that the field has been producing for 50
years at a rate of γ = 10%. Then qG = 70exp(−.1 ∗ 50) = 0.4717bcm of gas reserves are left in the
field.
Moreover, as we are considering a mature gas field, the marginal cost of production are assumed
to be relatively high. Particularly, we assume that the cost of producing one Mega Watt hour of
natural gas is 25e. Given that the current price of natural gas is 30e/MWh, the initial profit
margin of producing one Mega Watt hour is 5e.

3.5

Results

After having discussed models and assumptions, we turn to the discussion of the results.

3.5.1

Regulation of the Time Until Abandonment

In this subsection, we evaluate the impact of savings on abandonment cost and regulatory requirements on the value of the investment option. If gas production has stopped already, the investor
has to timely decide on reusing the gas field due to regulatory requirements. Implicitly, these
requirements limit the life time, T, of the option to invest in CCS.
16 One

bcm is equivalent to approximately 11,164,000 MWh

17 Here,

we are interested in a mature gas fields that has been depleted to an extent such that there is sufficient
capacity available to start injecting CO2 .
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Figure 3.1. Value of the option to invest in CCS in Million e as a function of the life time of the
option with δA = r = .04, P0 = 10 e/t CO2 . Other parameter specifications can be found in
table 3.1. The lower line (red) depicts the option value with σA = .1, the upper line (black)
depicts the option value with σA = .12.
As uncertainty in allowance prices is the only source of uncertain, we use an American call
option model as proposed in equation 3.4.
We start out by evaluating the impact of the restricted life time of the option on its value. For the
moment, we ignore abandonment cost, i.e. IG = 0, and follow-up cost of CO2 injection, L. Figure
3.1 represents the value of the option as a function of its life time, given that σA = .1, δA = r = .04,
P0A = 10. It can be seen that the value of the option has the shape of a logistic function and is
strictly increasing in the life time of the option. If policy makers require abandonment of an unused
gas field within 3 or 4 years, the value of the option is almost worthless. Contrarily, the value of an
option that has a life time of 10 years is approximately worth 3 million e.
This is due to the fact that the likelihood that allowance prices reach regions where investment
is viable is increasing in the life time of the option. When there has to be investment within 2
or 3 years, the probability that the allowance prices become large enough to trigger investment is
minuscule. Note also, that the option value remains rather stable for T > 8. Therefore, abandonment regulation that requires abandonment of the field within 8 years is likely to affect the value
of the option to invest in CCS. Contrarily, when regulators leave sufficient time until abandonment
of an unused field, i.e. more than eight years, the value of the option is hardly affected by regulation.
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Figure 3.2. Threshold price for an option with T = 3,δA = r = .04, KCCS = 1163, 644. The upper
line represents the required threshold when σA = .125, the lower line represents the threshold
price when σA = .1.
Rather than directly considering the option value, it might be interesting to take a look at the
threshold allowance price beyond which the firm invests in CCS. Figure 3.2 depicts the threshold
allowance price as a function of the maturity of the option. Assuming that δA = r = .04, P0 = 10
and T = 3, the threshold value required to make the firm invest in CCS is decreasing in the
maturity of the option. With increasing maturity of the option, it is becoming more and more
unlikely that prices will ever exceed the threshold beyond which investment in CCS is viable. Close
to the date of expiration of the option, the threshold price converges towards the NPV threshold
price of P A = 26.75. However, at the beginning of the life time of the option, at t & 0, even
with T = 3 and a moderate level of uncertainty, we see that the threshold price exceeds the NPV
threshold significantly. Notably, for t & 0, T = 3 the required threshold to invest in the CCS facility
exceeds 35e/t CO2 . In subsection 3.4.2, we indicate that the NPV threshold price is approximately
P A = 26.75. If we take uncertainty in allowance prices and the flexibility to postpone investment
into consideration, the threshold allowance price is much higher than P A = 26.75.
Figure 3.2, represents the functional dependence of maturity and option value for two levels
of uncertainty. If σA = 0.125, the threshold level is higher for every maturity level. Particularly,
at t & 0, the required threshold with σA = .125 exceeds the required threshold with σA = .10
by approximately 10 percent. This is due to the fact that high uncertainty goes along with high
likelihood of even higher prices in the future. This increases the payoff of delaying investment.
Investment implies that it is no longer possible to wait for higher prices. In order to make investment
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Figure 3.3. Value of the option to invest in a CCS plant depending on the sunk cost (including
abatement cost) and the volatility with δA = r = 0.04 (in Million e).
more viable than waiting, higher threshold prices are required.

3.5.2

Cost of Abandonment

So far, we assumed that the deterministic cost of establishing a CCS facility, i.e. the sum over the
discounted NPV of variable cost and investment cost is KCCS = 1163, 644 (Given that r = 4%. See
also subsection 3.4.2). KCCS essentially represents the strike price of exercising the option.
However, if the firm decides to reuse the gas field as CO2 storage, abandonment cost do not
have to be payed during the injection time. Hence, the cost of removing infrastructure are being
postponed until after CO2 injection has ceased. As we assume that the injection time coincides
with the life time of the CCS facility, abandonment cost do not have to be paid before time τ.
Postponement of the abandonment cost provides the firm with windfall profits because abandonment
cost are being discounted over the injection time period.
Here, we evaluate how changes in the strike price due to discounting affect the value of the CCS
option. In figure 3.3 we consider an interval of savings due to discounting of abandonment cost of

Igas (1 − e−rτ ) ∈ (0, 209.64) in million e.
The set of theoretical strike prices are represented by the horizontal axis, ”Sunk Cost” in figure
3.3.18 On the other horizontal axis, ”Volatility”, we plot the volatility of allowance prices. From 3.3,
18 Figure

3.3 is based on the solution of the infinite time version of model 3.4. McDonald and Siegel (1986) discuss
the problem where T = ∞. This infinite time version and its solution is being discussed in Appendix B.
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Overview Assumptions, Exchange Option Model
Initial Allowance Price,e

Initial Gas Price (e/MWh)

Gas O&M cost, e

production rate, γ

KCCS

10

30

25

.1

1163.64 Me

Risk-less rate

δA ;δG

σA

σG

.04

.04

.1

.1

Table 3.2. Parameters used for simulation of the exchange option model. Further details on the
calibration of this model can be found in 3.4.2.
it can be seen that a reduction of the sunk cost due to discounting increases the value of the investment option. The magnitude of this effect depends on the volatility of allowance prices. However,
even for high levels of volatility in emission allowance prices, the option value is relatively inelastic
with respect to changes in the strike price. In other words, savings generated by postponement of
abandonment cost of a natural gas field have little impact on the value of the option to invest in
CCS, compared to e.g. the impact of emission allowance price uncertainty.

3.5.3

Ceasing Gas Production.

In many regions, Carbon storage supply is limited by the fact that a large share of gas fields is still
producing natural gas.19 As has been argued in the introduction, this should be taken into account
when valuing the option to invest in CCS. As remaining gas reserves are lost when starting to inject
CO2 , we employ the American exchange option model, presented by equation 3.4, to endogenize
gas production.
The model has been calibrated using the parameter specifications depicted in table 3.2. As
long as there is production from the natural gas field, there are no regulatory requirements on the
abandonment of the field. Therefore, we do not have to consider limitations on the life time of the
option when the field is still producing.
The exchange option value generally exceeds the value of the call option in the order of a
multitude. For example, given the parameter specifications depicted in table 3.2, remaining reserves
of 0.4717 bcm gas, and zero correlation, the value of the exchange option is 44.1423 million e. This
contrasts sharply with the results of subsection 3.5.1, where we estimated a value of the CCS of
approximately 3 million e. The difference in the option value is due to the fact that the value of an
exchange option is composite of the value of the option to invest in CCS and the option to abandon
gas production. In other words, the value of the exchange option is the sum of the value of the CCS
19 Other

storage alternatives such as, deep saline aquifers require additional investments to explore their properties,
and are likely to face public resistance and are comparatively expensive to explore and connect to the emission source.
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Figure 3.4. Value of the exchange option depending on the correlation between PG and PA , with
qG = 0.4717, K = 1163, 64 and σA = .1 (red, lower line) and σA = .12 (black, upper line).
Further assumptions are discussed in table 3.2.
option and the abandonment option. Obviously, the value of the option to abandon gas production
is much larger than the value of investing in CCS.
The value of the exchange option is increasing in the quantity of remaining gas reserves, qG .
Particularly, with qG = 0.5053, zero correlation and given the parameter specifications of table 3.2,
the exchange option value is 50.5272 million e. Not only the revenues of gas production increase
in the remaining gas reserves, but also the net present value of the production cost. Therefore, the
value of the option to abandon gas production is increasing in the total cost of gas production. This
drives the value of the exchange option.
Next, we turn to the discussion of the main result of this chapter. Figure 3.4 indicates that the
value of the exchange option is decreasing in the correlation of prices. When prices are negatively
correlated, they are likely to move in opposite directions. Hence, high gas prices occur at times of
low allowance prices and vice versa. Whence, at times of low gas prices and low viability of the gas
production, investment in allowance production is likely to be viable. When allowance prices are
more volatile, the value of the option to exchange is higher for given levels of correlation.

3.6

Discussion and Conclusion

CCS is an important climate change mitigation technology. However, existing studies assume the
supply of storage capacity to be exogenous. In this study, we argue that the value of the option
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to invest in CCS depends on the decision to abandon gas production when there are no storage
alternatives. Notably, when gas production facilities need to be removed within ten years after gas
production has stopped, the value of the option to invest in CCS decreases. Such a requirement
restricts the life time of the option to invest in CCS because it is hardly possible to reuse a gas
field as a CO2 storage after removal of the gas production facilities. Moreover, positive correlation
of emission and gas prices might decrease the value of CCS as a mitigation option. Particularly,
for a moderate level of uncertainty, with a correlation coefficient of -0.9, the value of the option to
exchange gas production for CO2 injection is CCS is approximately 70 million e. Finally, savings
that can be realized due to postponement of abandonment cost are not likely to affect the value of
the option to invest in CCS significantly.
Clearly, our models are restricted by a lack of available data on natural gas production. However,
investors deciding to use the model can calibrate it with the data they have. Moreover, our results
depend strongly on the assumption that gas production and CO2 injection exclude each other
and firms can optimally exchange the field without getting involved in bargaining. Recent studies
indicate that enhance gas recovery (EHGR) by injection of CO2 into maturing natural gas fields
might be possible (Oldenburg, Stevens, and Benson, 2004). However, so far there are no successful
demonstration projects. Moreover, the European emission scheme does not recognize EHGR as
savings on emission allowances. We claim that the model can be easily adapted to incorporate
EHGR.
The optimality of the exchange might be undermined by the incentives of both companies to
engage in bargaining. The impact of bargaining might be particularly severe in the presence of
incomplete information of one or both parties. Adaptation of the model to bargaining is left for
future research.
The model might be extended by incorporating more technologies, such as a gas fired power
plant. On the storage side, incorporation of the option to use the field as a gas storage might be
interesting. Finally, one might want to consider jump processes to model political uncertainty and
mean reverting processes to model natural gas prices.

3.7

Appendix

Appendix A: Discrete Time Price Process Approximation
Here, we demonstrate how to obtain discrete time approximations of the process described by
equation 3.1. A more detailed discussion can be found in (Dixit and Pindyck, 1994).
The gBM process described by equation 3.1 can be represented by a lattice (tree) of (finitely)
many nodes. At every discrete point in time, t ∈ N+ there is a set of nodes that represents the
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Figure 3.5. A three dimensional lattice to valuate options based on two correlated gBM processes.
potential states of the process at this point in time. Being at a certain node of the lattice at time
t, the process can go to one of two adjacent nodes at the next time step. An adjacent node is being
reached by either an up movement or a down movement. The size of a jump to a higher state is,
√

u = eσ

4t

.

The size of a jump to a lower state is,
d = e−σ

√

4t

.

The probability that the process jumps to a higher state is given by,
p=

1 αp
4t.
+
2 σ

The probability that the process jumps to a lower state is 1 − p. σ denotes the standard deviation,
α represents the mean of the process, 4t depicts the length of the time intervals subdividing the
time of observation of the process. We can obtain 4t by subdividing the period of observing the
process into N subintervals. Then 4t = T/N.
Using u, d, p, it can be shown that in the limit, as 4t, approaches zero, the random walk
converges to equation 3.1. The evolution of the approximated process does not only depend on the
parameters, α, σ, but also on the initial price level at t = 0, P0 .
Boyle, Evnine, and Gibbs (1989) propose a three dimensional lattice to represent two correlated
processes dxi , i ∈ [1, 2]. Figure 3.5 helps imagining such a process. Here the jump probabilities are
being written by,
p1 =


 A


1
α
αG √
1+
+
∆t
+
ρ
,
4
σA
σG

(3.7)
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 A


1
α
αG √
p2 =
1+
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∆t − ρ ,
4
σA
σ




αG √
1
αA
∆t + ρ ,
p3 =
1+ − A − G
4
σ
σ




1
αG √
αA
p4 =
∆t − ρ ,
1+ − A + G
4
σ
σ

(3.8)

(3.9)

(3.10)

where ρ represented the correlation. 3.7 is the probability of both prices moving up, 3.8 is the
probability of PA moving up and PG moving down, 3.9 is the probability of PA moving down and
PG moving down, 3.10 is the probability of PA moving up and PG moving down.

Appendix B: Perpetual Option
Here we briefly discuss the continuous time solution of the option problem. This solution has been
proposed by McDonald and Siegel (1986) and is discussed by Dixit and Pindyck (1994).
When the life time of the option is infinite, the problem of finding a solution to the value of the
option to exchange two assets A and B is given by ,


−(r −δ)t?
?e
( C ? − 1),
max
V
=
E
B
t
?

(3.11)

C

where C = A/B. Here, A and B evolve according to Brownian motion (equation 3.1). C ? depicts
the threshold beyond which the decision maker wants to exchange the assets, and t? depicts the
time at which C hits C ? .
The solution to 3.11, i.e. the value of the option is given by,
V? =



A0
C ? B0

δ −δ
e = .5 − A 2 B +
σ

s

e



C? =

B0 (C ? − 1),

δ A − δB
σ2

(3.12)

2



− .5

e
,
e−1

+

2r
,
σ2

(3.13)
(3.14)

2
σ2 = σB2 + σA
− 2ρ AB σA σB ,

where ρ AB depicts the correlation between asset A and B.
Now, the dividend paying American call option is a special case of 3.12, 3.13, and 3.14. Notably,
the exchange option collapses to a call option when we assume that B is deterministic, i.e. σB = 0.
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Then, the problem depicted in equation 3.11 simplifies to,


−(r −δ)t?
max
B ( C ? − 1).
V
=
E
e
?
C

The solution of this problem is,
V = (1 − c? ) B0

c? =



A0
C ? B0

 1− e
,

e−1
.
e

For details on the derivation of these solutions, we refer to the literature.
Simulation of the Exchange Option Value When the life time of the option is restricted, it is
not possible to obtain equations 3.12, 3.13, and 3.14. However, the binomial option pricing model
as proposed by Cox, Ross, and Rubinstein (1979) provides a convenient method to numerically
approximate the option value. This method is based on the discrete time approximation, discussed
in Appendix A.
According to our knowledge, it is not possible to derive equations 3.12, 3.13, and 3.14, when
there is a fixed fee that has to be payed when exchanging A for asset B. Therefore, we employ the
numerical approach proposed by Boyle, Evnine, and Gibbs (1989) to approximate the value of the
American exchange option when sunk cost need to be payed when exchanging the assets.
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4.1

Introduction

People tend to discount future utility inconsistently. Particularly, they tend to overvalue present
felicity as compared to future felicity. This type of time inconsistency has been observed by psychologists, neuro-scientists and behavioral economists. Time inconsistency has severe implications for
tackling problems that last over long time-spans, such as global warming. Typically, with such time
preferences, there will be less effort to mitigate adverse consequences of climate change that accrue
in the (far) future. For example, people might be more reluctant to establish emission penalties,
which increase current production cost and electricity prices. However, such penalties also reduce
emission levels, and thereby reduce cost of future mitigation and adaptation to climate change.
If time inconsistent agents (hyperbolic discounters) can not commit to a future path of action,
they will repeatedly postpone the pain of immediately fighting climate change. Consider the following example. In year 2000, even if hyperbolic discounters would have preferred to impose wealth
decreasing emission penalties until 2020 rather than until 2030, they will postpone implementation
of such measures until after 2030 as the year 2020 is approaching.
To model inconsistent time preferences, hyperbolic or declining discounting schemes have been
proposed (Strotz, 1955). Hyperbolic discounting captures observed inter-temporal decision making
over longer time spans better than constant discounting. For instance, discounting the far future at
constant money market discounting rates assigns too little weight to the felicity of future generations.
Exponential discounting at a rate of 6 percent per annum implies that one ein a century is now
worth .25 cent. If the benefits of investment in immediate climate change mitigation are discounted
at such discount rates, mitigation does typically not pay out. Therefore, some scholars, e.g. Sir
Nicolas Stern, use unrealistically low discount rates to offset current cost of mitigation with future
benefits.
Karp (2005), Cropper and Laibson (1998) among others, argue that hyperbolic discounting
schemes can be used to model high money market discount rates and normatively correct discount
rates in the context of the climate change debate. Particularly, hyperbolic discount rates capture
strong discounting in the short run, while allowing for low long run discount rates.
Several scholars, e.g. Strotz (1955) and O’Donoghue and Rabin (1999), argue that problems
induced by hyperbolic time preferences depend on perceptions of the time inconsistency problem.
Notably, subjects may be either naive or sophisticated about their future time inconsistency problem. If they perceive their future time inconsistency problem naively, they are not aware of the
problem in the future. Particularly, naive decision makers think that they will not suffer from the
time inconsistency problem in the future. In context of climate change mitigation, naive agents
think that they will fight climate change in 2030 for sure, but not today. Naivety constitutes false
perception of the hyperbolic structure of their time preferences. Sophisticated decision makers know
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that they will suffer from the time inconsistency problem in the future. That is, they know that it
will be hard for them to fight climate change in 2030. Given this knowledge they may be able to
commit to future action now.
Yet, climate policy is not a single player problem but results from political interaction. Therefore, in this paper, we model games with hyperbolic discounters, where players can be naive or
sophisticated concerning the future time inconsistency. We explicitly model perceptions of policy
makers with respect to their own as well as their counter-parties’ future time inconsistency problem.
We introduce an equilibrium concept for games played between possibly time inconsistent players.
We apply the concept to Rubinstein bargaining and a common pool problem.
The bargaining process resembles climate political decision making. Particularly, policy representatives of two different countries (or groups of countries) negotiating on how to share the value
of a limited resource, such as clean air, engage in bilateral bargaining. In order to increase the
probability of being re-elected, policy makers adopt the time inconsistent preferences of the voters
in the countries they represent. Now, the bargaining process might be modelled as a process where
players take turns in offering and accepting/rejecting each others offers. Such a bargaining game is
known as Stahl/Rubinstein bargaining. This model has previously been employed to model climate
change policy, e.g. by Chen (1997). Akin (2009) and Sarafidis (2004) model Rubinstein bargaining
with naive hyperbolic discounters, too. However, the author implicitly puts restrictions on the
perceptions of the players concerning future time inconsistency problems.
Rather than assuming that consumption is explicitly determined via a policy bargaining process, one might assume that countries directly and jointly access the limited resource. The interests
of the countries are conflicting because each country maximizes its utility from extracting from
the resource. We model this situation as a common pool problem. Contrarily to Hepburn, Duncan, and Papachristodoulou (2010), who also considers the common pool problem with hyperbolic
discounters, our model is capable of modeling interaction of two consumers of the resource.
A new equilibrium concept for games with naive hyperbolic discounters Our equilibrium
concept is based on O’Donoghue and Rabin’s (1999) perception-perfect strategies. They consider
a one-player game played by a current self against her future self. In their model, players have to
decide whether to do a task now, or to do it later. The authors introduce the concept of a perceptionperfect strategy, which essentially is a course of action that maximizes the current player’s utility
given her perception about the type of her future self, and the behavior she rationally expects
from such a type. Possible types then refer to whether the future self will be time-consistent or
time-inconsistent. We first extend the analysis to one-person games with a richer strategy space,
both in the two-period case as well as in a set-up with more periods.
When we allow players to have perceptions concerning the type of their competitors, higher-order
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beliefs are going to play a crucial role. Behavior will depend not only on player A’s perception about
player B, but also on player A’s perception about player B’s perception about player A, etcetera.
To deal with this complication we impose, first, that players assume that future incarnations of
themselves have the same perceptions as their current self has (intraplayer perception naivety).
Thus, if at time t = 1 player A perceives that she will be time consistent at time t = 3, then
she will also perceive that her future self at t = 2 perceives her incarnation at t = 3 to be time
consistent. Moreover, we impose that players assume that other players have the same perceptions
as they themselves have. We coin this interplayer perception naivety. Thus, if at time t = 1 player
A perceives that she will be time consistent at time t = 3, then she will also perceive that player B
perceives that A will be time consistent at time t = 3.
Our concept of perception perfect equilibrium then entails the following. Consider player A. She
has certain perceptions about her own future type, and about the future type of the other player.
Given those perceptions, and under the assumption that all other present and future players have
the same perceptions, we can derive the subgame perfect equilibrium that player A perceives to
be played. We call this the equilibrium as perceived by player A. Similarly, we can derive the
equilibrium as perceived by player B. The perception perfect equilibrium in period t = 1 then
consists of an action taken by player A that is consistent with an equilibrium as perceived by A,
and an action taken by player B that is consistent with an equilibrium as perceived by B. In all
later periods the same is true, but given the actions that were played in the past.
Findings From our two main applications, the common pool problem and Rubinstein bargaining,
we derive the following insights. First, suppose that policy makers are naive about their own
future selves, but are sophisticated about the future self of others. This is consistent with a lot
of psychological evidence, as e.g. Kahneman (2011) argues. We then find that the common pool
problem becomes much worse than in a standard world with rational actors.This can be seen as
follows. Suppose politician A perceives B to be timeinconsistent in the future. That implies that
B will be impatient then, and hence claim a large share of the common pool. Given that that is
the case, A has an incentive to pre-empt B and claim a large share today. But the same holds for
B. As a result, both players claim a large share of the pool today, completely exhausting it. We
show that this effect is stronger than in a case where both players know their future selves to also
be time inconsistent.
In the case of Rubinstein bargaining, we show that the assumption that politicians are naive
about their own future selves, but are sophisticated about the future self of others, causes breakdown
of bargaining. Suppose that it is player A’s turn to make an offer. She will base that offer on the
assumption that B will be impatient in the future. Yet, B perceives herself to be patient in the
future, and hence turns down A’s offer. This process will continue indefinitely.
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The remainder of this paper is structured as follows. Section 4.2 looks at the case of one person.
We first look at the case of a two-period model, and generalize the equilibrium concept introduced
by O’Donoghue and Rabin (1999). Section 4.4 further generalize to a multi-period model, and gives
examples in the context of intertemporal consumption decisions. We then extend the analysis to
a two-person game, and introduce the concept of a perception-perfect equilibrium. We do so for
the two-period case in section 4.6, and apply our equilibrium concept to a common pool problem
in section 4.7. Section 4.8 looks at a multi-period model, and section 4.9 applies our analysis to
Rubinstein bargaining. Section 4.10 concludes.

4.2

The one-player case: two periods

In this section, we consider the simplest set-up. Suppose that one player has to make decisions at
times t = 1 and t = 2. Yet, the player may have intertemporal preferences that are time-inconsistent.
Moreover, she may not be aware that her future self (i.e. the one that makes the decision at t = 2)
may also be time-inconsistent. The problem of the current self then is what action to take at t = 1,
taking into account her perceptions concerning the preferences of the future self.
More formally, let ut be a person’s instantaneous utility or felicity in period t. A person cares
not only about present instantaneous utility, but also about her future instantaneous utilities. In a

model with T periods, we let Ut ut , ut+1 , . . . , u T ; βi represent a person’s intertemporal preferences,
where βi is a parameter. We assume


Ut ut , ut+1 , . . . , u T ; βi ≡ ut + βi

T

∑

δτ uτ

(4.1)

τ = t +1

with 0 < βi , δ ≤ 1. Note that with βi = 1, (4.1) collapses into the standard exponential discounting
function with discount factor δ. With βi < 1, we have the canonical model of hyperbolic discounting
introduced by Phelps and Pollak (1968). In that case, the person has present-biased preferences,
where βi represents the bias for the present. In other words, she is time inconsistent.
As is common in this literature, we model the person at each point in time as a separate agent
who chooses her current behavior to maximize current preferences, and taking into account how
she perceives future selves to behave. Following Strotz (1956) and Pollak (1968), we allow a person
either to be sophisticated (knowing exactly what her future preferences will be), or to be naive
(believing that her future selves’ preferences will be identical to her current self’s).
In this context, consider a one-player game with 3 periods, t = 1, 2, 3, in which an individual A
makes two sequential decisions at t = 1 and t = 2. As the individual only makes decisions in two
subsequent periods, we refer to this as a two-period model. In t = 1, she chooses action a1 ∈ A1 ,
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with A1 the set of feasible actions that the current self has. In t = 2, she chooses action a2 ∈ A2 ( a1 ),
with A2 ( a1 ) the set of feasible actions available at t = 2, that may depend on a1 . Her felicity in
period 1 will depend on her action in period 1; her felicity in periods 2 and 3 will depend on all
actions. Thus u1A = u1A ( a1 ) , while u2A = u2A ( a1 , a2 ) and u3A = u3A ( a1 , a2 ). The present-bias of the
current self (that at t = 1) is denoted β A . Following O’Donoghue and Rabin (1999), we allow for
two possibilities: she is either a hyperbolic discounter that has β A = β, where β is some exogenously
given fixed value, β < 1, or she is time-consistent and has β A = 1. The true present-bias of the
future self (i.e. that at t = 2) is denoted γ A . We will refer to this as the type of the future self. The
future self can either be a hyperbolic discounter that has γ A = β, or a time-consistent one that has
γ A = 1. Using (4.1) her lifetime utility at both dates is thus given by


U1A a1 , a2 ; β A = u1A ( a1 ) + β A δu2A ( a1 , a2 ) + β A δ2 u3A ( a1 , a2 )


U2A a1 , a2 ; γ A = u2A ( a1 , a2 ) + γ A δu3A ( a1 , a2 )

(4.2)
(4.3)

The current self has type β A . She has perceptions concerning her future type. There are two
possibilities. First, suppose that β A = 1. In that case, she must believe that γ A = 1 as well. It
makes no sense for the current self to believe that she will be a hyperbolic discounter in the future
if that is not the case today. Second, suppose that β A = β. In that case, the current self is timeinconsistent. By construction, a player that is a hyperbolic discounter will not only be so today,
but also at any point in the future. Yet, she may not be aware of that. Naive time-inconsistent
players know that they have a present-bias today, but do not realize that they also have such a
bias in the future. Such a naive player will assume that γ A = 1. Sophisticated time-inconsistent
players know that they will also have a present-bias in the future, and will assume that γ A = β.
We will denote by µ A (γ) her belief that she has γ A = β in the future. Obviously, γ ∈ { β, 1}

and µ A ( β) + µ A (1) = 1. Hence, in her perception, µ A (γ) = Pr γ A = γ| β A = β . Thus, a naive
player has µ A (1) = 1, a sophisticated player has µ A ( β) = 1.1 Note that, by construction, a player
that has no present-bias today will also not have such a bias in the future. Thus β A = 1 must
imply µ A (1) = 1. However, in this case, this does not reflect naivety but rather a perfect foresight
concerning one’s future self.
We now introduce a formal solution concept for this game. Note that the model we have is a
generalization of O’Donoghue and Rabin (1999). In that paper, a possibly time-inconsistent player
has to perform an action once, and has to choose some date in the future at which to perform that
action. Yet, she has the possibility to renege on her plan in the future. Hence, if today she plans to
1 To

simplify the exposition, in line with O’Donoghue and Rabin, we assume that a player is either naive or
sophisticated. However, in reality, people are likely to be partly naive and partly sophisticated. Our set-up is
flexible enough to model this situation.
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do it tomorrow, when tomorrow comes she may decide to postpone the action for another day. A
sophisticated player will foresee this future tendency, but a naive player will not. In that context,
they define a perception-perfect strategy as one in which in all periods a person chooses the optimal
action given her current preferences and her perceptions of future behavior. Define the vector µA

as the vector of perceptions: µA = µ A ( β) , µ A (1) . In our set-up, we then have the following:
Definition 4.1. In the two-period one-person game, a perception-perfect strategy at t = 1 for a
time-inconsistent player, given her perceptions µA , is a strategy profile ( a1∗ , a2∗ ) such that
a2∗ ( a1 ; µA ) ≡ arg

max

∑

a2 ∈A2 ( a1 ) γ∈{ β,1}

µ A (γ) U2A ( a1 , a2 ; γ) , ∀ a1 ∈ A1 ;



 
a1∗ ( β; µA ) = arg max U1A a1 , a2∗ a1 ; µA ; β
a1 ∈A1

(4.4)
(4.5)

Trivially, a perception-perfect strategy for a time-consistent player is a strategy profile ( a1∗ , a2∗ ) such
that
a2∗ ( a1 ; (0, 1)) = arg

max

a2 ∈A2 ( a1 )

U2A ( a1 , a2 ; 1)

a1∗ (1; (0, 1)) = arg max U1A ( a1 , a2∗ ( a1 ; (0, 1)) ; 1)
a1 ∈A1

The perception-perfect strategy for the time-inconsistent player can be understood as follows.
First, given a1 , the current self assumes that the future self is going to take the action that maximizes
the future self’s utility. In the current self’s perception, with probability µ A ( β), the future self’s
utility is given by U2A ( a1 , a2 ; β) , while with probability µ A (1) , it is given by U2A ( a1 , a2 ; 1) . The
maximizer is thus given by (4.4) and denoted a2∗ ( a1 ; µA ). In period 1, given her perceptions, the
 
current self’s lifetime utility if she takes action a1 today is given by U1A a1 , a2∗ a1 ; µA ; β . The
current self thus chooses a1 to maximize this expression, hence (4.5).2 The perception-perfect
strategy for the time-consistent player follows directly from backward induction.
Definition 4.2. In the two-period one-person game, a perception-perfect equilibrium is a strategy
profile ( a1∗ , a2∗ ) such that a1∗ is part of a perception-perfect strategy at period 1, while a2∗ maximizes
the future self ’s utility at t = 2, given the action a1∗ that was taken in period 1.
Note therefore that there is a crucial difference between a perception-perfect strategy and a
perception-perfect equilibrium; a perception-perfect strategy is a strategy profile that a player
perceives to be played, while a perception-perfect equilibrium is the strategy profile that actually
2 Note that this either requires risk neutrality, or that one of the two probabilities equals 1. We assume the latter
to be the case.
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will be played. There may be a difference between the two if the player is time-inconsistent and
naive. This distinction will become even more important in the T-period case.

4.3

Example: intertemporal consumption, 2 periods

Consider a person that lives for 3 periods, and starts out with wealth 1 in period 1. Instantaneous
√
utility in each period is given by utA ( at ) = at , with at consumption in period t. For simplicity,
the discount factor δ equals 1. The standard model, with time-consistent preferences, would have
the person maximizing
U1A ( a1 , a2 ) =

√

a1 +

√

a2 +

p

1 − a1 − a2

which would obviously result in a1∗ = a2∗ = 1/3. Note that this simple decision problem satisfies our
set-up. This person has to make two decisions; the consumption decision a1 and the consumption
decision a2 , with A1 = [0, 1] and A2 ( a1 ) = [0, 1 − a1 ] . In period 3, she consumes whatever is left
of her initial wealth. Obviously, both the perception-perfect strategy and the perception-perfect
equilibrium of a time-consistent player would be to have a1∗ = a2∗ = 1/3 as well.
We now solve for the perception-perfect strategy of the time-inconsistent player. Using (4.4), at
t = 2, and given first-period consumption a1 and future time inconsistency γ, the player will choose
a2 as to maximize


 √
p
U2A a1 , a2 ; γ A = a2 + γ A 1 − a1 − a2 .

This yields


a2∗ a1 ; µA =

1 − a1
1 + [ βµ A

( β) + µ A

(1)]

2

=

1 − a1
,
1 + β̃2

where, for ease of exposition, we write
β̃ ≡ βµ A ( β) + µ A (1) .

(4.6)

Perceived consumption in the last period is then given by


β̃2 (1 − a1 )
a3∗ a1 ; µA =
.
1 + β̃2
Plugging this back into the lifetime utility of the current self yields
U1A



a1 , a2∗



a1 ; µ

A





;β =

√

s
a1 + β

1 − a1
+β
1 + β̃2

s

β̃2 (1 − a1 )
1 + β̃2
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=

√

1 + β̃ p
a1 + β q
1 − a1
1 + β̃2

The current self thus sets


a1∗ β; µA =
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β2

1 + β̃2
.
2
1 + β̃ + 1 + β̃2

A sophisticated time-inconsistent player has µ A ( β) = 1 and µ A (1) = 0, so β̃ = β. She would thus
choose
a1∗ ( β; (1, 0)) =

1 + β2
β2 (1 + β )2 + 1 + β2

.

and plan to have
a2∗ ( a1 ; (1, 0)) =

1 − a1∗
β2 (1 + β )2
=
.
1 + β2
(1 + β2 ) (2β2 + 2β3 + β4 + 1)

As the future self indeed has γ A = β, the strategy profile ( a1∗ ( β; (1, 0)) , a2∗ ( a1 ; (1, 0))) is both the
perception-perfect strategy in period 1, and the perception-perfect equilibrium of the game.
Now consider a naive time-inconsistent player. She has µ A ( β) = 0 and µ A (1) = 1, so β̃ = β.
Hence
a1∗ ( β; (0, 1)) =
and she plans to have
a2∗ ( a1 ; (0, 1)) =

1
1 + 2β2

1 − a1∗
β2
.
=
2
1 + 2β2

In period 2, however, she will find herself with γ A = β rather than γ A = 1 as she expected. Hence,
true second-period consumption will be
a2∗ ( a1 , β) =

1 − a1
1
=
.
1 + β2
1 + 2β2


 
β2
Thus, in this case, a perception-perfect strategy in period 1 is to choose a1∗ , a2∗ = 1+12β2 , 1+2β2 ,

 
while the perception-perfect equilibrium will turn out to be a1∗ , a2∗ = 1+12β2 , 1+12β2 .

It is interesting to note that a1∗ ( β; (0, 1)) < a1∗ ( β; (1, 0)) . Hence, a naive player will choose a

lower first-period consumption than a sophisticated one. This result is in line with the findings of
O’Donoghue and Rabin (1999). They find that naive players suffer less from the time inconsistency
problem than sophisticated players when the reward of an action is immediate. Obviously, the
reward from consumption out of a common pool is immediate. O’Donoghue and Rabin denote the
tendency of sophisticated agents to preproperate “sophistication effect”. A naive player assumes
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that her future self is time-consistent and thus makes the decision that is also best from the current
self’s point of view. A sophisticated current self, however, is pessimistic about her future self. In
other words, she knows that the future self is time-inconsistent, and thus will squander most of
her available wealth to immediate consumption. Rather than allowing her future self to do so, the
current self prefers to consume herself. Hence, first period consumption is then higher.

4.4

The one-player case: T periods

We will now generalize the two-period decision problem we described in Section 4.2, to one with
T periods. This complicates the problem, as can be seen as follows. Consider the simplest case,
with T = 3. Then the decision made at T = 1 will be influenced by her perceptions concerning
A , where the first subscript reflects the
her type at T = 2. We will denote these perceptions as µ12

time period in which perceptions are formed, and the second superscript reflects the time period
that these perceptions apply to. But the decision made at T = 1 will also be influenced by her
A . Complicating matters further, the optimal
perceptions concerning her type at T = 3, denoted µ13

decision at T = 1 will be influenced by her perception of the action that the future self will make
at T = 2, which will in turn be determined by the perceptions that the future self at T = 2 will
have, or rather, the perceptions that the current self at T = 1 will perceive that future self to have.

A ; these are the perceptions that at T = 1, player A perceives
Denote these perceptions as µ1A µ23
her future self at T = 2 to have concerning her type at T = 3.
To simplify matters, we make the following assumptions3
Assumption 4.1. Perception consistency. Perceptions concerning the type of a future self are
A for all i < T, j, k ∈ {i + 1, . . . , T }.
identical for all future selves: µijA = µik

Assumption 4.2. Intraplayer perception naivety. Perceptions of a future self are assumed
A ) = µ A for all T ≥ k > j > i.
identical to perceptions of the current self: µiA (µ jk
ik

Note that there is a subtle difference between these two assumptions. Perception consistency
implies that a player rules out that her type will change at some point in the future; if she perceives
herself to be time-consistent at some point in the future, then she should perceive herself to be timeconsistent at any point in the future. This seems a natural assumption to make; it is hard to justify
a case in which, say, a player is naive concerning her future self in even periods but sophisticated
3 Note that these assumptions also implicitly made by O’Donoghue and Rabin (1999). They assume that a naive
player not only beliefs that she will be time-consistent in the next period, but also in any future period. Effectively,
this is our perception consistency. Also, they implicitly rule out complications that may be caused by, say, a
sophisticated player that maintains the possibility that he may be naive in the future. This is explicitly ruled out by
our intraplayer perception naivety.
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concerning herself in odd periods.4 Intraplayer perception naivety implies that a person rules out
that her future self will change her opinion about selves that are even further in the future. Thus,
we rule out that a player perceives today that her future self in two weeks is sophisticated, but
maintains the possibility that one week from now she perceives that same future self to be naive.
At time t, define history Ht ≡ ( a1 , . . . , at−1 ) . Similar to (4.2) and (4.3), lifetime utility at time
t ≤ T can then be written


U1A a; β A = u1 ( a1 ) + β A

T

∑ δk ukA (Hk , ak ) + β A δT+1 utA+1 (Ht+1 ),

k =2



T



UtA a; γ A = ut (Ht , at ) + γ A

∑

δk ukA (Hk , ak ) + γ A δ T +1 utA+1 (Ht+1 ) ∀1 < t ≤ T,

k = t +1

with a the vector of all decisions: a ≡ ( a1 , a2 , . . . , ak ) , and where we allow felicity in period T + 1
to also play a role, just as we did in the case that T = 2. Given the assumptions above, µA now
reflects the perceptions at any time t concerning the type of the future self at any time k > t. More

precisely µA (γ) = Pr γ A = γ| β A = β with γ A the time inconsistency at any future period.5
Definition 4.3. In the T-period one-person game, a perception-perfect strategy at time τ for a timeinconsistent player, given her perceptions µA and history Ht is a strategy profile ( a∗τ , a∗τ +1 , . . . a∗T )
such that
a∗T (H T ; µA ) = arg
a∗t (Ht ; µA ) = arg

∑

max

a T ∈A T (H T ) γ∈{ β,1}

∑

max

at ∈At (Ht ) γ∈{ β,1}

µ A (γ) u TA (H T , a T ; γ) ;

(4.7)




µ A (γ) UtA Ht , at , a∗t+1 Ht+1 ; µA ,


. . . , a∗T (H T ; µA ); γ ∀τ < t < T;




a∗τ ( β; µA ) = arg max UτA Hτ , a1 , a2∗ H2 ; µ A , . . . , a∗T (H T ; µA ); β .
aτ ∈Aτ (Hτ )

Trivially, a perception-perfect strategy for a time-consistent player is a strategy profile ( a∗τ , a∗τ +1 , . . . a∗T )
such that
a∗T (H T ; (0, 1)) = arg
a∗t (Ht ; (0, 1)) = arg

max

a T ∈A T (H T )

max

at ∈At (Ht )

UTA (H T ; 1)

UtA Ht , a∗t+1 (Ht+1 ; (0, 1)) , . . . , a∗T (H T ; (0, 1)); 1



4 It is conceivable though that a player is sophisticated concerning the near future (say, up to some t ≤ t∗ ), but
naive concerning the more distant future (t > t∗ ). It is straightforward to extend the analysis to allow for such a
possibility. That, however, is beyond the scope of this paper.
5 Hence,

we do not need a subscript t on either γ or γ A .
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∀τ ≤ t < T.
The perception-perfect strategy for the time-inconsistent player can be understood much along
the same lines as that for the case T = 2. We solve with backward induction. First, given H T ,
the current self assumes that the future self is going to take the action that maximizes the future
self’s utility. In the current self’s perception, with probability µ A ( β), the future self’s utility is
given by UTA (Ht , at ; β) , while with probability µ A (1) , it is given by UTA (Ht , at ; 1) . The maximizer
is thus given by (4.7) and denoted a∗T (H T ; µA ). In period T − 1, with probability µ A ( β), the future
 
self’s utility is given by UTA−1 H T −1 , a T −1 , a∗T H T ; µA ; β , with probability µ A (1) , it is given by
 
UTA−1 H T −1 , a T −1 , a∗T H T ; µA ; 1 . In both cases, H T = (H T −1 , a T −1 ). For ease of exposition, this
dependence of the future history on the current action is not explicitly taken into account in our
notation above. Again, the current self assumes the future self at t = T − 1 to take the action that
maximizes her utility. This process unravels until period 1, where the current self chooses the a1
that maximizes her lifetime utility given her perceptions about future selves and given her true β A
in period 1.
Definition 4.4. In the T-period one-person game, a perception-perfect equilibrium is a strategy
profile ( a1∗ , a2∗ , . . . , a∗T ) such that a∗τ is part of a perception-perfect strategy at time τ for all τ =
1, . . . , T.
Note again that there is a crucial difference between a perception perfect strategy and a
perception-perfect equilibrium; a perception-perfect strategy is a strategy profile that a player
perceives to be played, while a perception-perfect equilibrium is the strategy profile that actually
will be played.
It is relatively straightforward to extend the analysis to a case with infinitely many periods.
Solving such a model would be similar to solving an infinite-horizon maximization problem in the
case of time-consistent preferences, but then under the assumption that all future selves have the
type the current self perceives them to have.

4.5

Example: intertemporal consumption T periods

To give a flavor of the analysis, we consider the same consumption example as above, but now with
T periods;
U1A (a) =

√

a1 +

√

a2 + . . .

√

v
u
u
a T + t1 −

T

∑ at .

t =1

In this case, a time-consistent player would set a1∗ = . . . = a∗T =

1
T +1
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We now solve for the perception-perfect strategy of the time-inconsistent player. Define total
consumption in the past at time τ as hτ = ∑τt=−11 at . At t = T, and given first-period consumption
a1 and future time inconsistency γ, the player will choose a2 as to maximize

 √
p
UTA H T , a T ; γ A = a T + γ A 1 − h T − a T .
This yields


a∗T Ht ; µA =

1 − hT
1 + [ βµ A

( β) + µ A

(1)]

2

=

1 − hT
,
1 + β̃2

where again β̃ is given by (4.6). Now move back to T − 1.








UTA−1 H T −1 , a T −1 , a∗T Ht ; µA ; γ A =

√

s
a T −1 + γ A

1 − h T −1 − a T −1
1 + β̃2

s

+γ

A

1 − h T −1 − a T −1 −

1 − h T −1 − a T −1
1 + β̃2

Take advantage of perception consistency to note that the future self at t = T − 2 is thus expected
to maximize
UTA−1

=

√

s
a T −1 + β̃

1 − h T −1 − a T −1
+ β̃
1 + β̃2

s
1 − h T −1 − a T −1 −

1 − h T −1 − a T −1
1 + β̃2

This yields
a∗T −1 =

β̃2

1 + β̃2
(1 − h t −1 ) .
2
1 + β̃ + 1 + β̃2

Solving the model further is conceptually straightforward but analytically tedious.

4.6

Two-player case: two periods

We now come to the main aim of this paper: to extend the analysis above to a case with multiple
players. Needless to say, this will greatly complicate the analysis. The current decisions of a player
will now not only depend on her perceptions concerning her own future type, but also on her
perceptions concerning the other player’s future type, and possibly even about her perceptions of
the other player’s perceptions, plus how those perceptions will affect her own and the other player’s
future actions.
For simplicity, we start with the case of two periods, so T = 2, and two players, denoted A and
B. For ease of exposition, in what follows we will refer to player A as being female, and to player
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B as being male. Again, player i’s present-bias is denoted βi ∈ {1, β} . The true present-bias of the
future self of player i (i.e. player i’s type) is γi ∈ {1, β} . There are 3 periods, t = 1, 2, 3. In the
first two periods both A and B make a simultaneous decision. In t = 1, player A chooses action
a1 ∈ A1 , while B chooses action b1 ∈ B1 . At t = 2, players learn the actions taken at t = 1, and
player A chooses action a2 ∈ A2 ( a1 , b1 ), while B chooses b2 ∈ B2 ( a1 , b1 ). We now have


U1i a1 , b1 , a2 , b2 ; βi = u1i ( a1 , b1 ) + βi δu2i ( a1 , b1 , a2 , b2 ) + βi δ2 u3i ( a1 , b1 , a2 , b2 )


U2i a1 , b1 , a2 , b2 ; γi = u2i ( a1 , b1 , a2 , b2 ) + γi δu3i ( a1 , b1 , a2 , b2 ) ,
i ∈ { A, B}.
In period 1, what player A expects to happen in period 2 will depend on her perceptions
concerning her own future type, and on her perceptions concerning B’s future type. For simplicity,
we will assume that players can observe each other’s current type, so both A and B can observe β A
and β B . This simplifies the exposition, but it is conceptually straightforward to relax this assumption
and also allow players to have perceptions concerning their competitor’s current type.
A straightforward extension of the one-person case is as follows. In the perception of per
son A we have µ AA (γ) = Pr A γ A = γ| β A = β , where the first superscript denotes perceptions held by player A, and the second denotes perceptions concerning player A. The superscript on Pr denotes that this is the probability as perceived by player A. Similarly, we have


µ AB (γ) = Pr A γ B = γ| β B = β . Naturally, µ BA (γ) = PrB γ A = γ| β A = β and µ BB (γ) =

PrB γ B = γ| β B = β .
In principle we now have to be concerned about what A perceives B to perceive about A, for

example, i.e. we need to be concerned about µ AB µ BA . We also assume naivety in this respect, in
the sense that what A perceives B to perceive about A is the same what A perceives about herself,

thus µ AB µ BA = µ AA . More generally, we assume
Assumption 4.3. Current interplayer perception naivety. Perceptions of the other player
are assumed identical to one’s own perceptions: µij (µ jk ) = µik for all i, j, k ∈ { A, B} .
Note that this is a natural extension of the intraplayer perception naivety we assumed in the
one-person case. That assumption implies that a person rules out that her future self will change
her opinion about selves that are even further in the future. This assumption implies that, say,
player A rules out that player B has perceptions about the future self of player A that are different
from what player A herself has. In other words, player A is so convinced about the type of her
future self that she cannot perceive that the other player has different perceptions.
Again, we solve the game using backward induction. For ease of exposition, we restrict attention
to the case where both players are time-inconsistent. Consider player A. When deciding upon her
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first-period action, she again has to form some perception as to what will happen in period 2, given
the actions taken in period 1. In the one-person case, she could simply derive the action her future
self would be taking in period 2, given her perceptions about her future self. Now the analysis
becomes more involved, as she also has to take the type and possible actions of player B into
account. Suppose that the actions taken in period 1 are ( a1 , b1 ). Given these actions, we now look
for a Nash equilibrium for the subgame at t = 2 as perceived by player A. As an example suppose
player A perceives both players to be time-consistent in the future, so µ AA (1) = µ AB (1) = 1. She
will then expect a Nash equilibrium ( a2A , b2A ) to be played which is such that a2A maximizes her
future self’s utility given b2A and given her perception that her future self is time-consistent, and
such that b2A maximizes the future self’s utility of player B, given A’s perception that B’s future
self is time-consistent. Thus


a2A = arg max U2A a1 , b1 , a2 , b2A ; 1
a2


A
b2 = arg max U2A a1 , b1 , a2A , b2 ; 1
b2

where superscripts A denote the fact that we are considering the perceptions of player A. More
generally,
Definition 4.5. Consider the two-period two-person game played by time-inconsistent players. In
period 2, given ( a1 , b1 ) an equilibrium as perceived by player i ∈ { A, B} is an outcome a2i ( a1 , b1 ; µiA ),

b2i ( a1 , b1 ; µiB ) that forms a Nash equilibrium of the second-stage game, given the perceptions of
player i. Hence
a2i = arg
b2i = arg

max

∑



µiA (γ) U2A a1 , b1 , a2 , b2A ; γ

∑



µiB (γ) U2B a1 , b1 , a2A , b2 ; γ

a2 ∈A2 ( a1 ,b1 ) γ∈{ β,1}

max

b2 ∈B2 ( a1 ,b1 ) γ∈{ β,1}

Moving back to period 1, given that player A has a perception of the play that will ensue in
period 2 for any ( a1 , b1 ) in period 1, it is straightforward to write down the conditions for a subgame
perfect Nash equilibrium as perceived by player A. We will refer to this simply as an equilibrium
as perceived by player A.

Definition 4.6. In period 1, an equilibrium as perceived by player i is an outcome a1i β; µiA , µiB

, b1i β; µiA , µiB that is part of a subgame perfect Nash equilibrium of the entire game, given the
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perceptions of player i. Thus,


a1i = arg max U1A a1 , b1i , a2i ( a1 , b1i ; µiA ), b2i ( a1 , b1 ; µiB ); β
a1 ∈A1


b1i = arg max U1B a1i , b1 , a2i ( a1 , b1 ; µiA ), b2i ( a1 , b1 ; µiB ); β .
b1 ∈B1

(4.8)

Using these definitions, and considering play in period 1, we thus expect player A to take an
action that she perceives to be part of a subgame perfect equilibrium for the entire game, while we
expect player B to take an action that he perceives to be part of a subgame perfect equilibrium for
the entire game.
Definition 4.7. A perception perfect equilibrium of the game is an outcome ( a1∗ , b1∗ , a2∗ , b2∗ ) such
that a1∗ is part of an equilibrium as perceived by player A; b1∗ is part of an equilibrium as perceived
by player B; a2∗ is an equilibrium as perceived by player A given ( a1∗ , b1∗ ); and b2∗ is an equilibrium
as perceived by player B given ( a1∗ , b1∗ ).
Needless to say, the actions a1∗ and b1∗ do not have to be consistent with each other, in the sense
that they do not have to be part of the same equilibrium. Also, we assume that players do not learn
anything about the perceptions or type of the other player upon observing first-period actions. Of
course, we do allow a player to adapt her strategy in the second period upon observing the other
player’s action in period 1. In other words, we assume that, say, player A takes the action that she
feels is part of an equilibrium of the second stage based on the actions that she actually observed
to be played in period 1, rather than the actions that she expected to be played in period 1.
It is straightforward to extend the analysis above to a case where, for example, one player is
known to be time-consistent,6 or to a case where players cannot observe the other player’s current
type.7
6 Suppose that player B is known to be time-consistent. In that case, his future self will necessarily also be timeconsistent, so µ AB (1) = µ BB (1) = 1. Moreover, the conditions (4.8) then modify to


a1i = arg max U1A a1 , a2i ( a1 , b1i ; µAA ), b1i , b2i ( a1 , b1 ; µiB ); β
a1 ∈A1

b1i
7 The



= arg max U1B a1i , a2i ( a1 , b1 ; µAA ), b1 , b2i ( a1 , b1 ; µiB ); 1
b1 ∈B1

conditions (4.8) then modify to
a1i = arg max

a1 ∈A1

b1i

= arg max

b1 ∈B1

∑



µiA (γ) U1A a1 , a2i ( a1 , b1i ; µAA ), b1i , b2i ( a1 , b1 ; µiB ); β

∑



µiA (γ) U1B a1i , a2i ( a1 , b1 ; µAA ), b1 , b2i ( a1 , b1 ; µiB ); 1

γ∈{ β,1}

γ∈{ β,1}
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Application to the common pool problem

We consider a common pool problem that is similar to the example that we gave for the one-person
model. Consider two players, A and B, that live for 3 periods, and start out with joint wealth 1 in
√
period 1. Instantaneous utility in each period is given by uit (c) = c, i ∈ { A, B} . For simplicity,
the discount factor δ equals 1. In each of the 2 periods each player takes some amount for immediate
consumption out of the common pool. Whatever is left in the last period will be equally shared
among the two.
To get some feel for the problem, we first consider the case in which both players are timeconsistent. Their respective lifetime utility functions in period 1 then equal

√

√

r

1 − a1 − a2 − b1 − b2
2
r
p
p
1 − a1 − a2 − b1 − b2
U1B ( a1 , b1 , a2 , b2 ) = b1 + b2 +
2

U1A

( a1 , b1 , a2 , b2 ) =

a1 +

a2 +

(4.9)

Using backward induction, in period 2 player A will set a2 to maximize
U2A

( a1 , b1 , a2 , b2 ) =

√

which yields the reaction function
a2 =

r
a2 +

1 − a1 − a2 − b1 − b2
2

2
(W2 − b2 ) ,
3

with W2 ≡ 1 − a1 − b1 the amount of wealth left at the start of period 2. Imposing symmetry, this
yields the Nash equilibrium a2∗ = b2∗ = 25 W2 . Plugging this back into (4.9), maximizing with respect
to a1 and imposing symmetry, we have a1∗ = a2∗ = 10/29.
Now consider the case of time-inconsistent and possibly naive players. First consider the case
in which both players are sophisticated with respect to both their own future self and that of the
other player. For simplicity, we set β = 1/2. At t = 1, the current self of player A thus perceives
an equilibrium in period 2 to satisfy
r
1 W2 − a2 − b2
= arg max a2 +
2
2
r
p
1
W
−
a2 − b2
2
b2A = arg max b2 +
.
2
2

√

a2A

This yields reaction functions a2A =

8
9


W2 − b2A and b2A =

8
9


W2 − a2A so the perceived equilib-

rium has a2A = b2A = 8W2 /17. Moving back to period 1, the equilibrium perceived by player A
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should satisfy8
s

s

A
8
1
−
a
−
b
1 − a1 − b1A
1
1
1
a1A = arg max
+
a1
17
2
34
s
s

p
1 8 1 − a1A − b1
1 1 − a1A − b1
b1A = arg max b1 +
+
2
17
2
34
b1

√

1
a1 +
2

136
297

200
≈ 0.458, so a2A = b2A = 5049
≈
0.0396. As player B faces the same problem and the same perceptions, he will have the same
perceived equilibrium in periods 1 and 2 as player A. Moreover, as players’ perceptions turn out to
be correct, what they perceive to be played in period 2 is alsowhat is actually played
in period 2.


136 200 136 200
∗
∗
∗
∗
Hence, the perception-perfect equilibrium is a1 , a2 , b1 , b2 = 297 , 5049 , 297 , 5049 .
Now consider the case in which both players are naive concerning all future selves. At t = 1,
player A perceives the equilibrium in stage 2 to satisfy

Maximizing and solving for the equilibrium yields a1A = b1A =

√

r

W2 − a2 − b2
2
r
p
W
−
a2 − b2
2
b2A = arg max b2 +
,
2
a2A

= arg max

which yields reaction functions a2A =

2
3

a2 +


W2 − b2A and b2A =

2
3


W2 − a2A , so the equilibrium has

a2A = b2A = 2W2 /5. Moving back to period 1, the equilibrium perceived by player A should satisfy9
s

A
2
1
−
a
−
b
1 − a1 − b1A
1
1
1
a1A = arg max
+
a1
5
2
10
s
s

p
1 1 − a1A − b1
1 2 1 − a1A − b1
+
b1A = arg max b1 +
2
5
2
10
b1

√

s

1
a1 +
2

40
89

18
≈ 0.449, so a2A = b2A = 445
≈
0.0404. As player B faces the same problem and the same perceptions, he will have the same
perceived equilibrium in periods 1 and 2 as player A. However, players’ perceptions turn out
to be incorrect: the equilibrium in the second period has them both consuming 8W2 /17 (as we
saw in the previous analysis) rather than 2W2 /5. Hence, actual consumption in period 2 will turn

Maximizing and solving for the equilibrium yields a1A = b1A =

8 After period 1, W is left. In period 2, player A perceives both players to consume 8W /17, hence in period 3 there
2
2
is W2 /17 left, which is equally shared among both players. Plugging in W2 = 1 − a1A − b1A and using 4.9 implies these
expressions.
9 After period 1, W is left. In period 2, player A perceives both players to consume 2W /5, hence in period 3 there
2
2
is W2 /5 left, which is equally shared among both players. Plugging in W2 = 1 − a1A − b1A and using 4.9 implies these
expressions.
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∗ = b∗ = 72 ≈ 0.0476, and the perception-perfect equilibrium is a∗ , a∗ , b∗ , b∗ =
out
to
be
a
2
2
2
2
1
1
1513


40 72 40 72
89 , 1513 , 89 , 1513 . Just as in the one-person case, sophisticated players strategically consume more
in period 1 than naive players do.
Perhaps the most interesting case is the one in which both players perceive themselves to be
time-consistent in the future, but perceive their competitor to be time-inconsistent in the future.
In other words, each player is naive concerning her own future self, but sophisticated concerning
the future self of the other player. As noted in the introduction, Kahneman (2011) argues that this
is the typical situation. Player A will then perceive a second-period equilibrium

√

r

W2 − a2 − b2
2
r
p
1
W
−
a2 − b2
2
,
b2A = arg max b2 +
2
2
a2A

= arg max

which yields reaction functions a2A =

2
3

a2 +


W2 − b2A and b2A =

8
9


W2 − a2A , so a2A = 2W2 /11 and

b2A = 8W2 /11. Thus, player A perceives to consume much less in period 2 than player B does.
Note that the reaction functions are strategic substitutes, in the sense of Bulow et al. (1985).
Player A expects player B to be very aggressive in period 2, due to A’s perception that B will be
very impatient and thus claim a high amount of then current consumption. As A (again in her
perception) will be much more patient, she will claim a very low share of the available wealth then
as future consumption is still important for her.
Plugging this into the perceived first-period problems10
s

A
2
1
−
a
−
b
1 − a1 − b1A
1
1
1
a1A = arg max
+
a1
11
2
22
s
s

p
1 8 1 − a1A − b1
1 1 − a1A − b1
b1A = arg max b1 +
+
2
11
2
22
b1

√

yielding best-reply functions a1A =

s

1
a1 +
2

88
97


1 − b1A and b1A =

88
113


1 − a1A so a1A =

2200
3217

≈ 0.684 and
=
≈ 0.246. Thus, player A is going to claim a lot of consumption in period 1; she perceives
that she will receive very little consumption in the future as player B will be very aggressive then.
However, player B has perceptions similar to player A and solve a similar problem, yielding
792
2200
B
B
b1 = 2200
3217 and a1 = 3217 . Hence, in period 1, each players aims to consume 3217 . However, these
consumption plans are incompatible as they more than exhaust the available stock of wealth. If we
put as an additional restriction that the available wealth is proportionally rationed if players want to
b1A

792
3217

period 2, player A perceives total consumption to be a2A + b2A = 10W2 /11, hence in period 3 there is W2 /11 left,
which is equally shared among both players. Plugging in W2 = 1 − a1A − b1A and using 4.9 implies these expressions.
10 In
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∗ , b∗ , a∗ , b∗ =
claim
more
than
what
is
available,
then
the
perception-perfect
equilibrium
becomes
a
2
2
1
1


1 1
2 , 2 , 0, 0 , i.e. all consumption is done in period 1. Thus, these perceptions exacerbate the
common pool problem.

4.8

Two-player case: T periods

We now extend the two-person two-period model that we analyzed above, to a setting with T
periods, T > 2. This is conceptially straightforward, but notationally tedious. Conceptually we
will have the same as above. We solve with backward induction. In period T, what the current
player A expects to be played is a game between herself and player B, with both players having the
type that she currently expects them to have. Moving back to period 1, and given her perceptions
concerning the players in period T − 1, she can then derive her perceived equilibrium play in that
period. Continuing in this manner yields a perceived equilibrium in period 1, and hence a course
of action for player A in period 1, with a similar analysis for player B.
To analyze this problem, we again need to make simplifying assumptions concerning the perceptions of players. Not only do we need that A has to believe that she has the same perceptions
as B concerning future types, we also need that higher-order perceptions are perceived to be equal.
In other words we also need that the perceptions that A has in period l concerning the perceptions
of B in period m concerning the perceptions of A in period n, equal the perceptions that A thinks
she herself has in period l concerning herself in period n. Thus
Assumption 4.4. Future interplayer perception naivety. Perceptions of the other player are
ij

jk

jk

A) =
assumed identical to one’s own perceptions: µlm (µmn ) = µiilm (µmn ) for all i, j, k ∈ { A, B} .µiA (µ jk
A.
µik

Without this assumption, we would have to allow for the possibility that, at any time in the
future player A maintains the possibility that player B has different peceptions concerning future
types than she herself has. This possibility would force player A to also form higher order beliefs
concerning perceptions – a possibility that would highly complicate the analysis. Together with the
previous assumptions, future interplayer perception naivety implies that all perceptions are always
constant – and are always assumed to be constant.
History at time t is now defined as Ht ≡ ( a1 , b1 ; . . . ; at−1 , bt−1 ) . Lifetime utility at time t ≤ T
for player i can now be written as


U1i a, b; βi = u1i ( a1 , b1 ) + βi

T

∑

k = t +1

δk uik (Hk , ak , bk ) + βi δ T +1 uit+1 (Ht+1 )
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Uti a, b; βi = uit (Ht , at , bt ) + γi

T

∑
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δk uik (Hk , ak , bk ) + γ A δ T +1 utA+1 (Ht+1 )

k = t +1

∀1 < t ≤ T for i ∈ { A, B}, a =( a1 , . . . , a T ) and b =(b1 , . . . , bT ).
The analysis for T = 2 now naturally extends to one with more periods. First consider period
T. In an equilibrium as perceived by player i, actions taken in the last period will be mutual best
responses given the perceptions player i has about the future type of both players, and given the
history of play up to period T. Note that, again, we can write player i’s perceptions about player
j’s future type as µij , the only difference with the analysis in Section 4.6 being that this now refers
to perceptions about types in any future period, rather than just the next. Given perceived play in
period T, player i can then move back to period T − 1 and derive a perceived equilibrium for that
period. This process unravels until period 1, allowing us to write down the conditions for a subgame
perfect Nash equilibrium as perceived by player i. We will refer to this simply as an equilibrium as
perceived by player i.
Definition 4.8. In the T-period, 2-person game with time-inconsistent players, an equilibrium at
time τ as perceived by player i, given her perceptions µi and history Ht is a sequence ( aiτ , bτi , aiτ +1 , bτi +1 ,
. . . , aiT , biT ) such that
1. For period T
aiT = arg
biT = arg

max

∑



µiA (γ) UTA H T ; b1 , b2A ; γ

max

∑



µiB (γ) UTB H T ; a2A , b2 ; γ

a T ∈A T (H T ) γ∈{ β,1}
bT ∈B T (H T ) γ∈{ β,1}

2. For periods t with τ < t < T


ait Hτ +1 ; µA = arg

max

∑

at ∈At (Ht ) γ∈{ β,1}




µiA (γ) UtA Ht , at , bti , ait+1 Ht+1 ; µA ,


 

A
bti +1 Ht+1 ; µA , . . . , aiT (H T ; µ ), biT H T ; µA ; γ





bti Hτ +1 ; µA = arg max
∑ µiB (γ) UtB Ht , ait , bt , ait+1 Ht+1 ; µA ,


bt ∈Bt (Ht ) γ∈{ β,1}

 


bti +1 Ht+1 ; µA , . . . , aiT (H T ; µA ), biT H T ; µA ; γ


3. For t = τ
aiτ = arg

max

aτ ∈Aτ (Hτ )






UτA Hτ , aτ , bτi , aiτ +1 Hτ +1 ; µA , bτi +1 Hτ +1 ; µA ,
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. . . , aiT (H T ; µA ), biT H T ; µA ; β





bτi = arg max UτB Hτ , aiτ , bτ , aiτ +1 Hτ +1 ; µA , bτi +1 Hτ +1 ; µA ,
bτ ∈Bτ (Hτ )


 
. . . , aiT (H T ; µA ), biT H T ; µA ; β
Using these definitions, and considering play in period 1, we thus expect player A to take an
action that she perceives to be part of a subgame perfect equilibrium for the entire game, while we
expect player B to take an action that he perceives to be part of a subgame perfect equilibrium for
the entire game.
Definition 4.9. A perception perfect equilibrium of the game is an outcome a1∗ , b1∗ , a2∗ , b2∗ ,
. . . , a∗T , bT∗ ) such that ∀τ ∈ {1, . . . , T } a∗τ is part of an equilibrium at time τ as perceived by player
A; bτ∗ is part of an equilibrium at time τ as perceived by player B.
Again, needless to say, the actions a1∗ and b1∗ do not have to be consistent with each other, in
the sense that they do not have to be part of the same equilibrium. Also, we assume that players
do not learn anything about the perceptions or type of the other player upon observing her actions.
Of course, we do allow a player to adapt her strategy in the second period upon observing the other
player’s action in period 1, etcetera. In other words, we assume that, say, player A takes the action
that she feels is part of an equilibrium of the second stage based on the actions that she actually
observed to be played in period 1, rather than the actions that she expected to be played in period
1.
Again, it is straightforward to extend the analysis above to a case where, for example, one player
is known to be time-consistent, or to a case where players cannot observe the other player’s current
type.

4.9
4.9.1

Application to Sequential Bargaining
Rubinstein bargaining with time-consistent players

When political representatives of two different countries (or groups of countries) negotiate on how
to share the value of a limited resource, such as clean air, they engage in bilateral bargaining. In this
section, we apply our framework to a dynamic bargaining game as proposed by Stahl (1972) and
Rubinstein (1982). Note that (Sarafidis, 2007) and (Akin, 2009) discussed Rubinstein bargaining
with possibly naive hyperbolic discounters previously.
In Rubinstein bargaining two players, A and B, bargain over the division of a pie of size 1. There
are T periods. In odd-numbered periods (t = 1, 3, 5, . . .) player A proposes a sharing rule ( xt , 1 − xt )
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that player B can accept or reject. The first number in the sharing rule always represents the share
that A obtains, while the second number is the share that B obtains. If player B accepts an offer, the
game ends and the proposed division is implemented. If B rejects, he makes a counteroffer in the next
period that player A can accept or reject. In this standard specification of the game, both players
have the usual time-consistent preferences. Suppose that player A uses discount factor δA , while B
uses δB . Hence if ( x, 1 − x ) is accepted at time t, the payoffs to the players are (δtA x, δBt (1 − x )).
To fix ideas, we first consider the well-known solution to this standard model. Consider the case
that T is even. We look for a subgame perfect equilibrium. In stage T, A will accept any proposal.
Player B will thus offer ( x T −1 , 1 − x T −1 ) = (0, 1). Knowing this, in stage T − 1, player A claims the
highest share she can get and that would still make player B be willing to accept. Hence, she plays

( x T −1 , 1 − x T −1 ) = (1 − δB , δB ). With the same logic, in period T − 2, player B offers A the lowest
share she is still willing to accept, so ( x T −2 , 1 − x T −2 ) = (δA (1 − δB ) , 1 − δA (1 − δB )) , etcetera.
The equilibrium then has player A making an offer in period 1 that is immediately accepted. In
the remainder, in a T-period game with T odd and where it is common knowledge that players A
and B use discount factors A and B respectively, we will denote the equilibrium sharing rule that
is proposed in period t as ( xt∗ (δA , δB ) , 1 − xt∗ (δA , δB )) .

4.9.2

Rubinstein bargaining with time-inconsistent players

Now consider our framework with hyperbolic and possibly naive discounters. Our solution concept,
perception-perfect equilibrium, requires that in each period each player chooses the action that is
part of a subgame-perfect equilibrium, given her perceptions concerning the future types of both
players. In this particular game, this concept is relatively easy to implement as it has sequential
rather than simultaneous moves.
Suppose that both players use the discount factor δ, but may differ in the extent to which
they are time-consistent. We first derive the equilibrium as perceived by player A. She perceives
the future player B to have type γ AB ∈ { β, 1} and the future player A to have type γ AA ∈

{ β, 1} . In other words, she perceives the future player B to use discount factor γ AB δ, and the
future player A to use discount factor γ AA δ. Importantly, she also perceives all other players,
present and future, to have those same perceptions. Solving for an equilibrium as perceived by
player A then goes along the same lines as above. In stage T, player A will accept anything.
Player B will thus offer ( x T , 1 − x T ) = (0, 1). Knowing this, in stage T − 1, player A claims the
highest share she perceives she can get and that would still make player B be willing to accept.
Hence, she plays ( x T −1 , 1 − x T −1 ) = (1 − γ AB δ, γ AB δ). For period T − 2, player A perceives player
B to have the same perceptions concerning how play will continue in T − 1. Hence, in period
T − 2, the current player A perceives B to offer A the lowest share she is still willing to accept, so
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( x T −2 , 1 − x T −2 ) = γ AA δ 1 − γ AB δB , 1 − γ AA δ 1 − γ AB δ . Hence, player A perceives future
selves to act as if player A’s true discount factor is γ AA δ, while player B’s true discount factor is


γ AB δ. Thus, the equilibrium as perceived by player A is xt∗ γ AA δ, γ AB δ , 1 − xt∗ γ AA δ, γ AB δ ,
for all t ∈ {1, . . . T }.


Similarly, the equilibrium as perceived by player B is xt∗ γ BA δ, γ AB δ , 1 − xt∗ γ AA δ, γ AB δ
for all t ∈ {1, . . . T }.11

4.9.3

Infinite horizon

To derive some qualitative predictions, we look at the case with an infinite horizon. In this particular
application, our method is easily extended to one in which the number of periods goes to infinity.
From the literature on Rubinstein bargaining, we know the following. Suppose that players are
time-consistent and have discount factors δA and δB . In a period where it is player A’s turn to make
an offer, the unique equilibrium then has equilibrium payoff to player A that equal
π A (A moves first) =

1 − δB
.
1 − δ A δB

If it is player B’s turn to make an offer, the equilibrium payoff to player A is
π A (B moves first) =

δ A ( 1 − δB )
.
1 − δ A δB

Of course, the expressions for π B are similar. A straightforward proof for these results can be found
in Shaked and Sutton (1984) or Fudenberg and Tirole (1991), chapter 4.
Now consider our model with possibly time-inconsistent players. Again consider the equilibrium
as perceived by player A. For the finite-horizon case, we saw that that equilibrium is equivalent to
one with time-consistent players where δA = γ AA δ and δB = γ AB δ. It is straightforward to see that
that also applies to the infinite horizon case.12 Thus, for any future period where A moves first,
i ∈ { A, B} perceives the continuation payoffs of player A to be
π iA (A moves first) =

1 − γiA δ
.
1 − γiA γiB δ2

i perceives the continuation payoffs of player B when A moves first to be,
11 Note

that we also need that player A prefers her current offer above what she will get from B in the future, properly
discounted. It is easy to show, however, that that is always satisfied.
12 The

proof is identical to that in Shaked and Sutton (1984) or Fudenberg and Tirole (1991), but using discount
factors γ AA δ and γ AB δ rather that δA and δB . Hence, we do not repeat it here.
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γiA 1 − γiB
moves first) =
1 − γiA γiB



More generally, for any future period where j moves first, i perceives the continuation payoffs of
player k to be

πki ( j

moves first) =





1−γim δ
1−γiA γ6i B δ2
γik δ(1−γij δ)
1−γiA γ6i B δ2

j = k, m 6= j
j 6= k

for i, j, k, m ∈ { A, B} .
Note however that these expressions apply to any future period. When one player makes an
offer to another player in the current time period, she will not base that offer on the perceived
future type of that player, but rather on the true current type. Thus, suppose that player A makes
an offer in period 1. She knows player B’s true current type to be β B . She will thus offer B the
lowest amount he is willing to accept, given that if B can make a counteroffer in the next period,


B’s continuation payoff will be 1 − γ AA δ / 1 − γ AA γ AB δ2 . Thus, A will offer



β B δ 1 − γ AA δ
1 − xt γ AA , γ AB =
.
1 − γ AA γ AB δ2

(4.10)

A similar analysis holds if it is player B’s turn to move.
Yet, player A’s offer will not always be accepted. If it is not, there will be delay in bargaining.
Consider period 1. Player B knows that he will be able to make a counteroffer in the next period.
He perceives his continuation payoff in that period to be
π BB ( B moves first) =

1 − γ BA δ
.
1 − γ BA γ BB δ2

He will thus reject A’s offer (4.10) if he perceives it to give him a lower net present value than
holding out and making a counteroffer in the next period, thus if


β B δ 1 − γ AA δ
β B δ 1 − γ BA δ
<
.
1 − γ AA γ AB δ2
1 − γ BA γ BB δ2
We thus have:
Theorem 1 (4.1). In the perception-perfect equilibrium of the Rubinstein bargaining game with
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possibly naive hyperbolic discounters, in period t, player i will make an offer

β j δ 1 − γii δ
1 − γiA γiB δ2
to player j, i ∈ { A, B} , j 6= i . Player j will accept if and only if
1 − γ ji δ
1 − γii δ
≥
iA
iB
2
1−γ γ δ
1 − γ jA γ jB δ2

(4.11)

Note that this expression does not directly depend on β. Thus, if we only have hyperbolic
discounting, but no naivety, there will never be a delay in reaching an agreement. More generally,
if A and B share the same perceptions (thus γ AA = γ BA and γ BA = γ BB the left-hand side and
right-hand side of (4.11) are equal and we do not get delay. This is natural: in the equilibrium of
this game, any player offers to the other player what she perceives the other player is just willing
to accept. As long as those perceptions are shared we get the same qualitative outcome as in the
standard Rubinstein model, in the sense that the equilibrium offer will be immediately accepted.
Remark 2. However, when both players share the same naive beliefs, in that γij = 0 for i, j ∈

{ A, B}, the distribution of the subject of the bargaining deviates substantially from the distribution
under the standard setting. Notably, the first mover gains from the mutual time inconsistency at
the cost of the second mover,
1−

4.9.4

βδ
1
δ
−
=
(1 − β) > 0.
1+δ 1+δ
1+δ

Bargaining breakdown

Above, we derived condition (4.11) for a delay in bargaining to occur. Note that this immediately
implies
Corollary 3. In the Rubinstein bargaining model with hyperbolic, possible naive discounters, negotiations break down in the sense that an agreement is never reached whenever the following conditions
hold:
1 − γ AA δ
1 − γ BA δ
<
1 − γ AA γ AB δ2
1 − γ BA γ BB δ2

(4.12)

1 − γ AB δ
1 − γ BB δ
<
.
BA
BB
2
1−γ γ δ
1 − γ AA γ AB δ2

(4.13)

This result allows us to easily derive whether negotiations will break down in various scenarios.
Consider again, for example, a case in which each player correctly anticipates the time consistency
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of the other player, but not her own. Thus, assume γ AB = γ BA = β and γ AA = γ BB = 1. In that
case, the denominators of both (4.12) and (4.13) are equal, and both conditions simplify to
1 − δ < 1 − βδ,
which is always satisfied. Hence, bargaining breaks down and the two parties do not reach an
agreement. The intuition is as follows. If player A makes an offer to player B, she perceives the
future B to be time inconsistent. Hence, her offer will be relatively low, as she perceives B to be
very impatient. Player B however, perceives his future self to be patient. Therefore, he will not
accept the current offer of player A, as he perceives to be able to do better. The same is true in the
opposite case where player B makes an offer to A. Hence, players keep rejecting each others’ offers
and an agreement is never reached. Qualitatively, we thus get a similar result to that in the case of
the common pool problem discussed earlier. Also there, the game broke down if players correctly
anticipated their competitor’s time inconsistency but were naive about their own.
Akin (2007) derives the same result without explicitly modelling the system of perceptions.
However, the breakdown of the bargaining is not solely due to naivety. Instead it is caused by the
combination of naivety with respect to the own time inconsistency and sophistication of the time
inconsistency of the opponent.
Next, consider the case, where each player correctly anticipates her own time inconsistency but
not that of the other player, so we have γ AB = γ BA = 1 and γ AA = γ BB = β, the conditions
simplify to
1 − βδ < 1 − δ,
which is not satisfied. Players immediately reach an agreement, like they do in the standard
Rubinstein model. In this case, player A perceives a future B to be more patient that B himself
perceives his future self to be. Hence, the offer of A is actually better than B was expecting to get.
Hence, he will gladly accept.
The outcome of the Rubinstein alternating offers bargaining depends on the order of the moves.
Consider a case in which player A is completely naive (in the sense that she is naive about both
players’ time inconsistency) while B is completely sophisticated (in the sense that she correctly
anticipates both players’ time inconsistency). We thus have γ AA = γ AB = 1 and γ BA = γ BB = β.
Conditions (4.12) and (4.13) then simplify to
1−δ
1 − βδ
<
2
1−δ
1 − βδ2
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1 − βδ
1−δ
<
1 − β2 δ2
1 − δ2

It is easy to derive that the first condition is always satisfied, while the second one never is. We
thus get delay in bargaining: player B rejects the offer of player A, but player A accepts the
counteroffer. When A has the first move, B accepts immediately. B perceives the offer of player A
as overwhelmingly generous. If B would face an equally minded, totally naive player A, her payoff
would be given by
1−

βδ
1 + δ − βδ
=
.
1+δ
1+δ

However, βδ/(1 + βδ) > βδ/(1 + δ). Conversely, the sophisticated player makes an offer, which
exceeds the required minimum offer necessary to make B accept. In that sense, sophistication does
not payout when facing a totally naive player.
This result is driven by restrictions on the sophistication of the players. Theoretically, it would
be possible to extend system of perceptions to model sophisticated players, which do not only
recognize time inconsistency but also naivety over time inconsistency. This approach is implicitly
taken by Sarafidis (2007). However, explicit modelling of such a system of perceptions is beyond
the scope of this chapter, and left for further research.

4.10

Conclusion

The tendency of people to discount time inconsistently makes it hard for societies to tackle long run
problems, such as climate change, efficiently. The perception of future time inconsistency is likely
to determine current and future consumption decisions.
In this paper, we proposed a solution concept, perception-perfect equilibrium, for games played
between hyperbolic discounters that are possibly naive about their own future time inconsistency,
and/or the time inconsistency of their competitor. A perception-perfect equilibrium essentially
requires each player in each period to play an action that is consistent with subgame perfection,
given the perception of that player concerning the time consistency of each player, and under the
assumption that all other present and future players have the same perceptions.
The concept might help gaining insights into breakdown of climate change policy. Applied
to the common pool problem and to Rubinstein bargaining our solution concept indicates that
false beliefs over inconsistent time preferences might have catastrophic consequences for climate
policy. Particularly, we showed that, if players are sophisticated about their competitor’s future
time inconsistency but naive about their own, the perfection-perfect equilibria of those games are
disastrous. The common pool is exhausted even more quickly than with standard, rational players,
and even more quickly than with time-inconsistent but sophisticated players. Bargaining in the
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Rubinstein model breaks down completely, as each offer is rejected.
Of course, our approach is just the first step in the analysis of such games. There is much
room for further analysis. For example, our perception-perfect equilibrium requires that players
are strategically naive, in the sense that they do not take into account the possibility that other
players may have different perceptions. Also, they do not learn from past behavior of other players.
If offers in a bargaining game are rejected repeatedly, for example, one may expect players to take
that into account and choose a somewhat different strategy when making further offers. Also, a
highly sophisticated player may take advantage of her knowledge concerning the naivety of the other
player to gain a strategic advantage.
Still, our framework is highly flexible and easily allows for extensions and modifications. For
example, it is easy to allow for cases in which players are partially naive and realize their future
time inconsistency to some limited extent. Also, it is possible to extend our perception-perfect
equilibrium to a case with more than two types, or with more than two players. The resulting
structure of the belief system would be more complicated. Our framework may even be applied to
other (mis)perceptions and behavioral biases to which players are possibly unaware.
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5.1

Introduction

“Not In My Backyard” activism (also known under the acronym NIMBY) depicts local resistance by
organized residents against projects that are planned in the vicinity of their residences. Activism is
triggered by the threat that such projects impose certain risks on the residential areas in the direct
environment of the project sites. Activism may undermine realization of such projects in various
ways. For example, activism might bring potential risk to the attention of the broader public and
thereby erode political support for a project (Schively, 2007). In this sense, NIMBYism is a type
of local, political initiative.
Given that a project is meant to provide a public good, NIMBY activism is often assumed
to harm investors and to reduce societal welfare (Frey, Oberholzer-Gee, and Eichenberger, 1996).
However, when construction projects are risky, it is not always clear if they do provide a public
good or not. Particularly, often it is overseen that resistance goes along with the acquisition of
information on the nature of a project. Rational activists engage in collecting information before
and while fighting a project. For instance, activists spend resources to hire external consultancies
or motivate politicians to establish expert committees. In this paper, we argue that such informed
activism might benefit not only activists but also investors.
There are various examples, where informed activism has prevented projects, which were considered to provide public goods. Yet, it is hard to find examples of activism which was successful in
that it averted negative consequences of a wrong investment decision. Obviously, those unfortunate
situations where a lack of activism resulted in realization of projects which blew up can also not be
used as illustrations.
One example might be activism against storage of nuclear waste in salt caverns. In Germany
NIMBY activism against planned nuclear waste sites evolved over the past decades into an influential
political movement. In the 1970ies nuclear waste storage in salt caverns seemed to be the best
solution to get rid of the debris of nuclear electricity production for producers as well as politicians.
However, three decades later, after massive protests against such projects, and massive research
efforts, the number of supporters of the idea to bury nuclear waste in salt caverns is decreasing.
Research has shown that caverns are not well suited for long term storage. More recently, the
injection of CO2 into underground rock formations in the context of Carbon Capture and Storage
(CCS) has drawn public attention. CCS demonstration projects have been prevented by informed
activism, which increased the awareness of the broader public and mobilized political initiatives
against the projects.
In this paper, we shed light on local environmental activism by arguing that NIMBY activism
might also benefit investors. The underlying idea can be outlined as follows. The evaluation
of the expected damage of a project is costly for investors, and environmental groups have an
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incentive to evaluate risk, too. The threat of being adversely affected by negative externalities
after the project has been established, motivates activists to engage in information collection, and
to possibly fight projects. For simplicity, we assume that fighting undermines political support
and eventually prevents establishment of the project. However, as fighting requires expenditure of
scarce resources, such as spare time and money, informed groups might not want to fight projects
when the expected damage caused by the project exceeds the cost of fighting. This activity pattern
benefits investors if fought projects are less or not viable and accepted projects are very viable. In
other words, when the interests of investors and activists are correlated, investors benefit from the
activism of the group. In the absence of a group, the investor would have to maximizes profits by
choosing the optimal level of risk evaluation and pay for that. Hence, when investors anticipate
that a group becomes informed, they can save on information acquisition. In that sense, negative
externalities, which are being imposed on the residents by the threat of investment are turned into
positive externalities for the investors. We will denote the latter type of externalities as activism
externalities.
In how far investors benefit from the information acquisition of the group depends on the degree
of overlap of the interests of the group and the investors. For example, when fought projects have
little value and accepted projects are very viable, the interests of activists and investors can be
considered as being congruent. In the absence of activism, investors would have to evaluate the risk
themselves and optimize investment in information seeking. However, there might be a situation
where interests of investors and the group diverge in that risky projects are viable to the investors
but not acceptable to the activists. Then, the investor suffers from activism.
Note that we simplify the exposition by assuming that both players are risk neutral and fully
rational, which is not necessarily true. Alternatively, the group might derive some utility from the
act of fighting. Moreover, here we discuss activism which addresses projects that impose a material
threat to their environment. The discussion of if projects fulfill this criterion or not is beyond the
scope of this analysis.
Our model resembles Aghion and Tirole’s (1997) model of formal and real authority among
principals and agents. In Aghion and Tirole’s model, agents and principals have the option to
jointly develop a project. The preferences for projects of the players do not coincide perfectly in
that they both might prefer slightly different projects. However, it is not possible for the principal
to monitor the agent perfectly such that the agent might end up realizing a project that does not
suit the principal well. However, both players can pay to become informed over the type of the
project with a certain probability. The interests of uninformed players are aligned in that both
uninformed players prefer not to realize a project, which provides them both with zero utility. In
our model, uninformed players do not necessarily prefer the default option. Contrarily, we consider
various cases concerning the interests of informed and uninformed players. Moreover, we explicitly
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model the choice of a project as the outcome of a 2x2 normal form game. In addition to that, we
are mainly interested in comparing the outcome of the interaction with the theoretical situation
where there is no activism. Finally, in our paper, there is only one project of various types to be
realized.
Our findings contrast the findings of other papers on NIMBY activism, e.g.

(Feinerman,

Finkelshtain, and Kan, 2004), (Frey, Oberholzer-Gee, and Eichenberger, 1996) and (Sakai, 2012).
These papers are mainly concerned with solving problems, imposed by activism. It is more enlightening to see the study at hand in the context of the literature on lobbies and political activism.
Ainsworth (1993) models the situation where a lobby has private knowledge over the state of the
world. Under certain circumstances, the lobby can credibly communicate their information and the
policymaker imposes the correct policy. However, the lobby is not credible when its interests deviate
to a large extent from those of the policymakers. Then, the communication between lobbyists and
policymakers breaks down. However, the nature of the knowledge of interest groups in such lobby
models differs from the knowledge of the NIMBY group discussed in this paper.
The main proposition of this paper states that investors might be better off with NIMBY
activism than without it. To show this, we will first develop a simple model of NIMBY activism.
We will prove the proposition in a simplified setting, where only the group can pay to become
informed. Thereafter, we extend the model to a setting where both players can become informed.
We show that our proposition still holds.

5.2
5.2.1

A Model of NIMBY Activism
The Model

There is a decision maker, e.g. an investor, I, who has the option to invest in some potentially
risky project, e.g. in a nuclear waste storage. The payoff of investment depends on the state of the
world. Particularly, the payoff of the investor is given by π − Θ. π ∈ (0, 1] depicts the gross profit
of successful investment for I. Θ is defined as follows.
Definition 5.1. Θ depicts the a priori unknown damage caused by an accident at the project site. Θ
 
is a random variable with support θ, θ . Θ has a probability density function F (θ ) and an expected
value E [Θ].
For example, a damage of Θ might be caused by leakage of radioactive substance form the
nuclear waste site.
Depending on the state of the world, Θ, investment provides I either with a profit or with a
loss, i.e. π − Θ is either positive or not. Naturally, if θ = 0, i.e. there is no accident at the project
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site and the project can be considered to be safe, investment pays out. If I does not invest, her
payoff is normalized to zero.
Moreover, there is some group of activists, G, which has always a lower utility from I investing
than I herself has.1 Potential damage caused by an accident at the project site translates directly
into negative externalities for the group. Particularly, if I invests, G’s payoff is given by −Θ. Hence,
when θ = 0, i.e. there is no accident at the project site, the utility of G is normalized to zero. Note
that if there is investment, the difference between the payoff of the group and the one of the investor
is given by π; for π → 0, the preferences of the players converge.
Furthermore, G can take some counterbalancing action, e.g. fighting investment. When the
group fights, I’s payoff is zero. In other words, when the group fights, investment is blocked.2
This might seem restrictive, but changing the assumption is straight forward: if fighting blocks
investment with a certain probability, we obtain qualitatively similar results. Fighting, however, is
costly to G in that it imposes some negative utility, λ ∈ (0, 1] on G.
A priori, the payoffs of the players when I invests are not known. Particularly, it is not known
if there will be leakage from the nuclear waste storage and, if yes, at which leakage rate. Yet, both
players hold some prior belief over the state of the world. We assume players who do not know the
realization of Θ believe that Θ < θ with a probability of F (θ ) ≡ Pr(Θ ≤ θ ). If I does not know
the state of the world Θ, her payoff from investment is given by π − E [Θ]. When G does not know
the realization of Θ, his payoff from I investing is given by − E [Θ]. If both players do not take any
action, their payoffs are normalized to zero.
However, at least the group might have access to an information technology, which reveals the
true state of the world with a positive probability.3 The cost of using this technology are increasing
in the probability of learning the true state of the world.4 More formally, we assume that players,
who have access to an information technology can learn the realization of Θ (hard information) with
a probability of ι by spending an amount of ι2 /2. Hence, the cost of becoming informed are a convex
function of ι, which is an often employed assumption, e.g. (Aghion and Tirole, 1997). Alternatively,
one could consider a more general cost function, such as ι2 c/2. However, incorporation of such
a function would not alter the results qualitatively. An information technology might represent
drilling equipment, which can be used to assess the suitability of the geological formations where
hazardous substances shall be stored.
1 Throughout

the discussion, we assume that the investor is female and the group is a male person.

2 Therefore,

the group can be seen as a principal who controls the decision of the agent, I. Using the terminology
of Aghion and Tirole (1997), the group has “P-formal” authority.
3 The assumption that only the firm might become informed might be a restrictive. We will return to this issue in
the remainder.
4 Note, that from the perspective of an uninformed player, i.e. from the perspective of t = 1, learning the true
realization of Θ with a certain probability is equivalent to learning the true realization with certainty.
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Finally, we define activism more rigorously.

Definition 5.2. Activism depicts the act of taking a counterbalancing action. “Informed activism”
depicts resistance after G has learned the true state of the world.
 
Ex post, or when I knows the state of the world, the payoff of I is π − θ, θ ∈ θ, θ . Conversely,
G has a utility of −θ. We denote a player who knows the realization of Θ, as an informed player.
The timing of the game is as follows. The players play a one shot simultaneous move game
if there is no information technology available. Notably, I decides if she wants to take the action
or not, at the same time as G decides on fighting. When at least one player has access to the
information technology, we have a two stage game. At the first stage, players with the information
technology can pay to become informed. At the second stage, a player, who has used the information technology in the first stage is either informed or not. It is common knowledge if that player is
informed or not. Throughout the analysis, we are looking for Bayesian Nash equilibria as proposed
by Harsanyi (1967) and discussed by Fudenberg and Tirole (1991). Finally, we assume that the
players are risk neutral.
This setting shall represent NIMBY conflicts where the action of the investor imposes negative,
local externalities on local residents. The action under consideration might be investment in a
nuclear waste site or in a CO2 storage. Externalities to the activists might be the eventuality of an
accident at the project site. Externalities caused by such an investment motivates residents to fight
investment. If the residents have access to an information technology, which reveals the state of the
world, they might use this technology before they fight. However, also the payoff of the investor is
adversely affected when there is an accident after the project has been established. If the activists
take a counterbalancing action, the investor can not realize the project anymore. Implicitly, we
assume that there is a third player, e.g. the government, which can veto the project. In the real
world, fighting a project does not necessarily prevent investment. However, protest might increase
political awareness of the threats of a project. As a response, politicians might veto the project.
Clearly, activism against a project, such as organizing demonstrations, is effortful in that such
activities impose cost on the activists. Notably, fighting is more costly than accepting a project that
is known not to cause any damage. Conversely, safe projects can be assumed to be very profitable
for investors. It is important to note that the payoff of the investor and the utility of the group are
correlated in that both players have a preference for safe projects. Any damage at the project site
directly affects the utility of the group as well as the payoff of the firm adversely.
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Assumptions

In the following section 5.3, we show that the activity of the group might increase the payoff of
the investor. In order to show this, we first need to impose a number of assumptions to define the
relations between Θ, π and λ more precisely. We impose the following assumptions on the payoff
of the players.
Assumption 5.1. ∃θ ∈ Θ, such that
θ ≤ θ < λ.
Hence, sometimes, the group is willing to accept. Moreover, we impose the following constraint
on the relation of λ and π.
Assumption 5.2.
λ ≤ π.
According to this assumption, the gross profit of successful investment exceeds the cost of
fighting. This implies that I wants to invest when G would accept. In other words, the cost of
fighting exceed the difference in the payoffs of the players. When G accepts projects, which are too
risky to be established by I, the analysis has little bite because activism would not have impact on
the activity of I.5
Assumptions 5.1 and 5.2 define the congruence of the interests of the players. For some intervals
of the support of Θ, the investor wants to take the action and the group would not take countermeasures. The investor wants to invest when the group would accept investment. The correlation
of the payoff functions of the players, defined by these assumptions, determine the results of this
study.
Finally, to ease the exposition, we assume that,
Assumption 5.3.
λ < E [Θ] .
Hence, for the uninformed G, the utility of fighting is larger than the utility of accepting. If
there is uncertainty over negative externalities, which might be caused by the project, the group is
willing to fight. As will be seen, by becoming informed, the group can save on fighting cost when
5.3 holds true. By becoming informed, the group imposes positive externalities on the investors.
5λ

≤ π implies that sometimes an informed investor wants to invest, i.e. there is a θ ∈ Θ, such that θ ≤ θ < π.
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5.3

Activism Externalities

In this section we show that the profit of an investors can be larger with activism from an informed
group than without it, if only the group has access to the information technology. This assumption,
might be questionable at first sight. Usually investors are assumed to have asymmetric knowledge
about the potential threats of a project. Indeed, we mainly impose the assumption that only the
group can become informed to simplify the exposition.
However, often environmental activists do have considerable financial means at their disposal
that can be used to hire external consultancies, for example. These consultancies help evaluating
the potential impact of a project on its environment. Moreover, activism might mobilize political
initiatives. These initiatives might establish expert committees, which work on the evaluation of
the risk of a project. Moreover, in the realm of the political debate, often activists argue that
investors do not know the risk of the investment, i.e. did not spend enough on the acquisition of
information. This implies that investors might not use the information technology, even if it is
available. Unfortunately, many potentially risky projects turn out to be dangerous ex ante, which
might be seen as evidence for the correctness of these claims. Finally, contrarily to investors, local
activists are aware of soft values of their environment, which might not enter the calculations of
investors. For example, the landscape might have a undiscovered recreational value, which is only
known to residents.
In the next section, section 5.4, we will scrap the assumption that only G has access to the
information technology and show that our result still holds.
Before we turn to the discussion of our main result, we define activism externalities, ∆, as
follows:
Definition 5.3.
∆ = Π (ι? ) − Πna ,
where Π (ι? ) depicts the equilibrium payoff of an investor when G sets the equilibrium information
level ι? and Πna depicts the equilibrium payoff of an investor without activism. Particularly, the
subscript, na, indicates that there is no activism.
Activism externalities depict the excess payoff of an investor, who is confronted with informed
activism over the payoff of an investor, who does not face activism.
Now, we state our main result.
Proposition 5.1. When assumptions 5.1 and 5.2 hold true, and only G can obtain information
about the true potential damage θ, a) the profit of an investors can be larger with informed activism
as defined in Definition 5.2 than without it; b) the benefit from informed activism is decreasing in
the difference of the interests, π.
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invest
not invest

fight
0,−λ
0,−λ
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not fight
π − E [ Θ ],−E [ Θ ]
0,0

Table 5.1. Normal form game between two uninformed players. G chooses column; I chooses row.
(fight, invest) is the only pure strategy Nash equilibrium because no player has an incentive to
deviate.
To prove proposition 5.1, we have to calculate and compare the payoff of an investor, who is
confronted with informed activism and an investor, who does not face any activism.
It is straightforward to derive the payoff of an unconstrained investor, Πna . Given that I does
not have access to the information technology, if E [Θ] > π, I would not invest, irrespective of if
there is activism or not. However, if E [Θ] < π, without activism I would have a strictly positive
payoff,
Πna = π − E [Θ] > 0
when investing.
Moreover, if none of the players has access to the information technology we have the following
situation. From table 5.1, it can be seen that with uninformed activism, I would have zero payoff
because G would fight (by assumption 5.3).6 G would have a utility of −λ. So, depending on
the relation of E [Θ] and π, the investor is either indifferent between uninformed activism and no
activism, or she suffers from activism because she loses Πna .
Next, we turn to the discussion of the payoff of an investor, who might face informed activism.
According to definition 5.2, we consider activism to be informed when G has learned the true state
of Θ. We assume that G has access to an information technology, which informs him about the true
state of Θ with a probability of ι at a cost of c (ι) ≡ ι2 /2. After having invested in the acquisition
of information, I learns if G knows the realization of Θ or not.
If there is informed activism, the payoff of the players can be calculated by backward induction.
At t = 2, ι is exogenous because G chooses ι at t = 1. At t = 2, G will be uninformed with a
probability of 1 − ι. According to table 5.1, the uninformed G has utility −λ because he fights by
assumption 5.3 if I invests. At t = 2, G will be informed with a probability of ι. According to the
normal form game depicted in table 5.2, the informed G fights if investment would be more costly


to accept, i.e. G fights if Θ = θ ∈ λ, θ . Hence, if Θ = θ ∈ [θ, λ], the informed G has utility −λ,
6 Particularly, (fight, invest) is the only pure strategy Nash equilibrium. There is also a number of mixed strategy
equilibria, where L fights with a probability s L ∈ [λ/E[Θ], 1]. By investing with a lower probability, s L < 1, the
uninformed investor reduces the expected dis-utility of investment for the group. At s L E[Θ] = λ, the uninformed
group is indifferent between accepting and fighting. An equilibrium requires that also the investor is indifferent
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invest
not invest

fight
0,−λ
0,−λ

not fight
π − Θ,−Θ
0,0

Table 5.2. Payoff matrix. G chooses column; I chooses row.


and −θ if Θ = θ ∈ λ, θ .
At t = 1, G is uninformed. If G becomes informed, the expected cost of fighting at t = 2 are
λPr(Θ > λ). The expected costs of accepting are E [Θ|Θ < λ]. Whence, in total, the expected
utility of G is given by,
U (ι) = −ι (E [Θ|Θ < λ] + λ (1 − F (λ))) − λ (1 − ι) − c (ι) .

(5.1)

In equation 5.1, the first term depicts the expected payoff of being informed, which is the case with
a probability of ι. The second term represents the expected payoff of being uninformed at t = 2,
which is the case with a probability of 1 − ι. The last term depicts the cost of becoming informed
with a probability of ι.
Optimization yields,
ι? = λF (λ) − E [Θ|Θ < λ] ,

(5.2)

which fulfills ι? ∈ (0, 1] if assumptions 5.1 and 5.2 hold. This verifies that ι? can be interpreted
as a probability. According to equation 5.2, ι? is decreasing in the expected damage, given that
the damage realization is lower than the cost of fighting. However, the higher the probability that
the damage is below the cost of fighting, the larger ι? . If λ and F (λ) are large, G gains a lot from
becoming informed because G can then save on fighting cost.
Given that G sets ι? , I gets,
Π (ι? ) = ι? (π + E [Θ|Θ < λ]) .

(5.3)

Next, we show that the payoff of the investor with activism, Π (ι? ), might be higher than the payoff
of the investor without activism. In other words, we show that there might be positive activism
externalities. If G has access to the information technology, activism externalities are given by,
∆ = ι? (π + E [Θ|Θ < λ]) − π + E [Θ]

= π ( ι ? − 1) + ι ? E [ Θ | Θ < λ ] + E [ Θ ] .
between investing and not investing. This is the case when the group fights for sure.

(5.4)
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= ι? − 1 < 0, if λ, π ∈ (0, 1] and assumptions 5.1 and 5.2 hold true. Therefore, activism externalities are decreasing in the difference of the
interests of the players, which supports part b) of proposition 5.1.

Activism externalities are decreasing in π because

∂∆
∂π

To conveniently prove that there are activism externalities, i.e. ∆ > 0 is indeed possible, we
simplify the setting as follows. Assume that Θ is a discrete random variable with two possible
realizations, Θ = {0, θ }. A project is either safe, in that it does not cause any damage (Θ = 0), or
dangerous in that it will cause damage −θ. Note, that this setting fulfills assumption 5.1. We define
p ≡ Pr (Θ = 0). Hence, if λ < θ (1 − p), assumption 5.3 holds true, too. Simplifying the setting in
this way, we obtain E [Θ|Θ < λ] = 0 and π + E [Θ|Θ < λ] = pπ. Substituting this into equation
5.2 we obtain ι? = λp. The equilibrium information level is increasing in the cost of fighting and
in the probability that the project is dangerous. If λ is large, i.e. fighting is very costly, G gains a
lot from becoming informed because G could save on fighting cost. This holds also true when Θ is
likely to be zero.
G does not fight when informed and Θ = 0. However, given that G does not fight and assuming
that the project is safe, I receives π. This happens with a probability of pι? . When I invests always,
her expected payoff is,
Π (ι? ) = pπι? = p2 πλ.

(5.5)

In the absence of activism, the payoff of the uninformed investor is given by π − θ (1 − p). Hence,
activism externalities are given by


∆ = π p2 λ − 1 + θ (1 − p ) .


Note that π p2 λ − 1 ≤ 0 if p, π, λ ∈ (0, 1]. Hence, if |π p2 λ − 1 | < θ (1 − p), there is are activism externalities, which supports proposition 5.1. For example, assume θ = 1, π = p = λ = .5,
then ∆ = .0625. 
∂∆
λ

> 0. If λ is
large, the group has a stronger incentive to become informed. By becoming informed, the group
can save on total fighting cost when θ < λ. Contrarily, with λ & 0, the group has hardly any
incentive to acquire information because fighting requires very little effort. Then, fighting is almost
always preferred over paying to become informed and potentially accepting a project. The investor’s
activism externality is increasing when the group becomes informed with a larger probability.
Activism externalities are increasing in the cost of becoming informed because
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5.4

Both Players Can Become Informed

In this section, we show that the investor might be better off when both players can become informed. In the last section, section 5.3, we assumed that only the group has access to an information
technology, while the investor has not. This might be somewhat restrictive. Often, investors have
financial and technical means to collect information. In the context of a nuclear waste storage site,
investors are assumed to collect information by drilling test bore holes to evaluate the integrity of
the rock formation under consideration before they make an investment decision.
In this section, we show that,
Proposition 5.2. if assumptions 5.1 and 5.2 hold true, and both players can obtain information
about the true potential damage Θ, a) the profit of an investors can be higher with activism from an
informed group than without it, and b) I might not want to use the information technology at all.
To prove proposition 5.2, we show that the payoff of the investor with activism might be higher
than the payoff of the investor without activism. Again, first, we calculate the payoff of the investor
without activism. Thereafter, we will calculate the payoff of the investor with activism and prove
the propositions.
In the previous section, we argued that the payoff of I without activism is either zero or E[Θ] − π.
If I has access to the information technology, I 0 s expected expected payoff is strictly positive. To
show this, we use backward induction.
At t = 2, the probability of being informed, ι na is exogenous. Here, the subscript na indicates
that there is no activism. At t = 2, I will be uninformed with a probability 1 − ι na . An uninformed
I invests if E [Θ] < π, which provides her with an expected payoff of π − E [Θ]. If E [Θ] > π, the
uninformed I does not invest and her payoff at t = 2 is zero. At t = 2, I will be informed with a
probability ι na . An informed I invests if Θ = θ ∈ [θ, π ]. This provides her with a payoff π − θ with
certainty. However, at t = 1, I is uninformed. The expected payoff of being informed at t = 2 is
ι na (π − E [Θ|Θ < π ]). At t = 1, I has to decide on the probability of being informed at t = 2, ι na .
With a probability 1 − ι na , I remains uninformed at t = 2. Whence, in total, the expected payoff
of the unconstrained I at the first stage, is given by,
Πna (ι na ) = ι na (π + E [Θ|Θ < π ]) − (1 − ι na ) max {0, π − E [Θ]} − ι2na /2.

(5.6)

It is straightforward to obtain equilibrium information levels by optimization. If π < E [Θ], i.e. the
uninformed investor would not invest without the information technology, her equilibrium information level is given by, ι?na = π + E [Θ|Θ < π ]. If there is no activism, the equilibrium payoff of I is
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given by,
Πna (ι?na ) = (π + E [Θ|Θ < π ])2 /2.
Alternatively, if π > E [Θ], ι?na = 2π + E [Θ|Θ < π ] − E [Θ]. Again, ι?na is strictly positive and
smaller than unity. Moreover, note that ι?na is larger if π > E [Θ], i.e. I is more eager to learn the
true state if she is optimistic ex ante.
At this place, it is easily possible to prove part a) of proposition 5.2 by showing that Πna (ι na ) <
Π (ι? ) is possible under certain conditions. However, taking a more general approach allows us to
show under which conditions I gains from activism and to show that I might not want to use the
information technology at all.
In order to prove proposition 5.2, we need to compare Πna (ι?na ) with the equilibrium payoff
of the investor in the absence of informed activism. Subsequently, we calculate the equilibrium
information level of the investor, and equilibrium payoff if both players can become informed and
there is informed activism of a group. We denote the probability of I being informed I, ι I , and the
equilibrium probability of G being informed, ι G .
We can obtain equilibrium information levels in much the same manner as the equilibrium
information level, ι? (equation 5.2) and ι?na . However, here, we have to deal with an additional
complication. Particularly, if both players can become informed, the equilibrium information levels
and equilibrium payoffs of the players result from interaction. This brings our analysis closer to the
one of Aghion and Tirole (1997) in the context of principal agent problems.
If both players have access to the information technology, theoretically, there can be four scenarios at t = 2: either one, no, or both players can be informed at t = 2. Adhering to the rules
of backward induction, we first discuss these scenarios separately before combing the payoffs under
each scenario to payoff functions. Based on these payoff functions, we can calculate equilibrium
information levels and equilibrium payoffs, which can be used to prove our propositions.
Information Scenarios
1. If both players spent enough on the acquisition of information at t = 1 they are both uninformed at t = 2. This is the case with a probability of ι G ι L . If I is informed, she invests if
Θ = θ ∈ [θ, π ], which is known by G. Among those investments by I, G fights investments


for which Θ = θ ∈ λ, θ (according to table 5.2). Hence, Θ = θ ∈ [λ, π ] depict damage
levels such that investing is viable to I (because Θ = θ ∈ [θ, π ]), but triggers resistance by G


(because Θ = θ ∈ λ, θ ). A priori, at t = 1, if both players do not know the realization of Θ,
Θ = θ ∈ [λ, π ] with a probability F (π ) − F (λ). Hence, at t = 1, I’s expected cost of fighting
when both players become informed is −λ ( F (π ) − F (λ)). Moreover, the informed G accepts
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Gin f ormed
Gunin f ormed

Iin f ormed

Iunin f ormed

ιG ι I
ι I (1 − ι G )

ι G (1 − ι I )
(1 − ι I ) (1 − ι G )

Table 5.3. Probability of occurrence of the scenarios.
projects with Θ = θ ∈ [θ, λ]. The expected cost of accepting if both players are informed is
E [Θ|Θ < π ]. As a result of G’s play, ex ante, I expects to get π + E [Θ|Θ < λ].
2. The probability that G is informed and I isn’t is ι G (1 − ι I ). If E [Θ] < π, I wants to invest.
G would accept investment if investment would impose Θ = θ ∈ [θ, λ] and fights else. At
t = 1, G is uninformed, too. However, Θ fulfills Θ = θ ∈ [θ, λ] with a probability F (λ). G
would have −E [Θ|Θ < λ] − λF (λ). I gets π + E [Θ|Θ < λ]. If E [Θ] ≥ π, I would not want
to invest, G does not have to fight, both get zero payoff.
3. If both are uninformed, I wants to invest if E [Θ] < π. However, G fights by assumption 5.3
(see table 5.1). If E [Θ] > π, I does not want to invest. G knows this and does not have
to fight. Hence, I has zero, irrespective of if she wants to invest or not. G has −λ only if
E [Θ] > π.7
4. Finally, I might be informed while G remains uninformed. This is the case with a probability of
ι I (1 − ι G ). If I is informed at t = 2, she invests if Θ < π. If,E [Θ|Θ < π ] ≤ λ, the uninformed
G accepts the action of I after he has learned that I is informed. Hence, if E [Θ|Θ < π ] ≤ λ,
G gets E [Θ|Θ < π ] and I gets E [Θ|Θ < π ]. If E [Θ|Θ < π ] > λ, the uninformed G fights and
gets −λ. Then, I has zero utility.8 G also has a prior belief over the likelihood that Θ > λ.
Hence, at t = 2, G’s decision to fight is based on an the updated belief.
Expected Payoff Functions In tables 5.4, 5.5 and 5.3, we summarize the discussion of the
scenarios that might emerge as a result of the information acquisition of the players. Notably,
table 5.3 contains the probabilities, which are assigned to the possible scenarios (both players are
informed, no player is informed, one player is informed). Table 5.5 contains the utility of the group
under each scenario, while table 5.4, depicts the profit of the investor under each scenario.
Subsequently, we combine the information contained in tables, 5.4, 5.5 and 5.3, by taking expectations over the previously discussed information scenarios. Note, however, that we obtain four
different expected utility and profit functions depending on,
7 In Aghion and Tirole (1997), the players are assumed to have the same interests when no player is informed. Here,
we allow players to have different preferences in this case.
8 Note

that this hinges on the assumption that the uninformed G learns if I is informed or not at t = 2.
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Π

Iin f ormed

Iunin f ormed

Gin f ormed
Gunin f ormed

E [π + Θ|Θ < λ]
π + E [ Θ | Θ < π ] ∨0

π + E [Θ|Θ < λ] ∨ 0
0

Table 5.4. Expected payoff of the investor under each scenario.
U

Iin f ormed

Iunin f ormed

Gin f ormed
Gunin f ormed

−E [Θ|Θ < λ] − λ ( F (π ) − F (λ))
−E [ Θ | Θ < π ] ∨ − λ

−E [Θ|Θ < λ] − λF (λ)
−λ ∨ 0

Table 5.5. Expected utility of the group under each scenario.
1. if the uninformed investor wants to invest, and
2. if the uninformed group accepts investment after having learned if an investor is informed.
Particularly, we obtain a different pair of utility and payoff functions for each of the following cases:
1. the uninformed investor does not want to invest, E [Θ] > π; the uninformed group accepts
after having learned that the investor is informed, E [Θ|Θ < π ] < λ,
2. the uninformed investor does not want to invest, E [Θ] > π; the uninformed group fights
despite having learned that the investor is informed, E [Θ|Θ < π ] > λ,
3. the uninformed investor wants to invest, E [Θ] < π; the uninformed group accepts after having
learned that the investor is informed, E [Θ|Θ < π ] < λ,
4. the uninformed investor wants to invest, E [Θ] < π; the uninformed group fights after having
learned that the investor is informed, E [Θ|Θ < π ] < λ.
Next, we construct for each of these cases utility and profit functions. Using the pairs of payoff
functions, we derive equilibrium information levels and equilibrium payoff functions. We show
that there can be activism externalities by comparing I 0 s expected equilibrium payoffs if I and G
are choosing equilibrium information levels with the equilibrium payoff when there is no activism,
Πna (ι?na ).
Case 1, E [Θ] > π and E [Θ|Θ < π ] < λ. Generally, if E [Θ] > π, we obtain the following utility
function from taking the expectations over the utilities under the information scenarios discussed
in paragraph 5.4,
UG (ι G , ι I ) = −ι G ι I (E [Θ|Θ < λ] + λ ( F (λ) − F (π )))

−ι I (1 − ι G ) min {λ, E [Θ|Θ < π ]} − ι2I /2.

(5.7)
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Now, if min {λ, E [Θ|Θ < π ]} = E [Θ|Θ < π ] we obtain case one. Notably, the uninformed G
accepts the action of I after he has learned that I is informed. Taking expectations, we obtain the
following profit function,
Π I (ι G , ι I ) = ι G ι I (π + E [Θ|Θ < λ]) + ι I (1 − ι G ) (π + E [Θ|Θ < π ]) − ι2I /2.

(5.8)

It is tedious to derive equilibrium information levels from 5.7 and 5.8. Therefore, we simplify the
exposition as we did in the previous section, i.e. we assume that Θ = {0, θ } with Pr (Θ = 0) ≡ p,
to show that part a) of proposition 5.2 holds true. Note that the simplified setting fits into case 1
because θ (1 − p) > π (i.e. E [Θ] > π) and 0 > −λ (i.e. E [Θ|Θ < π ] < λ).
Next, we substitute π + E [Θ|Θ < π ] = pπ and E [Θ|Θ < π ] = 0 into 5.8. G knows that when
I is informed, she invests only if Θ = 0. This yields Π I (ι G , ι I ) = ( pπ )2 /2. However, setting
ι I = 0 and investing always yields Π (ι? ), which is given in relation 5.3. Hence, there is an activism
externality if,
Π (ι? ) > Π (ι?G , ι?I ) ⇐⇒ p2 πλ > ( pπ )2 /2 ⇐⇒ λ > π/2.
This confirms proposition 5.2. Notably, this shows that I might be better off with activism and it
also shows that I might not want to become informed at all.
Moreover, it can be shown that even if λ < π/2, I is not worse off than she would be in the
absence of activism. If I does not set ι I = 0, her payoff is not affected by activism and she has the
same payoff as a player who is not constrained by activism, i.e. Πna (ι?na ) = Π I (ι G , ι I ).
Case 2, E [Θ] > π and E [Θ|Θ < π ] > λ. Next, we discuss the case where the uninformed I
does not want to invest because E [Θ] > π, but the uninformed G fights despite having learned
that I is informed (min {λ, E [Θ|Θ < π ]} = λ). Hence, G’s utility is given by equation 5.7 with
min {λ, E [Θ|Θ < π ]} = λ. With this combination of preferences, we obtain the following payoff
function,
Π̄ I (ι G , ι I ) = ι G ι I (π + E [Θ|Θ < λ]) − ι2I /2.
To simplify the exposition, we simplify the setting as follows. Assume that the damage random
variable has three states, i.e. Θ ∈ {0, θ, 1}. Moreover, assume that 0 < λ < θ < 1, i.e. the informed
G accepts I’s action only if Θ = 0. Finally, assume that the probabilities that Θ = 0,Θ = θ or
Θ = 1 are given by pi , i ∈ {1, 2, 3}.
Now, if there is no activism, the investor uses the technology optimally,
Πna (ι na ) = ι I ( p1 π + p2 (π − θ )) − ι2I /2
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such that ι?na = ( p1 π + p2 (π − θ )). Then, the equilibrium payoff is given by
Πna (ι?na ) = ( p1 π + p2 (π − θ )) 2 /2.
However, if there is informed activism from the group, I might want to set ι I = 0, and invest always.
In this way, I would obtain a profit of Π I (ι? ) = p21 λπ. Hence, there are activism externalities if,
p21 πλ > ( p1 π + p2 (π − θ )) 2 /2.
With p2 → 0, λp21 π > ( p1 π ) 2 /2 and λ & π/2, there is are activism externalities. There are also
activism externalities if θ is large (supporting our propositions). Note that if p2 → 0, we obtain
case 1.
Case 3, E [Θ] < π and E [Θ|Θ < π ] < λ. Generally, if π > E [Θ], G’s utility function is given
by,
ÛG (ι G , ι L ) = −λ (1 − ι G ) (1 − ι I ) + ι G ι I λF (π )

(5.9)

−ι I (1 − ι G ) min {λ, E [Θ|Θ < π ]} − ι G (E [Θ|Θ < λ] + λF (λ)) .
Here, and contrarily to the utility function 5.7, the scenario where both players are uninformed
matters: as I wants to invest if no player is informed, G has to fight if no player is informed (by
assumption 5.3).
Now, if G accepts investment after having learned that I is informed, i.e.
min {λ, E [Θ|Θ < π ]} = E [Θ|Θ < π ], I has a payoff function,
Π̂ I (ι G , ι I ) = ι I (1 − ι G ) (π + E [Θ|Θ < π ]) − ι G (π + E [Θ|Θ < λ]) − ι2I /2.
Once again, we simplify the exposition to show that there can be activism externalities. Particularly,
we assume that Θ = {0, θ } with Pr (Θ = 0) ≡ p, but π > E [Θ], i.e. the uninformed investor wants
to invest. To show that there are activism externalities, we first need to calculate the equilibrium
payoff of the investor when there is no activism. According to 5.6, this is given by,
Π̂na (ι na ) = ι na pπ + (1 − ι na ) (π − θ (1 − p)) − ι2na /2.

(5.10)

Optimally, I sets,
ι?na = (1 − p)(θ − π ) ∈ (0, 1].
ι?na is increasing in the expected potential damage, θ (1 − p) of uninformed investment. Conversely,
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Figure 5.1. ι?I (blue, decreasing from LHS), ι?G (red, increasing) and ι? (green, vertical) for π =
θ (1 − p) = .5, depending on λ.
ι?na is decreasing in the gross profit of investment, π. In order to show that there are activism
externalities, we need to show that the equilibrium payoff of an investors constrained by activism
exceeds Π̂na (ι na ). Based on the expected payoff functions,
ÛG (ι I , ι G ) = −λ(1 − ι I ) (1 − ι G p) ,

(5.11)

Π̂ I (ι I , ι G ) = pπ (ι G + ι I (1 − ι G )) − ι2I /2

(5.12)

and,

(the exact derivation of these functions, has been relegated to the Appendix) we can derive optimal
information probabilities. Particularly, optimizing equation 5.11 and equation 5.12 with respect to
ι G and ι I , yields reaction functions,
ι G (ι I ) = pλ(1 − ι I ),
and
ι I (ι G ) = pπ (1 − ι G ).
This situation resembles the situation discussed by Aghion and Tirole (1997) in that the equilibrium
information strategies are strategic substitutes (Bulow, Geanakoplos, and Klemperer, 1985). In
other words, the information collection of one player is decreasing in the information collection of
the other player. Using the reaction functions, we can derive equilibrium levels of being informed,
ι?G =

pλ(1− pπ )
,
1− p2 λπ

pπ (1− pλ)
. Figure 5.1, represents the relationship between the equilibrium
1− p2 λπ
?
?
?
ι I , ι G and ι , graphically. It can be seen that ι?I + ι?G ≥ ι? . In other words, the

and ι?I =

information levels,

sum of the group’s and the investor’s equilibrium information probabilities exceeds the information

Not In My Backyard Activism And Information

107

Figure 5.2. ∆(λ, π, p, θ ) with p = .5 and θ = 1: blue, upper line ∆(λ, π = .5, .5, 1); red
∆(λ, .51, .5, 1); green, bottom line ∆(λ, .52, .5, 1).
probability of the isolated investor. Together, the players become informed with a higher probability
than an investor which is not constraint by activism.
Figure 5.2 represents activism externalities, ∆ as they depend on λ and π graphically. ι G is
increasing in λ for the same reasons as discussed previously in section 5.3. Notably, becoming
informed enables the group to save on fight cost if the project is safe. ι I is increasing in π because
I’s motivation to convince G that the project is safe, is increasing in π. In the Appendix, we
discuss the relationship between the information levels in more detail. There, we show that there
are activism externalities if π & λ, and π & θ (1 − p), given that E [Θ|Θ < π ] < λ and E [Θ] < π.
In other words, if the expected damage of the project is large as compared to the gross payoff
of investment, there are activism externalities. However, as π converges towards θ (1 − p), the
situation is converging to case 1, where E [Θ|Θ < π ] < λ andE [Θ] > π.
Case 4, E [Θ] < π and E [Θ|Θ < π ] > λ. Finally, given utility function 5.9, if min {λ, E [Θ|Θ < π ]} =
λ, G fights after having learned that I is informed. Then, I 0 s payoff function is given by
Π̌ I (ι I , ι G ) = ι G (E [π + Θ|Θ < λ]) − ι2I /2.

It is straightforward to see that ι?I = 0. Comparison of Π̌?I ι?I , ι?G to Π (ι? ) indicates that there
might be activism externalities.
By discussing scenarios 1-4, we have shown under which conditions there are activism externalities. We have also shown under which conditions the investor does not want to become informed at
all. Notably, if E [Θ|Θ < π ] > λ, there is no point in becoming informed for I: if E [Θ|Θ < π ] > λ,
G fights investment irrespective of I being informed or not. However, if E [Θ|Θ < π ] < λ, G will
not fight after having learned that I is informed. This is due to the fact that G’s utility of accepting
investment of an informed investor is larger than the utility when fighting such investment.
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5.5

Conclusion

If projects are meant to provide public goods, NIMBY activism is usually assumed to harm investors
and to reduce total welfare (Frey, Oberholzer-Gee, and Eichenberger, 1996). However, the theory
developed in this paper shows that investors might benefit from NIMBY activism, if resistance goes
along with the acquisition of information on the nature of a project.
Particularly, investors might benefit from positive externalities due to information acquisition
of the group. By investing always, an uninformed investor forces the group into becoming informed
and fighting risky projects. This activity patters guarantees the investor a strictly positive payoff.
The group can not commit to not becoming informed because this would decrease their utility.
Notably, activists which pay to become informed can save on the cost of fighting non risky projects.
As the information level of the group is increasing in their cost of fighting a project, positive
externalities on the investor are increasing in the cost of fighting investment. The congruence of
the preferences is given by the gross profit of investment. Positive activism externalities on the
investors are increasing in the congruence of the preferences. Even if the investor has access to
the same information technology as the activists, she might end up not using this technology. An
investor who is not using the information technology is playing the same strategy as an investor
who does not have access to the information technology.
The model can be readily extended: notably, it is straightforward to generalize the cost function of becoming informed. In this way, our theory would reveal more insights into the welfare
implications of informed activism. Moreover, it might be interesting to consider the situation where
players do not know if their opponent is informed or not. Finally, also the group might gain from
investment.
We do not model other political decision makers explicitly. However, often, policy makers play
an important role in environmental conflicts. We leave these issues for future research.

Appendix
Information scenarios, case 3. When both players are uninformed, which happens with a
probability of (1 − ι I )(1 − ι G ), G fights investment and I invests. Therefore, G receives a utility of

−λ and I receives zero payoff.
If only I is informed, (not invest, accept) is a pure strategy equilibrium when Θ = θ. (invest, accept)
is a pure strategy equilibrium when Θ = 0. G does not have to fight at all. Both have zero profit
when Θ = θ. I receives profit π while G has zero utility when Θ = 0. The probability of this
scenario to occur is given by ι I because I is informed with a probability ι I .
If G is informed and I is not informed at t = 2, I invests always, G accepts when Θ = 0 and
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fights when Θ = θ. I has zero profit and G has utility of −λ when Θ = θ. I receives profit π
while G has zero utility when Θ = 0. (invest, f ight) is a pure strategy equilibrium when Θ = θ.

(invest, accept) is a pure strategy equilibrium when Θ = 0.
Ex ante, at t = 1, the players do not know if Θ = 0 or Θ = θ. However, they expect Θ = 0
with a probability of p. As I invests always and expects G to accept with a probability of p (i.e.
when Θ = 0), I has expected payoff pπ. Therefore, the expected payoff of an uninformed I is pπ
when G is informed. Moreover, the uninformed I expects to receive zero with a probability of 1 − p
when Θ = θ and G is informed. At t = 1, the informed G knows that they have to fight when the
project is dangerous, which is the case with a probability of 1 − p. Being uninformed at t = 1, the
expected cost of having to fight at t = 2, is λ (1 − p). G is becoming informed with a probability
of ι G and ι I is not becoming informed with a probability of 1 − ι I . Hence, ex ante, the probability
of this scenario to occur is given by ι G (1 − ι I ).
The relationship between the equilibrium information levels, case 3. Here, we discuss
under which conditions ∆ is positive.
1. The payoff of the unconstrained investor, Πna (ι? ), is decreasing in θ, while the payoff of the
investor constrained by activism, Π̂ I (ι?I , ι?G ), is independent of θ. Hence, ∆ must be increasing
in θ. Whence, when ∆ isn’t positive for θ = −1, i.e. for the minimum of θ, it is never positive
(holding everything else constant).
2. I gains from G being informed. The probability that G is informed, ι?G , is increasing in λ.
Hence, ∆ is increasing in λ.
3. ∆ is decreasing in π. Π̂ I (ι?I , ι?G ) and Π I (ι?I ) are both increasing in π. However, while the
information probability of the investor constrained by activism, ι?I , is increasing in π, the
information probability of the unconstrained investor, ι?I , is decreasing in π. Hence, the
larger π, the lower the expenses for becoming informed when the investor is not constrained
by activism. Therefore, the constrained investor pays more on the acquisition of information
when π is large, while the unconstrained investor pays less. Hence, when ∆ is not positive for
π & λ, then it never is.
In sum, I gains from informed activism when I has little expected net payoff, i.e. π & θ (1 − p),
and λ is large.
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In the course of the past decades, increasing CO2 levels in the atmosphere have contributed to

higher infrared radiation towards the earth. Increased infrared radiation triggers climate change
and global warming. As a result of this, extreme and catastrophic weather events are likely to
occur more often. Mitigation of, and adaptation to climate change is estimated to be costly;
according to Johansson (2012), increasing sustainability of electricity production sufficiently costs
approximately two percent of the global GDP. According to many scholars, e.g. Pacala and Socolow
(2004), the Carbon Capture and Storage technology is an efficient measure to achieve climate change
mitigation targets at low cost. Some believe that without CCS, it would be hard, if not impossible, to
achieve the climate change mitigation targets that have been established by international agreements
(Edenhofer et al. 2010). In the second chapter of this thesis, Catrinus Jepma and I, discussed in
detail the economic aspects of CCS.
Despite increasing evidence that the consequences of global warming might be severe, so far,
CCS is not employed on the industrial scale yet. Given the high flying expectations of politicians,
practitioners and researchers in the beginning of the last decade, this comes as a surprise to many.
Understanding the reasons of why CCS is not employed on a larger scale yet helps improving investment decisions in mitigation technology. Hence, in this thesis we discussed three explanations
that have been put forward to understand why, so far, there is only very little investment in Carbon
Capture and Storage. We focused on limited supply of storage, low carbon prices, and environmental activism.
In chapter 3, we discussed how the supply of storage capacity determines the value of the
option to invest in CCS. At many places, depleted oil and gas fields represent a large part of the
potential CO2 storage supply. Yet, the terminology “depleted” is somewhat misleading because it
is not possible to deplete gas fields exhaustively. Due to technological and legal constraints, gas
production and CO2 injection usually exclude each other. Typically, existing wells can only be used
to either inject or extract substances into or out of the field. Simultaneous injection of CO2 , while
producing gas is linked to various, mainly economic, uncertainties (Hendriks 2004).1 Therefore,
the value of the option to invest in CCS does not only depend on sunk cost of building a CCS
facility and uncertainty in climate policy but also on the anticipated viability of gas production.
Particularly, uncertainty over future natural gas prices and correlation between gas and allowance
prices are crucial when valuing the option to invest in CCS. Moreover, existing production wells
and pipelines can be used to transport and inject CO2 , as the CO2 stream captured from emission
1 At some producing oil fields, producers inject CO to enhance the oil production. This technique is called enhanced
2
oil recovery (EOR). In the context of “enhanced coal bed methane” production, CO2 is injected, too. Note that
modification of the resource production equipment is required before starting to inject CO2 . However, the cost of the
modifications are relatively low (Breunese 2001).
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sources has properties similar to those of natural gas. If existing infrastructure can be reused, the
gas producer does not have to pay for the deconstruction until the end of the CO2 injection. This
provides the producer with savings on the cost of removal due to discounting of these cost. Finally,
in some countries, the time until deconstruction of the gas production facilities is regulated. If there
is no gas production anymore, the infrastructure of a field needs to be removed and the wells need
to be plugged timely.
We constructed and calibrated real option models to evaluate the impact of the previously
discussed issues on the decision to invest in CCS. We used a common call option model to discuss
the value of the option to invest in CCS when production of the gas field has ceased. Using this
model, we showed that the value of the option to invest in CCS is decreasing if there has to be
abandonment of the gas production facilities (modified CO2 injection facilities) within ten years
after the end of gas production.
Next to the common call option model, we used an exchange option model to analyze the impact
of volatility in gas prices and correlation between gas and emission allowance prices on the decision
to invest in CCS. The value of the option to exchange gas production for CO2 injection is decreasing
in the correlation between gas prices and allowance prices. Particularly, with a correlation coefficient
of -0.9, the value of the option to exchange gas production for CO2 injection is twice as large as with
a correlation coefficient of 0.9. This result can be understood as follows. With positive correlation,
at times where allowance production is viable, gas production is viable, too. This reduces the
incentive to replace gas production for CO2 injection.
Given that high electricity demand has positive impact on gas and allowance prices, it can be
assumed that these prices are indeed positively correlated. This has been confirmed by empirical
studies, e.g. Benz and Trueck (2009). Considering the positive relationship between emission
allowance prices and gas prices, the value of CCS as a mitigation technology may be lower than
previously estimated.
In order to evaluate the impact of uncertainty and correlation between gas and emission allowances, it may be interesting to model a broader set of mitigation technologies. For example,
energy producers hold options to invest in natural gas fired power plants, which typically emit less
CO2 than coal fired plants. Moreover, depending on field characteristics, maturing gas fields might
be used to store natural gas.
One of the most obvious reasons of why there is too little application of mitigation technologies
is the failure of societies to implement sufficient emission penalties. The lack of economic incentives
for investment in climate change mitigation might be due to the tendency of people to overweight
current utility as compared to future utility. Such time inconsistency is also known as (quasi)
hyperbolic discounting. Hyperbolic discounting has been used to explain the discrepancy between
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high money market discount rates and low long run discount rates that should be used to offset the
benefits of current climate change mitigation efforts. Particularly, if hyperbolic discounters can not
commit to a future consumption path, they will repeatedly postpone costly actions. Implicitly, they
discount the near term future at high discount rates and highly valuate current felicity. According to O’Donoghue and Rabin (1999), in how far people suffer from their hyperbolic discounting
problem depends on the perception of their future time inconsistency problem. People might be
naive or sophisticated concerning their future time inconsistency. Naivety constitutes a false belief
concerning the hyperbolic structure of their time preferences. Particularly, naivetés optimistically
think that they will not have a time inconsistency problem in the future. Contrarily, sophisticated
persons know that they will suffer from the time inconsistency problem in the future. Climate
policy, e.g. the decision to impose emission penalties, results from interaction between politicians
representing voters with such time preferences.
In the 4 chapter, Marco Haan and I proposed a new solution concept for games with potentially
naive hyperbolic discounters. In line with the models of Pollak (1968), Strotz (1955) among others,
our solution concept is based on the idea that inter-temporal decision making can be modeled as a
game between the current and the future self. However, contrary to existing papers, we explicitly
model perceptions of the players.
Our equilibrium concept works as follows. A player (policy maker) has certain perceptions about
her own future type, and about the future type of the other player. Given those perceptions, and
under the assumption that all other present and future players have the same perceptions, we can
derive the subgame perfect equilibrium that the player perceives to be played in the future. We
call this the equilibrium as perceived by this player. Similarly, we can derive the equilibrium as
perceived by the other player. The perception perfect equilibrium in a period consists of an action
taken by the players that is consistent with an equilibrium as perceived by the other player.
We demonstrated the model by applying it to a well known dynamic bargaining mechanism and
to a common pool problem. We applied the model to the common pool problem because clean air
is a limited resource and consumption of clean air resembles features of a common pool problem.
In line with O’Donoghue and Rabin (1999), we found that a single player, who is sophisticated
over her future hyperbolic discounting problem has greater problems than a naive player when she
has to take an action, which provides her with an immediate reward. This situation resembles the
common pool problem. The result hinges on the assumption that players are not able to commit to
future action. Contrarily, naive hyperbolic discounters optimistically think that in the future, they
will discount consistently. This induces them to spend less on current consumption. From the two
player setting, we learned that certain combinations of perceptions with respect to the own future
discounting and the discounting of the opponent might cause total exhaustion of the common pool.
Particularly, if both players are naive concerning their own hyperbolic discounting problem, but are
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aware of the hyperbolic discounting problem of the opponent, we obtain this catastrophic result.
Moreover, policy making is often modeled as a dynamic bargaining game. Particularly, when
policy makers from two different countries (or groups of countries) meet to decide on how to share
the value of a limited resource, such as clean air, they engage in bilateral bargaining. Now, the
bargaining process might be modeled as a process where players take turns in offering and accepting/rejecting the offers. Such a bargaining game is known as Stahl/Rubinstein bargaining, and it
has been employed previously to model climate change policy, e.g. by Chen (1997). We found that
when both players are naive concerning their own hyperbolic discounting problem, but are aware
of the hyperbolic discounting problem of the opponent, their demands will be incompatible. In a
repeated bargaining setting, eventually, this leads to repeated rejection of the offers and thereby to
the breakdown of the bargaining process.
Our model is very flexible and can be adapted to various types of behavioral inconsistencies.
Moreover, it is applicable to many relevant economic and sociological problems.
In chapter 5, we discussed ”Not In My Backyard” activism, which has been proposed as an
explanation for the failure to implement CCS. Particularly, local communities and environmental
activists have repeatedly undermined realization of CO2 storage (demonstration) projects. Opposition against projects is often triggered by the fear of residents that projects impose certain risks
on the residential areas in the direct environment of the sites. The negative connotation of residents towards projects may result from the uneven distribution of chances and threats of a project.
While residents see themselves and their property exposed to financial and physical risks, investors
expect to realize profits when investing. Opposition against projects is assumed to be a measure of
equalizing benefits and risks.
In chapter 5, we shed light on local environmental activism. If evaluation of the risk of a project
is costly for investors and if environmental groups have an incentive to evaluate risk, NIMBY
activism can benefit investors. The threat of being adversely affected by externalities after the
project has been established motivates activists to engage in information collection and possibly to
fight dangerous projects. Conversely, as fighting requires expenditure of scarce resources such as
spare time and money, informed groups do not want to fight safe projects. However, this activity
pattern benefits investors if fought projects are less or not viable and accepted projects are very
viable. In the absence of a group, the investor would have to maximizes profits by choosing the
optimal level of risk evaluation and pay for that. Hence, if investors anticipate that a group becomes
informed, they can save on information acquisition. In that sense, negative externalities which are
being imposed on the residents, are turned into positive externalities for investors. In how far
investors benefit from the information acquisition of the group depends on the degree of overlap of
the interests of the group and the investors.
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activism. It might also be interesting to model the role of policy makers more explicitly.
The following lessons can be learned from our discussions.
1. The value of the option to invest in Carbon Capture and Storage technologies decreases in
the correlation between natural gas and emission allowance prices. (Chapter 3)
2. Savings generated by postponement of abandonment cost of a natural gas field have little
impact on the value of the option to invest in CCS, compared to e.g. the impact of emission
allowance price uncertainty. (Chapter 3)
3. When agents which are naive concerning their own time inconsistency but sophisticated concerning the time inconsistency of others extract a limited resource jointly, the common pool
problem is exacerbated. (Chapter 4)
4. If climate policy makers are naive concerning their own time inconsistency but sophisticated
concerning the time inconsistency of other climate policy makers, climate policy negotiations
can break down. (Chapter 4)
5. If there is informed “Not In My Backyard Activism”, the profit of investors can be strictly
higher than in its absence. (Chapter 5)
6. The presence of NIMBY activism can reduce the incentive of investors to invest in the acquisition of information on the risk of a project. (Chapter 5)

Samenvatting (Dutch Summary)
Gedurende de afgelopen decennia heeft de toename van CO2 in de atmosfeer bijgedragen tot een
sterkere infrarode straling naar de aarde. Deze verhoogde straling veroorzaakt klimaatverandering
en opwarming van de aarde. Als gevolg hiervan vinden extreme weersomstandigheden waarschijnlijk
vaker plaats. Het verminderen en voorkomen van de uitstoot van broeikasgassen evenals aanpassing
aan klimaatverandering is over het algemeen duur. Volgens Johansson (2012), bedragen de kosten
rond de met het oog op de klimaatverandering vereiste omschakeling van de energiesector ongeveer
twee procent van het mondiale BNP. Het is daarom logisch dat gezocht wordt naar kosteneffectieve oplossingen voor het klimaatprobleem. Diverse technieken kunnen worden ontwikkeld in het
kader van het voorkomen en verminderen van de uitstoot van broeikasgassen, elk met hun geprognosticeerde kosten en effectiviteit. De uitdaging is een mix van technologieën te kiezen die zowel
effectief als kosteneffectief is. Velen zijn van oordeel dat binnen de toekomstige optimale mix naar
alle waarschijnlijkheid ook de afvang en opslag van CO2 (CCS) een serieuze rol zal gaan spelen.
Al langer dan een decennium geleden werd op de efficiëntie van deze techniek gewezen (zie in dit
verband bijvoorbeeld Pacala and Socolow (2004)). Deze studie concentreert zich op deze techniek en bespreekt in het tweede hoofdstuk wat er in de literatuur bekend is over de economische
eigenschappen van CCS.
Ondanks toenemende aanwijzingen dat de consequenties van de opwarming van de aarde ernstig
zullen zijn en men tracht via een actief broeikasbeleid hieraan, zo mogelijk kosteneffectief, iets te
doen, wordt CCS tegenwoordig (nog) niet op serieuze, industriële schaal toegepast. Gezien de
enthousiaste verwachtingen omtrent de mogelijkheden van CCS bij vele politici, beleidsmakers en
onderzoekers vooral tijdens de eerste helft van het laatste decennium, kan dit als een verrassing
gelden. Wat heeft de optimistische verwachtingen rond het mogelijk vrij snel doorbreken van CCS
van ca. 10 jaar geleden doen verdwijnen? Hoe heeft de paradox kunnen ontstaan dat enerzijds
bijvoorbeeld binnen de EU maar ook daarbuiten omvangrijke ondersteuningsprogramma’s voor
CCS demonstratieprojecten werden opgezet, maar anderzijds deze programma’s niet tot uitvoering
hebben geleid?
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van deze paradox. Daartoe is het van belang de verschillende economische samenhangen rond
deze technologie en de diverse onderdelen ervan scherp te onderscheiden en te modelleren, omdat
dat de basis kan bieden om na te gaan waar blokkades en deadlocks rond de inzet en uitvoering
van CCS in de praktijk kunnen ontstaan. Het centrale deel van deze studie concentreert zich
op drie belangrijke redenen waarom CCS tot dusverre niet werkelijk van de grond is gekomen.
Daarmee is niet alles verklaard, maar zijn naar onze overtuiging wel een aantal belangrijke de
introductie van de technologie complicerende economische factoren nader geduid, factoren welke
men zich over het algemeen vooraf wellicht onvoldoende heeft gerealiseerd. Deze factoren betreffen:
monopoloı̈de marktvorm rond het aanbod van ondergrondse opslagcapaciteit; de gevolgen van de
moeilijke voorspelbaarheid van de marktprijzen van emissie rechten voor broeikasgassen en het lage
prijsniveau ervan in de achterliggende periode; en de opstelling van milieu-activisten en andere
belangengroepen rond CCS activiteiten of voornemens daartoe. Alle factoren kunnen, zoals ook uit
onze analyse blijkt, afzonderlijk en zeker in samenhang, de voortgang van CCS beperken.
In hoofdstuk 3 wordt geanalyseerd hoe de beschikbaarheid van opslagcapaciteit de waarde van
de optie om te investeren in CCS kan beı̈nvloeden. Uitgeproduceerde olie en gasvelden representeren
veelal het grootste deel van de CO2 opslag capaciteit. Doordat over het algemeen - dat wil zeggen,
afgezien van bijvoorbeeld technieken als “enhanced oil recovery (EOR)”, “enhanced gas recovery” en
“enhanced coal bed methane recovery” - gas-/olieproductie en CO2 opslag elkaar om technologische
en juridische redenen uitsluiten, worden putten meestal gebruikt om ofwel in te injecteren of uit te
produceren. Elk van beide activiteiten kent zijn eigen onzekerheden, risico’s en economische waarde
bepalende factoren, welke dus onderling en tegen elkaar kunnen worden afgewogen.
Ook zijn kosten verbonden aan het overschakelen van de ene op de andere optie: gaat men
over op CO2 injectie, dan is gewoonlijk aanpassing van de productieapparatuur voor de bron nodig
wanneer deze voor de injectie van CO2 benut gaat worden. Vanuit economisch perspectief betekent
de keuze tussen beide opties dat de waarde van de CCS optie om te kunnen opslaan niet alleen
afhangt van de kosten van de bouw van een CCS-faciliteit, naast uiteraard de vele onzekerheden
zoals rond regelgeving en het klimaatbeleid en de kosten van de omschakeling zelf, maar ook van de
waarde van de alternatieve optie, welke vooral bepaald wordt door de waarde van de in het reservoir
achterblijvende grondstoffen.
In deze afweging is de beslissing om te investeren in CCS opslag dus, uitgaande van een reservoir
op basis van een aardgasveld, mede afhankelijk van de verwachte economische levensvatbaarheid
van de gasproductie. Uit de analyse komt naar voren dat vooral de onzekerheid over de toekomstige aardgasprijzen en de correlatie tussen gasprijzen en de prijzen van broeikasemissierechten van
cruciale invloed zijn voor het beantwoorden van de vraag welke van beide bovengenoemde opties
onder bepaalde omstandigheden economisch optimaal is.
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Een andere afweging tussen de twee opties betreft het benutten voor transport en opslag van CO2
van bestaande maar uitgenutte en uitgeproduceerde putten en leidingen. Als deze voor de injectie
van CO2 benut worden, kan het voordeel voor de exploitant er in bestaan - soms overigens mits de
nieuwe aanwending voldoende tijdig wordt toegepast - dat deze niet langer hoeft te betalen voor het
“decommissionen”, dat wil zeggen het ontmantelen van de gas productie infrastructuur. Om deze
keuzeprocessen te analyseren is in hoofdstuk 3 een real option model ontworpen en gekalibreerd.
Daarbij is gebruik gemaakt van een standaard call optie model om de waarde van de CCS optie
te analyseren voor het geval waarin er geen gasproductie meer plaatsvindt. De resultaten van dit
model tonen aan dat de waarde van de CCS optie daalt als de gasproductie infrastructuur binnen
tien jaar na het beëindigen van de gasproductie verwijderd moet worden.
Naast het standaard call optie model, is voor het geval van een nog niet uitgeproduceerd veld
een zogenoemd exchange optie model benut. Hiermee kon worden nagegaan welke invloed variaties
in gasprijzen en de correlatie tussen gas- en emissierechtenprijzen kunnen uitoefenen op de waarde
van de verschillende investeringsopties. Uit de analyse blijkt dat de waarde van de exchange option
afneemt naarmate de correlatie tussen gas- en emissieprijzen toeneemt. Ter illustratie: bij een
correlatiecoëfficiënt van -0,9 heeft de exchange optie een waarde van ongeveer 70 miljoen euro, maar
bij een correlatiecoëfficiënt van +0,9 daalt de waarde naar circa de helft daarvan. Dit resultaat valt
aldus intuı̈tief te begrijpen dat bij een positieve correlatie gasproductie en CO2 injectie tegelijkertijd
levensvatbaar zijn waardoor de prikkel om gasproductie door CO2 injectie te vervangen afneemt.
Omdat een hoge vraag naar elektriciteit gewoonlijk zowel een positieve invloed op de gasprijzen
als op de emissie prijzen zal hebben, is het aannemelijk dat beide prijzen in de werkelijkheid vaak
positief gecorreleerd zijn Benz and Trueck (2009). Hierdoor kan in de praktijk de optiewaarde van
CCS lager uitvallen dat wellicht verwacht.
Om de invloed van onzekerheid en correlatie tussen gas- en emissieprijzen op de economische waarde van een CCS-investering te nader te evalueren, kan overigens ook een bredere set van
stroomopwekkingstechnologieën worden beschouwd, zoals de optie van het overschakelen van een
kolengestookte naar een schonere gasgestookte centrale. Ook hiertoe is gevoeligheidsanalyse uitgevoerd. Een van de belangrijkste redenen waarom de introductie van schone technologieën soms
achterblijft bij de verwachtingen is dat het tot nu toe niet erg goed gelukt is om beleidsmatig voldoende omvangrijke negatieve sancties te verbinden aan de uitstoot van broeikasgassen. Dit kan
uiteindelijk wellicht worden verklaard door het verschijnsel dat de mens geneigd is zijn huidige nut
relatief hoger te waarderen dan zijn toekomstige nut. Dit verschijnsel wordt ook tot uiting gebracht in de methodiek van (quasi)-hyperbolische discontering, een methodiek die ook vaak wordt
gebruikt om de verschillen tussen lange en korte-termijn rentevoeten te verklaren. In feite reflecteert
hyperbolische discontering de inconsistentie dat nut of voordeel op de korte termijn meer gedisconteerd wordt dan nut of voordeel op de langere termijn. Daarmee kan verklaard worden dat men
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soms geneigd is tot inconsistent gedrag, zoals bijvoorbeeld tot uiting komend in de neiging om
klimaatveranderingsprocessen voortdurend uit te stellen. Volgens O’Donoghue and Rabin (1999)
hangt de last die mensen voelen als gevolg van de inconsistentie via hun hyperbolische discontering
af van hun perceptie ervan. Daarbij wordt een onderscheid gemaakt tussen mensen die ’naief’ en
’sophisticated’ zijn met betrekking tot hun toekomstige-tijd-inconsistentie. Naı̈eve hyperbolische
disconteerders denken dat zij in de toekomst geen tijd-inconsistentie probleem meer zullen hebben.
Sophisticated disconteerders weten dat zij ook in de toekomst tijd-inconsistent zullen blijven.
Beleidsbeslissingen zoals die om sancties op te leggen op de uitstoot van broeikasgassen of om al
dan niet CCS te bevorderen kunnen analytisch worden beschouwd als het resultaat van de interactie
tussen beleidsmakers en politici enerzijds en kiezers anderzijds, elk met een verschillende perceptie
van hyperbolische discontering. In hoofdstuk 4 wordt om te bepalen op welk klimaatbeleid of
op welke CCS-inzet men uiteindelijk kan uitkomen een nieuwe evenwichtsconcept ontwikkeld voor
onderhandelingssituaties met verschillende hyperbolische disconteerders. Deze benadering is in lijn
met die van de vroege onderzoekers op dit gebied, bijvoorbeeld Pollak (1968) en Strotz (1955) maar
verschilt daarvan in de zin dat nu voor het eerst ook de percepties omtrent de verschillende spelers
in het onderhandelingsspel expliciet zijn meegenomen in de analyse.
Het nieuwe evenwichtsconcept werkt als volgt. Een speler (bijvoorbeeld een beleidsmaker of
politicus) heeft bepaalde percepties over zowel zijn eigen toekomstige discontering, als over die van
de tegenspelers. Vervolgens wordt voor beide spelers afgeleid wat gegeven die percepties de beste
strategie is. Een evenwicht is dan een situatie waarin alle spelers zich optimaal gedragen, gegeven
hun eigen percepties, en gegeven het gepercipieerde gedrag van de andere spelers.
Dit model is toegepast op het in de literatuur bekende dynamische onderhandelingsmechanisme
met een “common pool” probleem, dat wil zeggen dat de spelers onderhandelen en gezamenlijk
gebruik maken van een “bron”, zoals bijvoorbeeld een stabiel klimaat of de inzet van CCS. In lijn
met O’Donoghue en Rabin (1999), komt uit onze modellering naar voren dat een “sophisticated”
hyperbolische disconteerder er grotere problemen mee heeft om actie te ondernemen gericht op
de “common pool”, dan een naı̈eve hyperbolische disconteerder. Deze uitkomst resulteert doordat
naı̈eve hyperbolische disconteerders denken dat ze in de toekomst niet meer hyperbolisch disconteren
en dus bereid zijn nu grote offers te brengen voor de toekomst.
Een belangrijke uitkomst van het onderhandelingsspel met dit model is dat bepaalde combinaties van de eigen toekomstige discontering en die van de tegenspeler tot een onmiddellijke, totale
uitputting van de common pool, dus in onze toepassing volledige verwaarlozing van het klimaatprobleem of het uiteindelijk niet toepassen van CCS, kan leiden. Met name als beide spelers betreffende
hun eigen hyperbolische disconterings problemen naı̈ef zijn, maar zich bewust zijn van de toekomstige hyperbolische discontering van de tegenstander, resulteert dit catastrofale resultaat. In die
gevallen verwacht elke speler namelijk dat de andere speler in de toekomst een onevenredig groot
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beroep zal doen op de common pool. Omdat te voorkomen is elke speler geneigd nu al zijn deel op
te eisen.
Uiteraard is het door ons ontwikkelde model toepasbaar op allerlei onderhandelingsprocessen,
maar indien toegepast op de ontwikkeling van het klimaatbeleid of de introductie van CCS, kan het
verklaren waarom door verschillen in percepties rond inconsistente tijdsvoorkeuren van verschillende
partijen in het onderhandelingsproces rond klimaatbeleid of CCS de uitkomst kan zijn dat dit proces
in een deadlock belandt.
In hoofdstuk 5 wordt ingegaan op de rol die Not In My BackYard (NIMBY) activisme kan spelen
ter verklaring van het falen van de introductie van CCS. De indruk bestaat immers dat lokale initiatieven en meer algemeen activisme herhaaldelijk de realisatie van CO2 opslag (demonstratie-) projecten hebben verhinderd. Oppositie tegen projecten wordt vaak gemotiveerd door meer algemene
milieu-overwegingen naast de angst van omwonenden en anderen dat deze projecten bepaalde risico’s
voor de woongebieden in de directe omgeving van de sites veroorzaken. Men kan dit ook benaderen
door te stellen dat een negatieve opstelling van tegenstanders wellicht het gevolg is van de ongelijke
verdeling van kansen en risico’s. Terwijl de bewoners zichzelf en hun eigendom blootgesteld zien
aan financiële en fysieke risico’s, verwachten de investeerders juist uiteindelijk winst te realiseren
door het doen van de investering. Oppositie tegen projecten wordt dan gezien als een middel om
via een onderhandelingsspel de risico’s en kansen in evenwicht te brengen.
In hoofdstuk 5 is vanuit dat perspectief naar NIMBY activisme gekeken. Uit de model komt als
een van de saillante uitkomsten naar voren dat als de evaluatie van risico’s van een CCS-project
kostbaar is, het mogelijk is dat uiteindelijk (ook) de potentiele investeerders in de CCS-activiteiten
van de activisme van de milieugroepen profiteren. De dreiging die van een project uitgaat motiveert
ook activisten om, net als de investeerders, informatie over het project en de samenhangende risico’s
te verzamelen en zich eventueel tegen de voorgestelde projecten te verzetten. Dit vraagt echter ook
van hun kant de inzet van schaarse middelen in de vorm van bijvoorbeeld geld en tijd. Tegenstanders
willen om die reden alleen tegen in hun ogen werkelijk onveilige projecten vechten. Het resultaat van
het onderhandelingsspel kan uiteindelijk zijn dat projecten al dan niet doorgaan. Betreft het nietdoorgaan bijvoorbeeld CO2 -opslag projecten die achteraf niet economisch levensvatbaar zouden zijn
geweest, dan profiteert de potentiële investeerder van de inspanningen om informatie te verzamelen
door de tegenstanders. Maar de investeerder profiteert uiteraard ook van deze inspanningen als
uiteindelijk geaccepteerde opslagprojecten wel levensvatbaar blijken.
Als er geen tegenspelers zouden zijn, zouden de investeerders zelf volledig moeten betalen voor
het optimale niveau van risico-evaluatie en samenhangende informatieverzameling. Als daarentegen
investeerders er van uit kunnen gaan dat een groep tegenspelers ook voor hen waardevolle informatie
verzamelen, kunnen ze van het zelf verzamelen van informatie (deels) afzien. De negatieve externaliteit van de risico van een opslagproject voor de investeerder wordt, doordat het project leidt
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tot door anderen verzamelde informatie, aldus voor hen (deels) gecompenseerd door de daarmee
samenhangende positieve externaliteiten als gevolg van de door anderen verzamelde informatie.
In hoeverre investeerders zullen profiteren van de informatieverzameling van anderen blijkt in het
model af te hangen van de mate van overlap tussen de belangen van beide partijen.
Toekomstig onderzoek naar de welvaartsgevolgen van tegenstand, zoals NIMBY activisme, zou
ook de rol van de beleidsmakers meer expliciet daarin kunnen betrekken, omdat deze immers op
cruciale onderdelen in het onderhandelingsproces kunnen ingrijpen. Recapitulerend, het toepassen
en volgens de leercurve verder ontwikkelen van CCS is tot dusverre een nogal weerbarstig proces
gebleken. Diverse economische aspecten en samenhangende onderhandelingssituaties zijn daarbij
soms qua taaiheid onderschat. Wij hebben getracht een tweetal daarvan te modelleren:
Het onderhandelingsspel rond klimaatopties zoals de introductie van CCS kan zeer worden
gecompliceerd doordat partijen verschillende afwegingen maken omtrent op het heden en de op
toekomst gerichte prioriteiten en daarnaast ook nog verschillende percepties hebben van hoe dat
qua continuı̈teit en consistentie zit bij de tegenspelers. Het resultaat kan zijn, zoals we modelmatig
hebben aangetoond, dat in een interactief proces partijen vastlopen en er per saldo een deadlock
ontstaat met potentieel maatschappelijk gezien een desastreuze uitkomst. Wellicht kan de diepere
verklaring voor het nietdoorzetten van CCS hier worden gevonden.
Tenslotte ontstaan CCS-activiteiten vaak in het krachtenspel en dus onderhandelingssituatie
tussen de investeerder in (onderdelen van) de technologie en tegenbewegingen. Wij hebben
aangegeven dat in dit proces weliswaar deadlocks kunnen ontstaan, maar ook situaties waarin
uiteindelijk beide partijen profiteren van het feit dat het proces leidt tot een grotere activiteit om
de juiste gegevens boven tafel te krijgen. Het is zelfs denkbaar dat de investeerder uiteindelijk
profiteert van de op informatieverzameling gerichte inspanningen van de opponerende groepen.
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