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Executive Summary

. Uncertainty about the magnitude of climate change will remain high for many
decades. If climate change is less severe than communities expect, they may end
up spending too much on adaptation; if it is more severe than expected, they may
not adapt quickly enough.

. Policymakers should choose adaptation actions that minimise total climate-related
costs to society, where these costs include the funds spent on adapting and the
costs incurred by the community when weather-related events occur. Real options
analysis (ROA) is an ideal decision-support tool because it handles the flexibility
embedded in investment programmes, such as the ability to accelerate, delay, or
rescale investment.

. ROA is complex and resource-intensive, so it is not widely used for relatively small
projects. This is unfortunate because much adaptation spending will fund relatively
small projects under the jurisdiction of local authorities. These authorities have the
local knowledge and incentives that are essential to good decision-making, but many
of them have limited analytical resources. They need approaches that are simple
enough to be useful for evaluating small- and medium-scale adaptation decisions yet
retain a degree of economic rigour.

. This report evaluates the performance of six alternatives to ROA, which are listed
here in increasing order of complexity:

e Standard cost—benefit analysis (CBA), implemented at fixed intervals.
e Three small modifications of CBA, which are straightforward to implement.
— Invest when the project’s benefit—cost ratio (BCR) exceeds a particular
constant threshold.

— Invest when the project’s internal rate of return (IRR) exceeds a particular
constant threshold.

— Invest when the net present value of investing immediately is greater than
the net present value of investing at each of a small set of fixed future
investment dates.
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e Two representatives of the type of ROA that analysts might carry out in prac-
tice, which involve simplifying assumptions that potentially adversely affect
their performance.

— Ignore climatic volatility when calculating option values.
— Ignore economic volatility when calculating option values.

5. This report evaluates the performance of these alternatives to ROA using a theoret-
ical framework with the following key components:

e The model covers multiple time periods. The decision-maker is able to choose
when investment occurs.

e Future climatic and economic conditions are uncertain. The decision-maker
knows the probability distribution from which changes in economic conditions
are drawn randomly, but she is uncertain about the distribution from which
changes in climatic conditions are drawn. As time passes and more informa-
tion about climate change becomes available, her uncertainty about the latter
distribution falls.

6. I derive fully optimal policies for three stylised adaptation projects, giving a baseline
of the present value of the gain in overall welfare that is theoretically achievable. For
each of the six simple rules featured in this report, I calculate the present value
of the gain in overall welfare that will occur if the decision-maker uses this simple
rule rather than the welfare-maximising rule to implement each project. I carry out
extensive sensitivity analysis to assess the robustness of my results.

7. In all the cases considered in this report, the value of the flexibility embedded in the
project is economically significant. It is important that decision-makers attempt to
exploit this investment flexibility in ways that benefit society as a whole.

8. The welfare-maximising investment timing rule can be expressed in terms of a thresh-
old that a project’s BCR must exceed in order for investment to occur. I find the
optimal threshold varies over time and is sensitive to:

e the decision-maker’s assessment of the speed and magnitude of climate change;
e the mean and standard deviation of the growth rate of an economic factor; and

e the current capacity of infrastructure to cope with climate change.

9. For typical projects in typical conditions, it is possible to capture most of the benefits
of “full” ROA using simple techniques that will make scarce analytical resources
stretch further.

e [f standard CBA is used, then projects should be evaluated at fixed intervals.
Decision-makers should resist the temptation to reevaluate a delayed project
ahead of schedule in response to news that the project’s benefits have increased.

e Constant BCR and IRR thresholds are better than standard CBA. A constant
IRR threshold is preferred, because it implies a non-constant BCR threshold
with qualitative properties that are similar to the welfare-maximising threshold.

e If even better performance is required, then decision-makers can use the fixed-
date-approximation approach. This simple rule delivers small welfare losses,
even though the calculation is not much more complicated than standard CBA.
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10. When analysts apply ROA to relatively large adaptation projects, for which some
form of bespoke analysis might be worthwhile, they often assume the decision-maker
uses one source of information to make investment timing decisions. The decision-
maker might choose when to invest based on the level of a climatic variable, or
alternatively on the level of an economic variable. This can keep the analysis rel-
atively tractable, but at the price of oversimplifying the decision-maker’s problem.
The analysis summarised in this report suggests that either approach will probably
lead to investment behaviour that is close to optimal. Welfare losses are likely to be
small in both cases.
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Chapter

Introduction

1.1 Overview

The scale of public investment needed to successfully adapt to climate change will depend
on the magnitude of that change. For example, communities will need to increase the
capacity of their stormwater systems to cope with intense rainfall, but they do not know
how much additional capacity will be required.! Uncertainty about the magnitude of
climate change will remain high for many years (decades, according to some experts),
before gradually falling as scientists learn more about the change in climate. If climate
change is less severe than communities expect, they may end up spending too much on
adaptation; if it is more severe than expected, they may not spend enough. The nature of
adaptation investment makes these errors extremely costly for society. Much adaptation
investment will be irreversible, so if communities build too much, they will be left servicing
debt used to build capacity they will never need. On the other hand, if communities do
not build enough, they will either be stuck with high flooding costs in the future or they
will need to invest again—with all the additional cost that entails. The final option—that
communities delay investment until they have a clear idea of how much capacity will be
needed—would leave communities under-protected in the meantime.

Even if there are no low-cost adaptation policies, some policies will be less costly
than others. Policymakers’ aim should be to choose adaptation actions that minimise the
overall cost to society, where these costs include the funds spent on adapting and the
costs incurred by the community when flooding and other weather-related events occur.
Real options analysis (ROA) is an ideal decision-support tool because it can handle the
flexibility embedded in investment programmes, such as the ability to accelerate, delay,
or rescale investment. It takes mathematical techniques originally developed for pricing
particular types of financial securities and uses them to calculate the values of the various
investment options available to decision-makers (Dixit and Pindyck, 1994; Guthrie, 2009).
Perhaps the most important type of flexibility is the option to wait, learn more about the

!The situation facing Dunedin is typical. NIWA estimates that a 1-in-100 year rainfall event will cur-
rently see 141mm of rain falling in a 24-hour period. By 2090, this estimate increases to 148mm under
RCP2.6 and 172mm under RCP8.5 (Macara et al., 2019, Table 4-11). The demands on Dunedin’s stormwa-
ter system, and the amount of new investment required, depend crucially on which climate scenario unfolds.
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magnitude of climate change, and then invest. In particular, investment is socially optimal
only if the payoff from investing is greater than the option value of waiting.

Many practitioners regard real options analysis as complex and resource-intensive
(Dawson et al., 2018; Wreford et al., 2020). It is not widely used, particularly for rel-
atively small projects. This is unfortunate because much adaptation spending will fund
relatively small projects under the jurisdiction of local authorities. These authorities have
the local knowledge and incentives that are essential to good decision-making, but many of
them have limited analytical resources. The importance of the flexibility in these projects
is too costly to ignore. If society is to retain the benefits of local decision-making, then the
decision-makers need approaches that are simple enough to be useful for evaluating small-
and medium-scale adaptation decisions yet retain a degree of economic rigour, as recom-
mended in recent reviews of decision-support tools for adaptation assessment (Watkiss
et al., 2015; Wreford et al., 2020). This report evaluates several such approaches.

1.2 Adaptation decision-making

Adapting to climate change will require substantial investment of public funds over the
coming decades, creating enormous potential for inefficient decisions involving the timing,
scale, and location of investment. Decision-makers need to overcome several challenges:
future benefits are uncertain; reversing investment is costly, if it is possible at all; and
decisions can be spread over time as uncertainty is resolved. Modern decision-support
tools can potentially improve the efficiency of investment in these circumstances.

Decision-makers contemplating investing in adaptation projects face a common prob-
lem. As the future benefits of their projects are uncertain, the decision-makers are exposed
to the risk that after they invest the benefits will turn out to be so low that their project
does not recover the cost of undertaking it. For example, if the sea level rises more slowly
than expected, then the benefits generated by a new sea wall will be lower than expected.
Decision-makers can reduce this risk by delaying investment until the expected benefits
are relatively large, because the more demanding the investment threshold for the ezx-
pected benefits, the more likely it is that a project’s actual benefits will cover its cost.
Decision-makers must weigh this benefit of waiting against the cost, which is that they
forgo receiving any of their project’s benefits for as long as they delay investment.

Optimal decision-making involves calculating the present value of the net benefits
for each possible action and then choosing the action with the greatest present value.
The crucial insight of ROA is that one of the possible actions is usually inaction. More
precisely, action can be delayed, so that acting immediately can only be optimal if the
present value of acting is greater than the present value of waiting. That is, a necessary
condition for immediate investment to be optimal is that

Present value Option
Investment
of future expenditure value of | . (1.1)
net benefits p waiting

The present value of waiting is difficult to calculate accurately in practical applications
because it depends on the actions that the decision-maker will take after the period of
waiting is over. In principle, ROA is helpful here because it uses dynamic programming
to simultaneously solve for the value of the delay option and the optimal future policy.
However, actually implementing the solution process can be complicated, especially for



Introduction 3

realistic adaptation problems featuring uncertainty about future climatic and economic
conditions.

I evaluate the performance of six alternatives to ROA in this report. The first is
standard cost-benefit analysis (CBA), implemented at fixed intervals. The next three
alternatives involve small modifications of CBA, so they are straightforward to implement.
The final two alternatives, which are more complicated than the others, are included here
to represent the type of ROA that some analysts might carry out in practice. They are
much more difficult to implement than CBA and its variants, but easier to implement
than “full” ROA. However, this simplicity is only possible because of some simplifying
assumptions that potentially adversely affect their performance. I include these methods
here in order to evaluate the costs of making these simplifying assumptions. The specific
rules I consider are listed here in increasing order of complexity:

Standard CBA at fixed intervals A decision-maker who evaluates the project using
standard CBA will invest immediately if the present value of the future net benefits
is greater than the capital expenditure, where the present value is calculated using
the social discount rate. The decision-maker will otherwise wait and reevaluate the
project in the future. She uses all currently available information when calculating
the present values used to make this decision. I consider the case in which the project
is evaluated at fixed regular intervals.

Constant BCR threshold This minor modification of standard CBA changes one pa-
rameter used in CBA and leaves the approach otherwise unchanged. A project’s
benefit—cost ratio (BCR) equals the present value of the project’s net benefits di-
vided by the required investment expenditure. When using CBA, the decision-maker
invests if the project’s BCR is greater than one. This modification increases the
threshold for the BCR to some arbitrary fixed number B > 1. For example, if

B = 1.5 then investment occurs only if the present value of the future net benefits
is at least 50 percent larger than the capital expenditure.

Constant IRR threshold This minor modification of standard CBA changes a different
parameter used in CBA and leaves the approach otherwise unchanged. A project’s
internal rate of return (IRR) equals the discount rate that implies the present value
of the project’s net benefits equals the required investment expenditure. When using
CBA, the decision maker effectively invests if the project’s IRR is greater than the
social discount rate. This modification uses a threshold h for the IRR that is larger
than the social discount rate.

Fixed-delay option value This rule involves estimating the option value of waiting by
assuming investment is delayed until the best fixed future date. This is simpler to
calculate than the full option value because all it requires is one standard cost—benefit
calculation for each possible future investment date. A decision-maker using this
alternative rule invests if and only if the net present value of investing immediately
is greater than the net present value of investing at each of the considered fixed
future investment dates.

Ignoring climate volatility This rule is intended to mimic the work of an analyst who
simplifies the problem by ignoring the effects of climate uncertainty. The analyst
still allows for changes in climatic conditions, but the changes follow a predeter-
mined path. However, the analyst does allow for uncertainty about future economic
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conditions. This simplifies the construction of an optimal investment policy because
it means the analyst only needs to allow for one source of volatility.

Ignoring economic volatility This rule is intended to mimic the work of an analyst
who simplifies the problem by ignoring the effects of economic uncertainty. The
analyst still allows for changes in economic conditions, but the changes follow a
predetermined path. However, the analyst does allow for uncertainty about future
climatic conditions. This simplifies the construction of an optimal investment policy
because it means the analyst only needs to allow for one source of volatility.

All of these rules can be interpreted as different ways to approximate the option value of
waiting that plays such an important role in equation (1.1). Interpreting them in this way
is not essential for their implementation, but it helps us understand the effects different
rules have on investment timing.

Standard CBA at fixed intervals Standard CBA requires only that the present value
of a project’s future net benefits is greater than the capital expenditure. This cor-
responds to the rule in equation (1.1) if the option value of waiting is set equal to
ZETO.

Constant BCR threshold An analyst using this approach effectively uses the product
of the constant B—1 and the capital expenditure as their estimate of the option value
of waiting. Provided the decision-maker chooses B > 1, the investment test will be
more demanding than standard CBA. However, it may be more or less demanding
than optimal decision-making, depending on the level of B adopted.

Constant IRR threshold The present value of the project’s benefits changes when the
discount rate changes from the social discount rate to the hurdle rate h. Provided
the decision-maker sets i above the social discount rate, the present value will fall.
The size of the reduction is effectively the analyst’s estimate of the option value of
waiting. This estimate is positive, so the investment test will be more demanding
than standard CBA. However, it may be more or less demanding than optimal
decision-making, depending on the level of the hurdle rate adopted.

Fixed-delay option value This rule estimates the option value of waiting by assuming
investment is delayed a fixed number of years. A decision-maker using this rule
invests as soon as immediate investment is better than delaying investment a fixed
number of years and then investing. Investment is delayed significantly past the date
when the BCR equals one. However, this approach restricts the set of investment
strategies used to calculate the value of the delay option, which means that it will
underestimate the option value. The resulting investment test will therefore be less
demanding than optimal decision-making.

Ignoring climate volatility When the analyst calculates the option value of waiting
she assumes there is no uncertainty surrounding future climate change. Delay option
values are usually (but not always) lower when the underlying volatility is smaller,
so this approach will likely underestimate the option value of waiting, leading to an
investment test that will be less demanding than optimal decision-making.

Ignoring economic volatility When the analyst calculates the option value of waiting
she assumes there is no uncertainty surrounding future economic conditions, which
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will likely underestimate the option value of waiting, leading to an investment test
that will be less demanding than optimal decision-making.

1.3 Analytical framework

I use a single approach to evaluate all these rules. All the action takes place in the hy-
pothetical world described by the theoretical model described in Chapter 2. I assume the
decision-maker operates in this world and makes investment decisions using the simple
rule being evaluated. For example, if she uses a fixed BCR threshold of B = 1.5 then
she will invest the first time the present value of the project’s benefits is more than 50
percent larger than the investment expenditure. The decision-maker uses all the climate
and economic information available at the time she makes her decisions, but feeds this
information into the particular rule she is using. I evaluate the welfare performance of
the simple rule by calculating the present value of the project’s net benefits that results
from these decisions and comparing it to the present value that can be achieved using the
welfare-maximising investment policy.
The key components of the theoretical model are:

e The model is dynamic, in the sense that it covers multiple time periods. The decision-
maker is able to choose when investment occurs.

e The future is uncertain. This uncertainty has two sources, economic conditions and
climatic conditions. I assume the decision-maker knows the probability distribution
from which changes in economic conditions are drawn randomly. In contrast, she is
uncertain about the particular probability distribution from which changes in cli-
matic conditions are drawn. However, as time passes and more information about
climate change becomes available, her uncertainty about the identity of this dis-
tribution falls. Thus, the extent of climate change is initially uncertain, but this
uncertainty falls over time.

e [ derive fully optimal policies to give a baseline of welfare that is theoretically achiev-
able.

e For each of the six simple rules featured in this report, I use the theoretical model
to calculate the present value of future net welfare gains if the decision-maker uses
this simple rule rather than the welfare-maximising rule.

The model is expressed in continuous time and features two separate sources of uncer-
tainty. This makes calculating present values and identifying optimal investment policies
technically demanding. As such, the model is not intended for practical use—but its in-
sights are intended for practical use. For example, if a particular simple decision-making
rule performs well in the theoretical model, then we can have some degree of confidence
that it will also perform well in the real world. We cannot compare the performance of
different rules in the real world, so the best we can do is compare their performance in a
realistic theoretical world and hope that the insights carry across to the real world.

Whether or not this goal is achieved depends on the modelling choices made along the
way. There is an important trade-off to consider.

e On the one hand, the insights gained in the theoretical world are more likely to
carry over to the real world if the model is more realistic. This suggests tailoring
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the model—and especially the adaptation projects considered—closely to specific
real-world adaptation projects.

e On the other hand, my aim is that readers will be able to draw fairly general lessons
about the simple alternatives to ROA. For example, I want readers to learn how dif-
ferent rules perform in various circumstances and when applied to different types of
project. As it is not feasible to consider every possibility in detail, this suggests keep-
ing the model specification reasonably general and considering adaptation projects
that are representative of different classes of project. That is, the projects considered
need to be kept quite stylised.

I have attempted to navigate a path between these two extremes. My aim is that readers
can identify the relevant characteristics of a project they are interested in, match this
combination of characteristics to one of the cases considered here, and draw appropriate
conclusions. This has influenced the modelling choices I have made.

e This report does not include detailed individual case studies in the traditional sense,
in which the model is specified in order to make the model as close as possible to
the real-world situation. That serves a useful purpose when evaluating individual
projects, but the “bespoke” nature of the modelling limits its usefulness for the
things I am trying to do here.

e Instead, I have attempted to identify the key characteristics of adaptation projects
and develop a model that features these characteristics. I consider three separate,
representative families of adaptation projects in Chapters 4-6. This list is not ex-
haustive, but it covers many different types of adaptation project.

e I carry out extensive sensitivity analysis to ensure the results are robust to changes
in parameters. This should give readers confidence that the findings are likely to be
applicable to other projects with the same key characteristics.

1.4 Results

In all the cases considered in this report, welfare is much higher if the decision-maker
follows a socially optimal investment policy than if she continuously monitors a project
and invests the first time that its BCR is greater than one. That is, the value of the
flexibility embedded in the project is economically significant. It is therefore important
that decision-makers attempt to exploit this investment flexibility in ways that benefit
society as a whole.

The welfare-maximising investment timing rule can be expressed in terms of a threshold
that a project’s BCR must exceed in order for investment to occur. I find that the optimal
threshold varies over time and is sensitive to:

e the decision-maker’s assessment of the speed and magnitude of climate change;

e the level of parameters including the mean and standard deviation of the annual
growth rate of the economic factor; and

e the current capacity of infrastructure to cope with climate change.



Introduction 7

It will not usually be economically viable to determine the precise threshold that is optimal
for the relatively small projects considered in this report.

For typical projects in typical conditions, it is possible to capture most of the benefits
of “full” ROA using simple techniques that will make scarce analytical resources stretch
further.

e [f standard CBA is used, then projects should be evaluated at fixed intervals. In par-
ticular, decision-makers should resist the temptation to reevaluate a delayed project
ahead of schedule in response to news that the project benefits have increased.

e Using constant thresholds for the project’s BCR and IRR produces higher levels of
overall welfare than standard CBA. A constant IRR threshold is the preferred ap-
proach, because it implies a non-constant BCR threshold with qualitative properties
that tend to be similar to the welfare-maximising threshold.

e If even better performance is required, then decision-makers can use the fixed-date-
approximation approach. This simple rule delivers small welfare losses, even though
the calculation is not much more complicated than standard CBA.

When analysts apply ROA to relatively large adaptation projects, for which some
form of bespoke analysis might be worthwhile, they often assume the decision-maker uses
one source of information to make investment timing decisions. The decision-maker might
choose when to invest based on the level of a climatic variable, or alternatively on the level
of an economic variable. This can keep the analysis relatively tractable, but at the price
of oversimplifying the decision-maker’s problem. The analysis summarised in this report
suggests that either approach will probably lead to investment behaviour that is close to
optimal. Welfare losses are likely to be small in both cases.

1.5 Suitability for bespoke real options analysis

The theoretical framework in this report was developed in order to evaluate simple rules.
Although the framework was not intended for practical use, it can also be useful for
evaluating larger projects using bespoke ROA. This would involve retaining the parts of
the current model that specify the uncertainty surrounding future economic and climatic
conditions, but enhancing the current approach to estimating the annual flow of benefits
associated with investment.

All that is required for compatibility is that the annual benefit flow is a function
of contemporaneous climatic and economic conditions. For example, Chapter 4 analyses
the option to retrofit buildings to improve occupants’ ability to cope with high outside
temperatures. The benefit-flow function measures the value of the benefits of the retrofit
for all possible combinations of climatic and economic factors. In Chapter 5, which analyses
the option to upgrade an urban stormwater system, the benefit-flow function estimates the
value of the benefits from upgrading the system for all possible combinations of climatic
and economic factors. The analysis here uses very stylised benefit-flow functions, but
application-specific functions would work just as well. In principle, practitioner-generated
benefit-flow functions could be substituted into the model with little loss of tractability.
With such a change, the framework used here could be used to implement ROA and
derive welfare-maximising investment policies. This would be suitable for relatively large
or complicated adaptation projects, for which the simple rules of the type considered here
may not be sufficient.
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1.6 Roadmap

Chapter 2 This chapter introduces the framework I use to model adaptation decision-
making. It begins with a high-level description of the way I model climate-change uncer-
tainty and then describes how I calculate the benefits of investing in adaptation projects.
The rest of the chapter describes how the two main drivers of project benefits—a climatic
factor and an economic one—evolve randomly over time.

Chapter 3 This chapter introduces ROA and interprets optimal decision-making in
terms of the value of the option to delay investment. It goes on to describe several prac-
tical alternative approaches that are simple enough to be useful for evaluating small- and
medium-scale adaptation decisions, yet retain a degree of economic rigour.

Chapter 4 This chapter considers the simplest, and most commonly studied, example of
areal option: the option to choose when to undertake a one-off, irreversible investment. The
choice of investment timing is the only flexibility embedded in the investment opportunity.
In some examples, this will be because there really is no flexibility about what to build
or where to build it, only about when to build it. In reality, most projects will have some
“what” or “where” flexibility, but if this flexibility is minor compared to the embedded
“when” flexibility, then the project will be a good fit for the one studied in this chapter.
The key features are that the decision-maker can take the action (that is, invest) at most
once, that she can take the action at any point during some (possibly quite long) period
of time, that the cost of reversing the action is prohibitively high, and that the flow of
future benefits initiated by taking the action is uncertain.

Chapter 5 This chapter considers projects that feature ongoing investment programmes
involving relatively large numbers of relatively small investments. The rate of investment
in these programmes is usually able to be scaled up or down reasonably easily and the
project starts to generate benefits even before the overall programme is complete. The
decision-maker can act at any point during a specified period of time, the cost of reversing
an action is prohibitively high, and the flow of future benefits initiated by taking the action
is uncertain. This chapter follows the same format as Chapter 4 in order to emphasise the
consistent approach to evaluating the various decision-making rules and to make it easier
for readers to compare results across different types of adaptation options.

Chapter 6 In Chapters 4 and 5, the decision-maker’s choice of investment timing is the
only flexibility embedded in the investment opportunity. In contrast, in this chapter the
decision-maker chooses what to do as well as when to do it. This additional flexibility
might involve the scale of the project, its location, its salvage value, or some other aspect
that influences the project’s cost or the future benefits that it will generate. As in Chapter
4, the decision-maker can take the action (that is, invest) at most once, she can take the
action at any point during a specified period of time, the cost of reversing the action
is prohibitively high, and the flow of future benefits initiated by taking the action is
uncertain. This chapter follows the same format as Chapters 4 and 5.

Chapter 7 This chapter collects the results from Chapters 4-6 that are most relevant
for adaptation decision-making involving small- and medium-scale projects. It identifies
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the types of projects for which some form of ROA is most valuable and identifies simple
alternative decision-making rules that will result in only small welfare losses.






Chapter

Theoretical framework

This chapter introduces the framework I use to model adaptation decision-making. It
begins with a high-level description of the way I model climate-change uncertainty and
then describes how I calculate the benefits of investing in adaptation projects. The rest
of the chapter describes how the two main drivers of project benefits—a climatic factor
and an economic one—evolve randomly over time. A full, technical description of the
framework can be found in Guthrie (2023a,b).

2.1 Modelling climate uncertainty

There are two layers to the underlying climate model. Following Auffhammer (2018) and
Hsiang and Kopp (2018), this framework interprets “climate” as the set of factors de-
termining the underlying distribution of weather events and “climate change” as a slow
shift in this distribution. During any particular period of time, the weather-related costs
incurred by a community depend on the weather events that occur during the period. The
magnitude and timing of these weather events are random variables drawn from a distri-
bution determined by the contemporaneous state of the climate. If there were no climate
uncertainty, then there would be a single weather-event distribution and the decision-maker
would know what that distribution is. However, the decision-maker is uncertain about the
state of the climate, which I model by assuming there are many possible weather-event
distributions and that the decision-maker knows the probability that each of these dis-
tributions is the correct one. That is, there is a “distribution of distributions,” which I
assume has properties that are determined by a single climate factor. This factor ulti-
mately determines the distribution of weather events. It changes over time as the climate
changes and the decision-maker’s uncertainty about the climate changes.

This framework is flexible enough to handle many different applications. For example,
I will specify the possible distributions of the daily maximum outdoor temperature when
I analyse retrofitting buildings in Chapter 4, rainfall intensity when I analyse investment
in an urban stormwater system in Chapter 5, and peak sea levels when I analyse invest-
ment in a sea wall in Chapter 6. Take the example of Dunedin City Council’s plans to
upgrade the city’s stormwater system (Dunedin City Council, 2019, 2022).! T adopt the

'Hughes et al. (2019) evaluate the impact of climate change on New Zealand stormwater systems.

11
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Figure 2.1: Distribution of the annual maximum one-day rainfall in Dunedin
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Notes. The blue curve plots the estimated density function for the annual maximum one-day
rainfall in Dunedin, New Zealand, given current climatic conditions. The estimated density
functions for the same variable in 2095 are shown by the yellow (RCP2.6) and green (RCP8.6)
curves.

annual maximum one-day rainfall for the area as the weather variable and assume it is
currently drawn from a generalised extreme value distribution that matches the estimated
distribution generated by the NIWA High Intensity Rainfall Design System (HIRDS).2 Its
location, scale, and shape parameters equal 75.71, 22.54, and 0.1908, respectively. There is
initially no climate uncertainty, so there is just one possible rainfall distribution. The blue
curve in Figure 2.1 plots the current density function of the annual maximum one-day
rainfall. The mean of this distribution is 94mm/day, corresponding to the current average
of this variable for Dunedin.

I model climate change by assuming the location parameter of this distribution changes
over time and I model climate change uncertainty by assuming the location parameter
follows one of two possible paths. Thus, at any particular future date there are two possible
distributions of the annual maximum one-day rainfall for the area. The yellow and green
curves in Figure 2.1 plot the density functions of the two possible distributions in 2095.
The location parameter has increased by 3.12 and 13.66, respectively, implying that the
means of these two distributions equal 98mm/day and 112mm/day, corresponding to the
predicted averages in 2095 under RCP2.6 and RCP8.5.3 For this example, the climate
factor is the probability that the bad scenario holds. That is, I assume the maximum
one-day rainfall in 2095 is drawn from a compound distribution that is a mixture of the
distributions with density functions shown by the yellow and green curves in Figure 2.1.

2Extreme rainfall projections for any New Zealand location can be viewed at https: //hirds.niwa.co.nz/.
Data from the “Leith at Pine Hill” site (ID 508510), which I use here, is also used by the Otago Regional
Council to monitor Dunedin’s rainfall.

SHIRDS generates separate distributions for the periods 2031-2050 and 2081-2100.
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2.2 Calculating climate-related benefit flows

The decision-maker’s objective is to choose adaptation policies that minimise the present
value of all future climate-related costs. These costs include the expenditure needed to
repair damage caused by extreme weather events, the cost of disruption caused by these
events, health costs, and so on. Realised total costs depend on weather conditions during
the period over which the costs are measured, so I calculate the average total cost over all
possible weather conditions. The resulting expected values will depend on the parameter
that determines the distribution of weather events—that is, on the climate factor.

The first step when calculating climate-related cost flows is to calculate the total eco-
nomic cost for each possible weather event. The terminology will differ across applications,
but the principles are common to them all. For concreteness, here I suppose that the ap-
plication involves the possibility of flooding events. When calculating the cost associated
with a breach of flood defences, the decision-maker needs to know how the event affects
the surrounding land. Specifically, for each potential flooding event, she needs to know
the depth of the floodwaters on each unit of land in the locality. Analysts often use either
resource-intensive hydrodynamic modelling or simpler flood-fill algorithms to determine
the distribution of the depth of floodwaters in a locality as a function of the amount by
which the peak rainfall exceeds the capacity of the stormwater system.? This informa-
tion is combined with a depth—damage function, which estimates the cost of damage to a
flooded property as a function of the depth of the floodwaters on that property.> Summing
these costs over the entire locality yields the macroscopic damage function, which gives
the total flooding cost as a function of the scale of the breach.

In order to focus on the role of climate uncertainty, and not the hydrological characteris-
tics of a particular locality, I assume the macroscopic damage function equals M (b, ) = bz,
where b is the scale of the breach and x is an economic factor introduced in the next sec-
tion.® The resulting function will obviously not give perfect results for any particular
situation, but it is a useful approximation in many situations. For example, the resulting
functional form generates expected flooding costs that are smaller if the current flood-
protection infrastructure has greater capacity, and are larger when the annual maximum
one-day rainfall is more variable. Furthermore, the benefits of investment are negligible
when the system’s capacity is high, they are substantial when it is low, and investing in
additional capacity has diminishing returns. These are all realistic properties and play
important roles in determining optimal investment policies.

The second step when calculating climate cost flows is to calculate the expected value
of the macroscopic damage function, averaged over all possible weather outcomes. I con-
struct the weather-event distribution as a compound distribution. That is, the weather
event is distributed according to some parametrised distribution, with one or more of the
parameters of that distribution themselves being random variables drawn from a distribu-

4Flood-fill algorithms identify all land that is below the assumed water level and is not cut off from
the water source by land that lies above the assumed water level. That is, low lying areas that are not
connected to the flood source are assumed to be unaffected by the flood. Boettle et al. (2011) use a flood-fill
algorithm to construct a flooding cost function for Copenhagen; Prahl et al. (2018) use one to estimate
flooding cost functions for the 600 largest European coastal cities.

®Damage to buildings is just one component of flooding costs. Depth-damage functions can also be
constructed for damage to infrastructure. Similarly, depth—disruption functions can be constructed to
estimate the costs of the disruption to the transport sector caused by flooding events (Pregnolato et al.,
2017).

5The breach equals the annual maximum one-day rainfall minus the capacity of the local stormwater
system, or zero if this quantity is negative.
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tion parametrised by the climate factor. I therefore calculate the expected climate-related
costs using a two step process. First, I calculate the expected value for each possible
weather-event distribution and then I calculate the (appropriately weighted) average over
all possible weather-event distributions.

I use two separate approaches to specifying the uncertainty about which weather-event
distribution holds. The simpler approach assumes there are two possible climate-change
scenarios, labelled “good” and “bad.” At each point in time, there is a “good” distribution
of weather outcomes and a “bad” distribution. The decision-maker attaches a subjective
probability to each scenario and uses this probability to calculate the expected value of the
flooding costs. The more complicated approach assumes there are infinitely many possible
distributions of weather outcomes. At each point in time, the decision-maker attaches
a subjective probability to each distribution and uses these probabilities to calculate the
expected value of the flooding costs. The first approach is relatively simple, but the second
approach is possibly more realistic. In order to demonstrate them both, I will use the first
approach in Chapters 4 and 5 and the second one in Chapter 6.

In summary, the process involves carrying out the following three steps:

1. For each future date t and each future weather event, calculate the climate-related
cost flow.

2. For each future date ¢t and each future weather-event distribution, calculate the
expected value of the climate-related cost flow. That is, average the outputs of step
1 over all possible weather events.

3. For each future date t, calculate the expected value of the climate-related cost flow.
That is, average the outputs of step 2 over all possible weather-event distributions.

This process yields the expected climate-related costs at each future date as a function of
the contemporaneous levels of an economic factor and a climatic factor that describes the
decision-maker’s beliefs regarding the state of the climate.

Figure 2.2 shows this process in action, working from the top-left hand graph to the
bottom right-hand one. It continues the example of an urban stormwater system. The top
graph in the left-hand column plots the macroscopic damage function, which maps the
magnitude of the weather event (in this case, the annual maximum one-day rainfall) into
realised climate-related costs. The graph below it plots several different weather-event
distributions, which are parametrised by the distributions’ mean. Combining these two
graphs yields the top graph in the middle column. It maps the average annual maximum
one-day rainfall into the expected value of climate-related costs. That is, it shows the
expected climate-related costs for each possible weather-event distribution. The graph
below it plots the two possible paths for the average annual maximum one-day rainfall,
corresponding to the good (blue curve) and bad (yellow curve) climate scenarios. Finally,
combining the two graphs in the middle column yields the bottom right-hand graph, which
plots the expected climate-related cost as a function of time. The blue and yellow curves
in this graph correspond to the situation when the probability that the bad scenario holds
equals 0 and 1 respectively. The green curve shows the situation when the two climate
scenarios are equally likely. For example, the bottom graph in the middle column shows
that if the two climate scenarios are believed to be equally likely, then 60 years from
now the average annual maximum one-day rainfall is equally likely to be to 98mm/day or
109mm/day. The graph above it shows that these two average rainfall intensities imply
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Figure 2.3: Calculating project benefits
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Notes. The left-hand graph plots the expected flow of climate-related costs, with the
solid and dashed curves corresponding to an urban stormwater system with capacities of
175mm/day and 185mm/day respectively. The right-hand graph plots the avoided costs if
capacity is increased from 175mm/day to 185mm/day.

expected climate-related costs of 10.0 and 13.0 respectively, implying an expected value
of 11.5.

The benefits of undertaking any particular adaptation project are the expected climate-
related costs that will be avoided once the project is in place. These are calculated by
subtracting the with-project climate-related costs away from the without-project climate-
related costs. For example, the calculations illustrated in Figure 2.2 assume the stormwater
system’s capacity is 175mm/day. I can calculate the benefits of increasing its capacity to
185mm/day by repeating the exercise in Figure 2.2 with the increased capacity and then
calculating the reduction in the expected climate costs.” This gives the expected avoided
costs attributable to the system’s increased capacity. The left-hand graph in Figure 2.3
plots the two sets of expected costs, with the solid and dashed curves corresponding to
capacities of 175mm/day and 185mm/day respectively. The right-hand graph plots the
avoided costs. In all cases, the blue and yellow curves in this graph correspond to the
situation when the probability that the bad scenario holds (that is, the climate factor)
equals 0 and 1 respectively. The green curve shows the situation when the two climate
scenarios are equally likely. The project’s expected benefit flow becomes more sensitive
to the climate factor further into the future, because the good and bad climate scenarios
initially imply similar distributions of weather events and is only further into the future
that the two scenarios imply quite different distributions.

2.3 Behaviour of the climate factor

The previous section shows how to calculate the expected value of an adaptation project’s
benefits as a function of the contemporaneous values of a climatic factor and an economic
factor. The climatic factor is a parameter that determines the subjective probabilities

"In order to focus on the role of climate uncertainty, in these graphs I fix the economic factor z = 1.
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that the decision-maker attaches to each climate scenario. This ultimately determines
the subjective distribution of weather outcomes, which partly determines the project’s
expected benefit flow. The economic factor provides the remaining information needed
to completely determine the expected benefit flow. The next step is to specify how these
factors vary over time. This section focusses on the evolution of the climate factor. (Section
2.4 covers the evolution of the economic factor.)

Out of the multiple possible climate-change scenarios, exactly one holds, but the
decision-maker does not know which one this is. Instead, the decision-maker attaches a
probability to each possible scenario. She continuously monitors new information and uses
it to update these probabilities over time. In order to operationalise this arrangement, I
assume the decision-maker can observe a noisy signal of some characteristic of the distribu-
tion of weather outcomes, such as its mean. For example, each month the decision-maker
observes the monthly maximum one-day rainfall. After adjusting for seasonal patterns,
this quantity contains (noisy) information about the average annual maximum one-day
rainfall and how this average has been affected by climate change. I use Bayes’ theorem
to calculate the decision-maker’s updated probabilities at each point in time based on the
noisy signal she observes. The updating process injects volatility into the decision-maker’s
beliefs regarding which climate scenario holds, which makes the project’s expected benefit
flow volatile as well. The decision-maker’s response to new information is greater when
the identity of the actual climate scenario is more uncertain and when the signal contains
less noise.

2.3.1 Two climate scenarios

In the simplest non-trivial example, there are only two possible climate-change scenarios.®

I assume the decision-maker knows exactly what will happen in each scenario, but does
not know which scenario is the correct one. This arrangement is unrealistic, but it is useful
for illustrating the overall approach and is actually quite powerful. This is the approach
I will adopt in Chapter 4, when I analyse retrofitting buildings, and Chapter 5, when
I analyse ongoing investment in flood-protection infrastructure. The left-hand graph in
Figure 2.4 plots the two possible paths for the average annual maximum one-day rainfall
in Chapter 5, one for each scenario. The trajectories are reasonably similar in the short
term, but then they diverge, so there is little potential for observation-based learning in the
short run, but more in the long run. The middle graph in Figure 2.4 plots two simulated
paths for the subjective probability that the bad scenario holds, both assuming that the
decision-maker initially believes the two scenarios are equally likely. The right-hand graph
plots the corresponding paths for the average annual maximum one-day rainfall, which
equals the appropriately weighted average of the two paths in the left-hand graph. As
expected, very little happens to the subjective probabilities during the first ten years, but
they are highly volatile for the next 50 years. The true scenario is revealed by the time
75 years have passed, but even as late as 50 years from now, there is uncertainty about
which scenario holds. The behaviour in the right-hand graph illustrates how changes in
beliefs drive the volatility of the expected rainfall intensity (and, ultimately, the volatility
of the project’s expected benefits). The expected value of the average annual maximum
one-day rainfall evolves smoothly for the first ten years, but is volatile for the next 50
years. Eventually, the average annual maximum one-day rainfall moves smoothly along
one of the two possible paths—but which path it will be is not known for several decades.

8 Appendix A.1 contains a detailed description of how the decision-maker’s beliefs evolve in this case.
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Figure 2.4: Two simulated paths for the decision-maker’s climate-scenario beliefs
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Notes. The left-hand graph plots the evolution of the average annual maximum one-day
rainfall in Dunedin under the two climate scenarios. The middle graph plots two simulated
paths for the decision-maker’s subjective probability that the bad scenario holds, assuming
she initially believes the two scenarios are equally likely. The right-hand graph plots the
corresponding paths for the expected value of the average annual maximum one-day rainfall.

Figure 2.4 highlights three distinct phases of the decision-maker’s information about
climate change. Initially, there is substantial uncertainty about climate change, but too
little information arriving for the uncertainty to fall significantly. This is followed by a
period of substantial volatility, during which uncertainty falls. The simulated paths for
the decision-maker’s subjective probability that the bad scenario holds start to diverge
during this period because the possible paths for the average annual maximum one-day
rainfall start to diverge, so that the noisy signal contains more information. Finally, the
uncertainty is largely resolved and the decision-maker knows which path the climate is
evolving along.

This behaviour is confirmed by the graphs in Figure 2.5, which plot the distributions of
the decision-maker’s subjective probability that the bad scenario holds for six horizons.’
The top left-hand graph shows that ten years from now, the decision-maker has learned
little about the true climate scenario: the subjective probability is close to its initial value of
1/2 for all 10,000 simulations. The top right-hand graph shows there will be considerable
variation in this probability 20 years from now; the bottom left-hand graph shows the
very beginning of a bimodal distribution 40 years from now. The bottom right-hand graph
shows that by the time 80 years have passed, the decision-maker will be almost certain
about the true climate scenario: the subjective probability will be extremely close to zero
or one.'?

The mathematical formula for updating the decision-maker’s subjective probability
depends on the amount of noise in the signal that she observes. If the signal contains
more noise then she will attach less significance to the signal and more to her existing
beliefs regarding climate change. In this case, the change in her subjective probability will
be smaller and her uncertainty about the magnitude of climate change will decline more
slowly. One measure of this uncertainty is the standard deviation of the average annual
maximum one-day rainfall at a fixed point in the (possibly distant) future. The green curve

9The graphs are constructed by simulating 10,000 paths for p each starting with p = 1/2 and spanning
80 years, using the same method to simulate each path as is used to construct the paths in Figure 2.4. I
extract the values of p at each ¢ € {10, 20, 30, 40,60, 80} from each simulated path. The graphs in Figure
2.5 plot the histograms for each of these slices.

101f the decision-maker initially believes the bad scenario is twice as likely as the good one, then the
long-run distribution of p will be a discrete distribution with p = 1 being twice as likely to occur as p = 0.
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Figure 2.5: Distribution of the future bad-scenario probability when py = 1/2
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Notes. The graphs plot the distributions of the decision-maker’s subjective probability that
the bad scenario holds for six different horizons. Each histogram is drawn using 10,000 paths
for this probability, each assuming she initially believes the two scenarios are equally likely
and each calculated with the method used to construct Figure 2.4.
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Figure 2.6: Noise in the climate signal and the speed of learning
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Notes. The graph plots the standard deviation of year-100 estimated rainfall intensity when
viewed from year t, expressed as a proportion of the standard deviation of the same quantity
when viewed from year 0, averaged across 5,000 simulated paths.

in Figure 2.6 plots the standard deviation of this measure of rainfall intensity in year 100
as a function of ¢, expressed as a proportion of the standard deviation in year 0, for the
parameter settings used in Chapter 5. It shows that uncertainty does not fall for the first
20 years, but then falls steadily for the next 60 years, by which time the uncertainty is
largely eliminated. The other curves in Figure 2.6 repeat this exercise for different amounts
of noise in the climate signal. The noise is smaller in the lower curves, which results in
faster learning about climate change.

2.3.2 Infinitely many climate scenarios

When I analyse investment in a sea wall in Chapter 6, I need to model the gradual increase
in peak sea levels due to climate change. The weather variable in this example is the annual
maximum sea level. The decision-maker knows the initial weather-event distribution but
the average annual maximum sea level increases by an unknown constant amount each
year. I assume there are infinitely many climate scenarios, each one corresponding to a
different rate of sea-level rise. The decision-maker initially believes that the (constant) rate
of sea-level rise is normally distributed with a mean of 7mm/yr and a standard deviation
of 3mm/yr. This is another example of the distribution-of-distributions approach in use.
The decision-maker observes a noisy signal of the average annual maximum sea level and
updates her beliefs over time.!! The climate factor in this example is the expected rate of
sea-level rise, which is sufficient to completely describe the decision-maker’s beliefs at any
point in time.

Figure 2.7 illustrates some of the properties of the stochastic process for the climate
factor. The left-hand graph shows ten simulated paths of the climate factor, assuming the

11 Appendix A.2 contains a detailed description of how the decision-maker’s beliefs evolve in this case.



Theoretical framework 21

Figure 2.7: Simulated behaviour of the expected rate of sea-level rise
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Notes. The left-hand graph shows ten simulated paths of the decision-maker’s expected rate
of sea-level rise, assuming the sea level is actually rising at a rate of 8mm/year and the
decision-maker’s initial expected value is 7mm/year. The right-hand graph shows ten simu-
lated paths of the decision-maker’s expected rate of sea-level rise, with each one corresponding
to a different possible value of the actual rate of sea-level rise.

actual rate of sea-level rise is 8mm /yr. That is, the decision-maker initially underestimates
the actual rate of sea-level rise in these simulations. This illustrates the evolution of the
decision-maker’s beliefs for one of the infinitely many possible climate-change scenarios.
Each path starts at the initial level of 7mm/yr and evolves according to the process implied
by Bayesian updating. The graph shows that the climate factor’s volatility is initially
increasing, before peaking and then eventually declining to zero as the decision-maker’s
expected rate of sea level rise converges to the true value of 8mm/yr. However, the decision-
maker’s estimate of the rate of sea-level rise can deviate significantly from the actual value
before this convergence occurs, illustrating the risks of under- or over-investment due to
uncertainty about the magnitude of climate change.

The left-hand graph shows paths for the climate factor for one particular actual rate of
sea-level rise. However, at date 0, the decision-maker believes the constant rate of sea-level
rise is drawn from a normal distribution with a mean of 7mm/yr and a standard deviation
of 3mm/yr. The right-hand graph in Figure 2.7 illustrates the situation from this restricted
point of view. It shows ten paths of the climate factor, with each one corresponding to
a different possible value of the actual rate of sea-level rise.!?> This graph illustrates the
variety of possible paths the decision-maker should anticipate from the perspective of date
0. They all eventually converge to the actual rate of sea-level rise, but when viewed from
date 0 the decision-maker does not know what this rate is. The right-hand graph in Figure
2.7 demonstrates the wide variety of possible paths for the climate factor that she must
anticipate.

It is important to understand the various measures of uncertainty and volatility that
arise naturally in this framework. There are three main measures. Their behaviour over
time is illustrated in the three graphs in Figure 2.8.

Uncertainty about sea-level rise The left-hand graph in Figure 2.8 plots the root

12Fach path is constructed by randomly drawing a value of the actual rate of sea-level rise and then
simulating a path for the climate factor using the stochastic process implied by Bayesian updating.
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Figure 2.8: Evolution of climate uncertainty and volatility
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Notes. The left-hand graph plots the RMSE of the decision-maker’s estimate of the rate
of sea-level rise. The middle graph plots the RMSE of the decision-maker’s estimate of the
average annual maximum sea level. The right-hand graph plots the volatility of the decision-
maker’s estimate of the rate of sea-level rise. The parameter § measures the amount of noise
in the climate signal.

mean square error (RMSE) of the decision-maker’s estimate of the rate of sea-level
rise. The three curves correspond to different amounts of noise in the signal observed
by the decision-maker. Uncertainty about the rate of sea-level rise falls over time,
but if the signal is noisier then it falls more slowly.

Uncertainty about the sea level The middle graph in Figure 2.8 plots the RMSE of

the decision-maker’s estimate of the sea level (more precisely, of the average annual
maximum sea level). The decision-maker’s uncertainty about the contemporaneous
average annual maximum sea level is initially zero, increases for a few decades, and
then decreases to zero. There are two opposing forces at work. Each year, the sea level
rises by an uncertain constant amount, so that uncertainty about the cumulative
change grows over time. However, this is offset by the ongoing learning process
resulting from the noisy observations of the sea level. The first effect dominates
initially, but eventually the second effect dominates.

Climate-factor volatility Finally, the right-hand graph in Figure 2.8 plots the volatility

of the decision-maker’s estimate of the rate of sea-level rise. This can be interpreted
as an annualised measure of the standard deviation of changes in this estimate. This
volatility is an important determinant of the value of the option to delay investment.
It is initially low, but increases for approximately two decades and then decreases to
zero. The decision-maker’s estimate of the rate of sea-level rise is more volatile when
her uncertainty about the rate of sea-level rise is falling more rapidly. As the rate
of learning accelerates in the left-hand graph, the volatility in the right-hand graph
grows. As the learning process slows down, the volatility falls.

2.4 Behaviour of the economic factor

The economic factor influences the expected economic consequences of weather events for
any given state of local infrastructure. Its behaviour determines the answer to the question:
how would the costs associated with a weather event change if an identical event occurred
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one year later? For example, when I model flooding risk, the level of the economic factor
reflects potential clean-up and disruption costs, environmental damage, and health effects,
but perhaps the most important influence is the depreciated replacement cost of vulnerable
assets (Merz et al., 2010; Penning-Rowsell et al., 2013). All of these components fluctuate
over time. For example, the depreciated replacement cost of vulnerable assets changes
due to a combination of depreciation of the existing assets, spending on maintenance and
improvement of existing assets as the economy grows, investment in additional assets, and
changes in the prices of inputs into the repair and replacement process.

I assume the economic factor evolves according to geometric Brownian motion. That
is, changes in the natural logarithm of the economic factor are normally distributed with
a constant mean and standard deviation and changes are serially uncorrelated. I estimate
the mean and standard deviation for a collection of proxies for the economic factor and
then make an overall assessment of plausible values of these parameters.

When I model flooding risk, I use the depreciated replacement cost of vulnerable assets
as the main proxy for the economic factor. However, changes in local GDP, or some
other measure of economic activity, are also potentially a useful proxy for changes in the
disruption costs associated with flooding.!® Changes in local population might give useful
information about changes in the health effects and number of fatalities associated with
flooding. Changes in traffic volumes might give useful information about disruption costs
when transport infrastructure is affected by flooding.

Shocks to these variables are typically serially correlated, whereas geometric Brownian
motion assumes that changes in any two non-overlapping time periods are independent.
For example, positive serial correlation in annual growth rates means that a relatively
small shock to the current depreciated replacement cost of vulnerable assets can have a
larger impact on the long-run depreciated replacement cost because it leads to a persistent
sequence of changes in subsequent years. In order to address this issue, I focus on the long-
term effects of shocks to the variables above. Specifically, for each variable, I fit an AR(1)
model to annual changes in the natural logarithm of the variable and then calculate the
effect of a one-standard deviation annual shock on the variable over the subsequent ten
years.

In Chapter 4, when I model retrofitting buildings to help their occupants cope with high
outside temperatures, I calibrate the economic factor to match the situation in Canterbury.
The top panel in Table 2.1 reports the results of this procedure. The first row shows the
results for median rent levels implied by data from tenancy bonds for the Canterbury
region, whereas the second row shows results from a regional rent index, both adjusted
for CPI inflation. The remaining rows of this panel show results for two measures of local
economic activity.!* T adopt 1.5% and 6.0% as my baseline estimates of the drift and
volatility of the economic factor in Chapter 4.

When I model upgrading an urban stormwater system in Chapter 5, I calibrate the
economic factor to match the situation facing Dunedin City Council. The middle panel in
Table 2.1 reports the results of this procedure using data for Dunedin and the surrounding
region. The first row shows the results for a depreciated replacement cost index, which
suggest that 1.5% and 7.0% are reasonable estimates of the drift and volatility of the

13To be clear, I would not be using the change in GDP in the aftermath of a flood to measure the
cost of flooding. Rather, I would be supposing that if GDP grows by ten percent over time, then—all else
equal—expected disruption costs due to flooding grow by ten percent as well.

141 use per capita GDP rather than total GDP here because the benefits relate to a single building
rather than a region. Regional growth is more likely to lead to more buildings, not more occupants per
building.
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Table 2.1: Proxies for the drift and volatility of the economic factor x;

Variable Long-run mean Effect of a one std dev shock on Alogx
of Alogx 1 2 3 5 10 00
(a) Application to retrofitting buildings in Canterbury
Rent (MBIE) 0.019 0.036 0.050 0.056 0.059 0.059 0.059
Rent index (Stat NZ) 0.007 0.038 0.038 0.038 0.038 0.038 0.038
Regional per capita GDP (owner-occupied property) 0.015 0.054 0.071 0.076 0.078 0.078 0.078
Regional per capita GDP 0.018 0.035 0.036 0.036 0.036 0.036 0.036
(b) Application to Dunedin’s urban stormwater system
Depreciated replacement cost 0.015 0.023 0.039 0.049 0.061 0.069 0.070
Regional GDP (total) 0.029 0.026 0.035 0.038 0.040 0.040 0.040
Regional per capita GDP (total) 0.017 0.024 0.030 0.032 0.032 0.032 0.032
Regional per capita GDP (total) x local pop’n 0.022 0.026 0.034 0.036 0.037 0.037 0.037
Regional GDP (owner-occupied property) 0.047 0.038 0.054 0.061 0.065 0.066 0.066
(c) Application to a sea wall in Wellington Harbour
Depreciated replacement cost 0.020 0.025 0.043 0.057 0.075 0.092 0.098
Regional GDP (total) 0.022 0.016 0.007 0.012 0.011 0.010 0.010
Regional per capita GDP (total) 0.012 0.013 0.004 0.010 0.009 0.007 0.007
Regional per capita GDP (total) x local pop’n 0.018 0.018 0.011 0.014 0.013 0.013 0.013
Regional GDP (owner-occupied property) 0.037 0.031 0.046 0.054 0.060 0.062 0.062

Notes. I fit an AR(1) model to annual changes in the natural logarithm of each variable and then calculate the effect of a one-standard deviation
annual shock over the subsequent ten years.
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Figure 2.9: Distribution of future values of the economic factor
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Notes. The graph plots the density functions for the distribution of the economic factor for
Canterbury, Dunedin, and Wellington at 10, 20, and 40 years into the future, assuming its
current value equals 1.

economic factor. The remaining rows of this panel show results for various measures of
local economic activity. GDP is available only for the wider Otago region (rather than just
Dunedin City), so the table includes results for regional GDP, per capita regional GDP,
and the product of per capita regional GDP and the population of Dunedin city. It also
shows results for the component of regional GDP corresponding to the services generated
by owner-occupied property. The values of the drift parameter are higher than the drift of
depreciated replacement cost, which is not surprising because none of these measures of
economic activity allow for depreciation. In contrast, the values of the volatility parameter
are lower than the volatility of depreciated replacement cost, which reflects the relatively
high volatility of real construction costs. Bearing in mind the importance of depreciation
and construction (repair) costs for the calculation of flooding costs, I will adopt 1.5%
and 7.0% as my baseline estimates of the drift and volatility of the economic factor in
Chapter 5.

When I model increasing the height of an existing sea wall in Chapter 6, I calibrate
the economic factor to match the situation in Wellington Harbour. The bottom panel
in Table 2.1 reports the results of the calibration procedure using data for Wellington
and the surrounding region. The first row shows the results for a depreciated replacement
cost index, which suggest that 2.0% and 10.0% are reasonable estimates of the drift and
volatility of the economic factor. As in the top panel, the remaining rows of this panel show
results for various measures of local economic activity.!®> Consistent with the importance
of depreciation and construction (repair) costs for the calculation of flooding costs, I will
adopt 2.0% and 10.0% as the baseline parameter values in Chapter 6.

The graphs in Figure 2.9 plot the density functions of the distribution of the economic
factor for Canterbury, Dunedin, and Wellington. In each case, the three curves show the
distribution 10, 20, and 40 years into the future, scaling the factor so that it currently

I5GDP is available only for the wider Wellington region (rather than just the Eastern Bays), so I report
results for regional GDP, per capita regional GDP, and the product of per capita regional GDP and the
population of Lower Hutt city. I also report results for the component of regional GDP corresponding to
the services generated by owner-occupied property.
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Figure 2.10: Simulated paths for the flow of project benefits
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Notes. The black curves show 50 simulated paths for the flow of project benefits of upgrading
the urban stormwater system described in Chapter 5. The red curve plots the expected value
of future benefits conditional on the information available to the decision-maker at date 0.

equals 1.0. Even though the volatility estimates above might seem low, the long time
frames involved in the decision-maker’s investment problem mean there will be consid-
erable variation in the economic factor over relevant time frames. The greater volatility
for Wellington (10% compared to 6% for Canterbury and 7% for Dunedin) is reflected in
the greater dispersion of the distribution. The results are especially noticeable over longer
time frames.

2.5 Putting the pieces together

The project benefit flows that occur in the future are the avoided climate-related costs,
averaged over all possible weather events. The weather-event distribution depends on the
contemporaneous level of the climatic factor and the magnitude of these costs depends
on the contemporaneous level of the economic factor. As both of these variables evolve
randomly over time, so must the project benefit flows. The volatility of a project’s benefit
flows depends on the volatility of the climatic and economic factors and on the sensitivity
of the benefit flow to the level of these factors.

Figure 2.10 shows 50 simulated paths for the flow of project benefits of upgrading an
urban stormwater system, which is covered in Chapter 5. The underlying project benefit
function is the one plotted in the right-hand graph in Figure 2.3. The climatic factor
evolves according to the stochastic process illustrated in the middle graph in Figure 2.4
and the economic factor evolves according to a geometric Brownian motion with drift of
1.5% and volatility of 7.0%. The red curve plots the expected value of future benefits
conditional on the information available to the decision-maker at date 0.
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In this example, the project’s benefit flow can deviate significantly from the initial
expected path. This exposes the decision-maker to asset-stranding risk, which is the pos-
sibility that the benefits turn out to be insufficient to justify the investment expenditure,
leaving the public to incur the cost of an ex-post unnecessary investment (such as the
cost of servicing any debt incurred to fund the project). In some situations, there can
also be a cost associated with unexpectedly high benefits: if the decision-maker has the
option to choose the scale of investment (as well as the timing), then she is exposed to
the risk that she chooses an insufficient scale of investment, leaving the community with
unachieved benefits or the need to undertake an additional round of investment. When
decision-makers consider investing immediately rather than waiting for better information
about the future paths of the climatic and economic factors they must weigh these costs
associated with early investment against the benefits of generating some benefits in the
short-term. The next chapter describes the decision-making rules that I consider.






Chapter

Approaches to decision-making

The benefits of using ROA can be significant, but it is regarded by many practitioners
as complex and resource-intensive. This chapter describes several practical alternative
approaches that are simple enough to be useful for evaluating small- and medium-scale
adaptation decisions, yet retain a degree of economic rigour. The remaining chapters eval-
uate the potential of these approaches against the real-options benchmark.

The key task is to identify simple decision-making rules that keep the welfare costs
of deviating from optimal decision-making low. The relevant issue is whether welfare falls
significantly if a simplified rule is used, not whether the resulting policy is significantly
different from the optimal one. Consider Figure 3.1, which is a stylised depiction of the
problem decision-makers face. The graphs plot the present value of the overall welfare as-
sociated with an adaptation project as a function of the date when the project is initiated.
The black dots show the best time to invest and the red dots show the investment date if
the decision-maker adopts some simple alternative policy for choosing the investment date.
In the left-hand graph, welfare is relatively insensitive to investment timing, so the simple
policy performs well even though the gap between the two investment dates is large. In
contrast, in the right-hand graph, welfare is relatively sensitive to investment timing, so
the simple policy performs poorly even though the gap between the two investment dates
is small.

The lesson to draw from these graphs is that even if a simple decision-making approach
results in large errors in investment timing, the approach may be suitable for practical use
if the welfare loss is small. In contrast, for some projects a simple rule may potentially
lead to a small error in investment timing but a large loss of welfare. For these projects,
the simple rule is not appropriate. I therefore use the present value of future welfare to
measure the performance of each candidate rule.

3.1 Real options analysis

At each evaluation date, the decision-maker should identify the various actions she can
take, estimate the present value of the welfare associated with each action, and then take
the action that generates the most welfare. In the simplest non-trivial case, she can either
invest immediately or wait and reevaluate the project at some future date. It is optimal to
invest immediately if and only if the net present value from investing is greater than the

29
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Figure 3.1: The importance of focussing on welfare rather than timing
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Notes. The graphs plot the present value of the overall welfare associated with an adaptation
project as a function of the date when the project is initiated. The black dots show the best
time to invest and the red dots show the investment date if the decision-maker adopts some
simple alternative policy for choosing the investment date.

value of the delay option, provided the option value is consistent with the decision-maker
adopting an optimal investment policy in the future. That is, it is optimal to invest as

soon as

Present value Option
Investment

of future | expenditure > | value of

net benefits P waiting

It is this option value that is difficult to calculate in practical applications.
The condition for immediate investment to be optimal can be rearranged so that it
takes the form

Present value Option
Investment
of future > . + | value of |. (3.1)
expenditure o\
net benefits waiting

The left-hand side is the present value of the project’s benefits and the right-hand side
is the opportunity cost of investment, which equals the investment expenditure plus the
value of the delay option that is destroyed as soon as the decision-maker invests.

This approach is summarised in the left-hand graph in Figure 3.2. The graph is a
stylised representation of the situation facing the decision-maker at a point in time. The
green curve plots the present value of the future net benefits as a function of the level of the
economic factor. The height of the blue curve equals the project’s investment expenditure
and the height of the yellow curve shows the total opportunity cost of investing. That is,
the distance between these two curves equals the option value of delaying investment. It
is socially optimal to invest if and only if the height of the green curve is greater than the
height of the yellow curve. The optimal investment policy can be expressed in the form of
a trigger point. For example, the decision-maker might invest when the economic factor
reaches a certain level, shown by the level xrpo4 in Figure 3.2. The welfare-maximising
level of this threshold will depend on the current date and the level of the climatic factor.
Alternatively, the investment rule can be expressed as a threshold for the climatic factor,
the level of the benefit flow that investment would initiate, and so on.
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Figure 3.2: Cost—benefit analysis and rules of thumb
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Notes. The graph is a stylised representation of the situation facing the decision-maker at
a point in time. It is socially optimal to invest if and only if the height of the green curve is
greater than the height of the yellow curve. That is, the decision-maker should invest only if
the economic factor is greater than the level xroa shown on the horizontal axis.

3.2 Cost—benefit analysis

A decision-maker who evaluates a project using standard cost—benefit analysis (CBA) will
invest immediately if the present value of the project’s future net benefits is greater than
the present value of the required investment expenditure. If this condition is not met then
she will wait and reevaluate the project at some future date. I consider the possibility that
the project is evaluated at fixed regular intervals.

Optimal investment timing requires that investment only occurs when the present value
of the project’s future net benefits is greater than the total opportunity cost of investment,
which equals the sum of the present value of the required investment expenditure and the
value of the real option to delay investment. CBA ignores the second component of this
cost calculation. The investment test is thus insufficiently demanding under CBA, which
will lead to premature investment and welfare being less than or equal to the maximum
achievable level.

This is apparent in the left-hand graph in Figure 3.2. If the decision-maker uses CBA,
she will invest if and only if the height of the green curve (the present value of the project’s
future net benefits) is greater than the height of the blue one (the project’s investment
expenditure), That is, she will invest if and only if the economic factor is greater than the
level zcpa shown on the horizontal axis. In particular, if the level of the economic factor
lies between g4 and zroa, then she invests even though it is socially optimal to wait.

The performance of CBA improves if the project is evaluated less frequently. Suppose,
for example, that the present value of the project’s future net benefits is currently slightly
less than the present value of the required investment expenditure, so that investment
does not occur. If the decision-maker waits a fixed amount of time before reevaluating the
project, there is a possibility that the present value of the project’s future net benefits will
climb significantly above the present value of the required investment expenditure before
the next evaluation date. This is unlikely to happen if the project is evaluated frequently,
because there is then not enough time for the project’s net benefits to grow significantly.
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Figure 3.3: CBA performance and evaluation frequency
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Notes. Each graph shows the same ten simulated paths for the present value of the project’s
future net benefits. Each path starts at the current date (when the present value equals 90%
of the project’s required investment expenditure) and ends at the first evaluation date when
the present value is greater than the investment expenditure.

However, with an evaluation period of five or ten years, these benefits have the opportunity
to grow significantly.

Figure 3.3 illustrates what happens. Each graph shows the same ten simulated paths
for the present value of the project’s future net benefits. Each path starts at the current
date (when the present value equals 90% of the project’s required investment expenditure)
and ends at the first evaluation date when the present value is greater than the investment
expenditure. This is when investment occurs if the decision-maker uses standard CBA. The
red dots show the present value on the investment date for each path. When the project is
evaluated each year (the left-hand graph), there is simply not enough time for the benefits
to grow much above the level of investment expenditure. Whenever investment occurs, the
payoff will not be much greater than zero. In contrast, if the project is evaluated every
ten years, there is a good chance that when investment occurs the present value of the
project’s future net benefits is substantially greater than the investment expenditure. The
disadvantage is that investment is likely to occur later than would be the case if project
evaluation occurred more frequently. Nevertheless, there is a clear practical implication:
if the decision-maker uses CBA to choose investment dates, it would generally be best if
projects are evaluated relatively infrequently.

3.3 Rules of thumb

I consider two minor modifications of standard CBA that are easily implemented. Each
modification changes one parameter used in CBA and leaves the approach otherwise un-
changed.

3.3.1 Constant threshold for the benefit—cost ratio

Motivation

An adaptation project’s benefit—cost ratio (BCR) can be calculated by dividing the present
value of the project’s future net benefits by the present value of the required expenditure.
Standard CBA states that the decision-maker should invest immediately if and only if the
benefit—cost ratio is greater than one.
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Optimal investment requires that the decision-maker invests immediately if and only
if the present value of the project’s benefits is greater than the sum of the present value of
the required expenditure and the value of the delay option. Suppose, for example, that the
present value of the project’s required expenditure is $1000. If the delay option is currently
worth $500, then the decision-maker should delay investment if the present value of the
project’s benefits is less than $1500; that is, if the BCR is less than 1.5. If the delay
option is currently worth $800, then she should delay investment if the present value of
the project’s benefits is less than $1800; that is, if the BCR is less than 1.8.

One approach to investment decision-making that is easily implemented is therefore
to invest immediately if the project’s BCR is greater than some constant threshold that
equals the sum of one and an estimate of the value of the delay option expressed as a
proportion of the required investment expenditure. If the estimated option value is correct,
then this approach will lead to optimal decision-making. However, the value of the delay
option is sensitive to the contemporaneous levels of the climatic and economic factors, so
this condition will almost certainly not hold. Nevertheless, it has the potential to improve
performance relative to standard CBA without requiring any additional calculations.

The approach is summarised in the middle graph in Figure 3.2. This has the same
format as the left-hand graph, except that the decision-maker has effectively raised the
“calculated” level of investment expenditure by a factor of B, which has the effect of
shifting the blue line upwards, as shown in the graph. Now she invests if and only if the
height of the green line is greater than the height of the dashed blue line. The investment
threshold increases, as shown by the location of the red dot. The higher the threshold for
the BCR, the more demanding the investment test.

Implementation

Each time a project is evaluated, the decision-maker calculates the present value of the
project’s benefits and the present value of the investment expenditure. She invests in the
project immediately if and only if the implied benefit—cost ratio is greater than a constant
threshold that she specifies.

The threshold is constant during the period that a project is being evaluated, but there
is no reason to use the same constant threshold for different projects. If a rule of thumb
based on the BCR threshold is to be simple enough to use in practice, then the decision-
maker needs a simple method for selecting the level of the threshold to use. Ideally it will
be an explicit function of parameters that are easily estimated. The solution I adopt is to
use the level of the BCR threshold that will be optimal once the climate has converged to
its long-run equilibrium. The limiting value of the optimal BCR threshold equals

B
B—1

1 u o (1 u)\?
—— B (£ 3.3
b 2 02+\/02+<2 02> (3:3)

Here r is the social discount rate, p is the average annual growth rate in the economic
factor, and o is the annualised volatility of the economic factor.

Table 3.1 reports values of B for a range of values of p and . In all cases, the social
discount rate equals five percent. For example, if the economic factor grows at two percent
per annum on average, with a standard deviation of eight percent, then the rule-of-thumb

B= (3.2)

where
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Table 3.1: Proposed constant threshold for the BCR

g

I
—0.010 —0.005 0.000 0.005 0.010 0.015 0.020 0.025 0.030
0.05 1.09 1.12 1.17 125 137 153 176 210 2.60
0.06 1.12 1.15 .21 1.29 141 157 1.80 2.14 2.64
0.07 1.15 1.19 1.25 133 145 161 1.84 218 2.69
0.08 1.18 1.23 1.29 137 149 166 1.89 223 275
0.09 1.21 1.26 1.33 142 154 171 194 229 281
0.10 1.25 1.30 1.37 146 159 176 2.00 235 2.88
0.11 1.29 1.34 141 151 164 181 206 241 2096
0.12 1.32 1.38 1.46 156 1.69 1.87 212 248 3.04
0.13 1.36 1.42 1.50 161 174 193 219 256 3.12
0.14 1.40 1.47 1.55 166 1.80 199 225 263 3.21
0.15 1.44 1.51 1.60 1.71 1.86 2.05 232 271 331

Notes. The entries in the table report the proposed constant BCR threshold that triggers
immediate investment. They are calculated using equations (3.2) and (3.3).

BCR threshold equals 1.89. The decision-maker will invest the first time that the project’s
benefits have a present value that is more than 89% higher than the required investment
expenditure.

3.3.2 Constant threshold for the internal rate of return

Motivation

As with the first rule of thumb, the starting point for this one is CBA. If the decision-
maker uses CBA, she invests if and only if the present value of the project’s future net
benefits is greater than the expenditure needed to complete the project—that is, the BCR
must be greater than one. In Section 3.3.1, I allowed for the option value of delaying
investment by increasing the required level of the BCR to some constant B that is greater
than 1. The main problem with this approach is that the optimal BCR, threshold fluctuates
significantly over time, so setting the BCR threshold to a constant might be making the
investment test too demanding or not demanding enough.

The approach I use in this section is to scale down the calculated BCR. That is, when
the decision-maker calculates the present value of the project’s future net benefits—the
BCR’s numerator—she discounts them using a rate that is greater than the social discount
rate. The decision-maker invests immediately if and only if this adjusted BCR is greater
than one. Equivalently, she invests if the adjusted present value of future net benefits is
greater than the investment expenditure, knowing that if the adjusted present is greater
than the investment expenditure then the actual present value will be even higher.

The approach is summarised in the right-hand graph in Figure 3.2. This has the same
format as the left-hand graph, except that the decision-maker has effectively lowered the
“calculated” present value of the project’s future net benefits, which has the effect of
shifting the green line downwards, as shown in the graph. Now she invests if and only
if the height of the dashed green line is greater than the height of the blue line. The
investment threshold increases, as shown by the location of the red dot. The higher the
discount rate used to calculate the present value of future net benefits, the more demanding
the investment test.
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Table 3.2: Proposed constant threshold for the IRR

g

I
—0.010 —0.005 0.000 0.005 0.010 0.015 0.020 0.025 0.030
0.05  5.53 5.66 586 6.13 6.47 686 729 7.74 820
0.06 5.71 5.85 6.04 630 6.62 7.00 740 7.84 8.29
0.07  5.89 6.04 624 649 6.79 7.14 753 795 8.39
0.08  6.09 6.24 6.43 6.68 697 731 7.68 8.08 8.50
0.09 6.29 6.45 6.64 688 7.16 748 7.83 822 8.63
0.10  6.50 6.66 6.85 7.08 735 7.66 800 837 8.77
0.11 6.72 6.88 707 729 755 785 818 853 8091
0.12  6.94 7.10 729 751 776 805 836 871 9.07
0.13 7.18 7.34 752 774 798 825 856 889 9.24
0.14 741 7.57 7.76 797 820 847 876 9.08 942
0.15  7.66 7.82 8.00 820 844 869 897 928 961

Notes. The entries in the table report the proposed constant IRR threshold that triggers
immediate investment. They are calculated using equations (3.3) and (3.4).

The rule is dependent on the level of the discount rate used. I will assume it is a
constant, chosen by the decision-maker and greater than the social discount rate.

Implementation

Each time a project is evaluated, the decision-maker calculates the present value of the
project’s benefits using a discount rate that is greater than the social discount rate. She
invests in the project immediately if and only if the implied benefit—cost ratio is greater
than one. Equivalently, the decision-maker invests if and only if the project’s internal rate
of return (IRR) is greater than the threshold chosen by the decision-maker.

Many adaptation projects can be implemented in various ways. For example, the
decision-maker can choose the height of a sea wall, the capacity of an upgraded stormwa-
ter system, and the location of re-located infrastructure. If this is the case, when the
decision-maker ranks the alternative choices she should use the actual social discount rate
to calculate the net present value of each option. She should only use the adjusted social
discount rate at the final step, when deciding whether or not to invest immediately.

The same problem arises when using a constant threshold for the IRR as it does when
using a constant threshold for the BCR; that is, the decision-maker needs to choose the
level of the threshold. I adopt the same solution here, which is to use the level of the IRR
threshold that will be optimal once the climate has converged to its long-run equilibrium.
This value of the IRR threshold equals

(3.4)

where [ is given by equation (3.3).

Table 3.2 reports values of h for a range of values of p and . In all cases, the social
discount rate equals five percent. For example, if the economic factor grows at two percent
per annum on average, with a standard deviation of eight percent, then the rule-of-thumb
IRR threshold equals 7.68 percent. The decision-maker will invest the first time that the
project’s IRR exceeds the social discount rate by more than 2.68 percentage points.
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3.4 Approximating the value of waiting

The three approaches described so far can all be interpreted in terms of the optimal
investment condition in equation (3.1), which is rewritten here:

Present value Option
Investment

of future > expenditure + | wvalue of

net benefits P waiting

In particular, each of them effectively makes a crude approximation of the value of the
delay option that is destroyed as soon as the decision-maker invests.

e Standard CBA proceeds as though the option value is zero. That is, investment
occurs when the present value of the future net benefits is greater than the investment
expenditure.

e Using a constant BCR threshold effectively assumes that the option value is propor-
tional to the investment expenditure. For example, using a threshold of 1.80 leads to
investment behaviour that would be optimal if the value of the delay option equals
80% of the investment expenditure.

e Setting the discount rate at a level greater than the social discount rate effectively
assumes that the value of the delay option is equal to the resulting reduction in the
present value of the project’s future net benefits.

This section describes some more sophisticated approaches to approximating the option
value.

3.4.1 Assuming a fixed future investment date
Motivation

The option value of optimally waiting is the maximum attainable present value of the
investment payoff when the decision-maker can choose from all possible investment policies.
This includes policies that exploit information that becomes available while she waits.
Under the fixed-date approach introduced in this section, she selects from a more restrictive
set of choices. In particular, when the decision-maker calculates the maximum attainable
value of waiting she only chooses from policies that involve investing at a fized investment
date in the future. This is much easier to calculate than the “optimal” value of waiting,
because she just has to calculate the present value of the investment payoff for a set of
fixed dates. The calculation is not much more complicated than standard CBA.

Suppose the decision-maker is deciding whether to invest in a project that will require
upfront expenditure of $1000. If she invests immediately (that is, in 2023), the project
will generate a perpetual stream of expected benefits equal to $45 in 2024, $55 in 2025,
$65 in 2026, and so on. The net-benefit flow is shown in the top row of Table 3.3. On
the other hand, if she waits and invest in 2024, then the project will generate expected
benefits of $55 in 2025, $65 in 2026, and so on. This net-benefit flow is shown in the second
row of Table 3.3. The only difference from investing immediately is that the initial outlay
is delayed one year and the project does not start generating benefits until a year later.
Delaying investment until later dates generates the same pattern of benefits.
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Table 3.3: An example of project evaluation using the fixed-date approach

Investment 2023 2024 2025 2026 2027 2028 2029 --- Present
date value
2023 —1000 45 55 65 75 85 95 .- 3900
2024 0 —1000 55 65 75 85 95 .- 3905
2025 0 0 —1000 65 75 85 95 .- 3900
2026 0 0 0 —1000 75 85 95 .- 3887

Notes. Each row reports the investment expenditure and net benefit flows generated by
an adaptation project for a different fixed investment date, using all information available
in 2023. The final column reports the corresponding net present value, calculated from the
viewpoint of 2023.

The final column of Table 3.3 shows the present values of the net-benefit flows, mea-
sured in 2023, assuming the social discount rate is 5%. For example, if the decision-maker
invests immediately, the investment payoff is $3900. On the other hand, if she decides to
invest in 2024, the present value of the investment payoff will be $3905. Note that in this
case, shown by the second row in Table 3.3, all net-benefit flows are discounted back to
2023 (not to the investment date of 2024).1 Out of all the possible fixed future investment
dates, investing in 2024 gives the investment payoff with the largest present value in 2023.
As this present value is $3905, our estimate of the option value of waiting is $3905. As
this is greater than the investment payoff from investing immediately, the decision-maker
will not invest and instead will wait and reevaluate the project in the future.

It is important to note what this result does not mean: the policy is not to invest in
2024. Rather, the decision-maker will wait until the next scheduled evaluation date and
repeat the fixed-date calculations. All new relevant information will be incorporated in the
calculations, which will potentially alter the best fixed investment date. If the investment
payoff is greater than the approximate value of waiting, then the decision-maker invests
immediately, otherwise she waits until the next evaluation date. That is, the fixed-date
assumption is only for the purpose of estimating the option value of waiting; it is not used
to set the actual investment date. For as long as the decision-maker delays investment, she
continues to gather relevant climatic and economic information, and uses it to recalculate
the option value—but each time she calculates the option value, she assumes that any
delayed investment will occur at the best fixed future date. That is, the scope of this
assumption is strictly limited to calculating an approximate value for the delay option.

Table 3.4 shows how new information is incorporated in the fixed-date approach. Recall
that, based on the calculations in Table 3.3, the decision-maker chose to delay investment in
2023. At that time, 2024 was the best fixed investment date. Table 3.4 shows what happens
when the project is reevaluated in 2024, assuming that new information has induced the
decision-maker to revise her annual benefit estimates downwards by $6. The immediate
investment payoff is $3980, but the approximate value of waiting is $3981 (which is the
present value of the investment payoff if she decides to invest in 2025).2 Once more, she
should delay investment and reevaluate the project in the future.

!The present value evaluated in 2024 would be $4100, but that is not relevant for our evaluation in
2023.

2All present values are calculated from the viewpoint of 2024. Note that the new information has
changed the best fixed investment date from 2024 to 2025.
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Table 3.4: An example of project evaluation using the fixed-date approach (cont.)

Investment 2023 2024 2025 2026 2027 2028 2029 --- Present
date value
2024 n/a —1000 49 59 69 79 89 .- 3980
2025 n/a 0 —1000 59 69 79 89 .- 3981
2026 n/a 0 0 —1000 69 79 89 .- 3973

Notes. Each row reports the investment expenditure and net benefit flows generated by
an adaptation project for a different fixed investment date, using all information available
in 2024. The final column reports the corresponding net present value, calculated from the
viewpoint of 2024.

Implementation

Implementation of this approach is straightforward. Each time a project is evaluated, the
decision-maker calculates the present values of the investment payoffs for a selection of
possible fized future investment dates. She invests in the project immediately if and only
if, when viewed from the current date, it is better to invest immediately than to commit to
invest at any fixed future date. If this condition does not hold, then she waits and repeats
the evaluation process at the next scheduled evaluation date.

As the method has been presented so far, the decision-maker should consider all possi-
ble future evaluation dates when she carries out this exercise. However, a simpler approach
is to just use one or two future fixed investment dates (for example, dates five and ten
years in the future). The quality of the approximation of the option value of waiting will
fall, but the effect is likely to be small. Decision-making is now based on a simple rule:
evaluate the present value of investment payoffs from investing immediately, investing five
years from now, and investing ten years from now, and invest immediately if and only if
the first present value is larger than the other two.

3.4.2 Ignoring climatic or economic uncertainty

Calculating the option value of waiting is made especially difficult by the presence of two
distinct sources of uncertainty: climatic and economic. One way to simplify calculation
of the option value is to ignore one of these sources of uncertainty. For example, the
decision-maker can assume that the economic factor does not deviate from its expected
path. Alternatively, she can incorporate economic volatility but assume the climatic factor
does not deviate from its expected path. In either case, the decision-maker only needs to
incorporate one source of volatility when she calculates the value of the delay option.

Note that, as for the fixed-date approach described in Section 3.4.1, the decision-maker
only ignores this source of uncertainty when she calculates the option value. If she delays
investment, then when she reevaluates the project she incorporates all information that
has arrived since the last evaluation date—even though her past calculation of the option
value assumed there would be no such information. That is, the decision-maker updates
the investment payoff and the option value of waiting for the arrival of new climatic and
economic information since the most recent evaluation. However, she does not allow for
the arrival of future information when she calculates the value of waiting.



Chapter

Simple timing options

4.1 Introduction

This chapter analyses the simplest, and most commonly studied, example of a real option:
the option to choose when to undertake a one-off, irreversible investment. The choice of
investment timing is the only flexibility embedded in the investment opportunity. In some
examples, this will be because there really is no flexibility about what to build or where
to build it, only about when to build it. In reality, most projects will have some “what”
or “where” flexibility, but if this flexibility is minor compared to the embedded “when”
flexibility, then the project will be a good fit for the one studied in this chapter. The key
features are that the decision-maker can take the action (that is, invest) at most once,
she can take the action at any point during some (possibly quite long) period of time, the
cost of reversing the action is prohibitively high, and the flow of future benefits initiated
by taking the action is uncertain.

I illustrate this class of projects using the example of a programme to retrofit new
technology to existing buildings that will enable them to cope with higher outside tem-
peratures.! This can involve fitting fixed shading, movable external louvers, and extractor
fans to buildings and repainting them with materials that reflect heat. The flow of bene-
fits generated by investment includes reduced heat-related illness and, for many types of
project, reduced energy use. A suitable climate factor is therefore the average daily max-
imum temperature and suitable economic factors are average wages or other measures of
lost productivity. The decision-maker must decide when to upgrade the building. The ben-
efits generated by upgraded buildings may not cover the upgrading costs if climate change
turns out to be less severe than predicted, or if future measures of lost productivity are
lower than predicted. As investment is effectively irreversible, the decision-maker needs to
weigh these risks against the flow of near-term benefits generated by early investment.

Many other adaptation projects can be modelled using a similar framework. For ex-
ample, culverts carry water under roads at natural drainage and stream crossings. When
heavy rain and storm debris exceed the capacity of a culvert, the result can be a flooded

LA closely related example is the option to retrofit living (or green) roofs on existing buildings in order
to reduce peak stormwater flows (Fassman et al., 2010a,b).

39
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road and disrupted traffic.? Investing in a new culvert, or increasing the capacity of an ex-
isting one, results in less frequent flooding and reduced disruption costs. The main sources
of uncertainty surrounding the magnitude of these benefits are climatic (the frequency
and severity of extreme rainfall events) and economic (the volume of traffic on the road
and the value road users attach to avoiding disruption). Suitable climatic and economic
factors are therefore the average annual maximum rainfall in the vicinity of the culvert
and traffic volume, respectively. Decision-makers need to decide when to invest.

There are many other examples of adaptation projects with timing flexibility. For
example, Dunedin City Council is planning to redirect waste water from a treatment
plant on vulnerable land to one in a location that is less vulnerable, which will reduce
wastewater flooding in South Dunedin during times of heavy rain (Miller, 2018).% The
benefits generated by the completed project comprise the avoided flooding costs in South
Dunedin. The main sources of uncertainty surrounding the magnitude of these benefits
are climatic (the frequency and severity of extreme rainfall events) and economic (the
value of assets in South Dunedin that will be exposed to flooding risk until the wastewater
system is relocated). Suitable climatic and economic factors are therefore the average
annual maximum rainfall in the Dunedin area and the value of potentially affected assets
in South Dunedin. Their behaviour determines when it will be optimal for Dunedin City
Council to carry out the investment.

Similarly, when a local government considers abandoning a coastal road prone to ero-
sion, it must decide when to implement this policy. Doing so will generate benefits in the
form of avoided maintenance and repair costs, minus the lost economic surplus generated
by road users who must travel by a different route. A suitable climatic factor is any variable
that determines the frequency and severity of storm surges. A suitable economic factor
is any variable that determines the economic surplus generated by road users. This could
be as simple as the existing road’s traffic volume. It will be costly to reverse the decision
once the road is abandoned, especially if the erosion has been allowed to occur.

Many smaller-scale adaptation projects can be interpreted using the framework in this
chapter. For example, the owners of agricultural land confront a similar problem when
they consider changing the ways in which they use their land. One response to increased
erosion risk is to change from sheep and beef farming to forestry (Awatere et al., 2018).
Alternatively, riparian planting can reduce erosion, provide more shade, and make it easier
to manage stock, thereby boosting the profitability of surrounding land and potentially
generating additional revenue directly.* Agricultural land can be used to produce biomass
energy feedstocks (Regan et al., 2017). The economic benefits of a change in land use
equal the difference in profitability between the old and new activities. These benefits are
uncertain. First, future climatic conditions are uncertain and the state of the climate will
affect the land’s productivity with different activities.> Second, future economic conditions
are also uncertain and these conditions affect what the outputs of these activities are worth.

2For example, in July 2021, the combination of a blocked culvert and a heavy rainstorm turned a
40-minute commute into a nine-hour journey in Wellington (Te, 2021).

3Hughes et al. (2019, 2021) evaluate the impact of climate change on New Zealand’s wastewater systems.

4For example, riparian planting of flax can restore habitat in the short term and generate revenue in
the future (Hardy et al., 2019).

® Ausseil et al. (2019) investigate the likely impact of climate change on the suitability of some primary
production activities in three regions of New Zealand (Hawke’s Bay, Southland, Waikato). Land-use changes
might be driven more by some types of climate change than others. For example, the results in Bell et al.
(2021) suggest that an increased frequency and severity of droughts may have a moderate effect on the
profitability of sheep/beef and dairy farming.
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There is little point switching to a more productive land use if the market price of the new
output is very low. The landowner must decide when to change land use, but the timing
decision is not straightforward. For example, a new land-use might boost profitability
during droughts, but reduce it during non-drought periods, so the payoff from changing
land-use will depend on whether a good or bad climate scenario holds. It will be costly
to reverse some land-use changes, so the decision-maker will not want to switch from one
land-use to another too soon.

Similar issues can arise in situations where investment is not a consequence of climate
change, but is nevertheless affected by climate change. Consider the option to construct
houses on coastal land that is potentially vulnerable to climate change.® Even if the climate
were not changing, the landowner may still want to develop the land, but the prospect of
climate change affects the development decision. The economic benefits generated by the
investment (which equal the imputed rent of the houses built on the land) are sensitive to
future climate conditions. The expected value of these benefits declines over time due to a
combination of increasing flooding costs and potentially even abandonment of the houses
due to erosion. The future benefits will be especially low if the climate scenario is bad. In
addition to the usual cost of waiting, in this situation the landowner must also consider
the fact that the longer she waits to develop the land, the shorter the length of time the
developed land will be able to generate economic benefits before factors such as erosion
render the land unusable.

Table 4.1 shows how these adaptation projects can be interpreted in terms of the model
in this chapter. It suggests ways to specify benefit flows that capture the key net benefits
generated by the completed project, as well as adopt climatic and economic factors that
are appropriate for each example. I present a model of the first of these examples in this
chapter. Like all models used for decision-making, it is stylised. This is partly to ensure the
model is tractable and partly so its insights are applicable to other adaptation projects,
such as the other examples in Table 4.1. Many more complicated investment opportunities
can be analysed using essentially the same model. The key feature is that the decision-
maker can choose when to invest in the project. For example, even if the investment
programme spans several years, if construction cannot be abandoned or suspended prior
to completion, then the decision-maker can treat investment as a single event, as in the
model in this chapter. She simply sets the one-off lump sum investment outlay in the
model equal to the present value of the sequence of investment outlays in the real world
example.

4.2 Model framework

Details of the model can be found in Appendix B.1. Its key components are:

e A building’s occupants only suffer heat-related costs when the outside temperature
exceeds ¢ degrees. The building’s owner has the option to retrofit new technologies
that will lift this temperature threshold to ¢’ degrees. The building upgrade costs ¢
dollars.

e The economic factor equals the (annualised) heat-related costs incurred by the oc-
cupants for each degree the outside temperature exceeds the no-cost threshold. Each

SFor example, one of the options considered for Maori-owned coastal land in Horowhenua is to use it
for sustainable housing developments (Hardy et al., 2019).
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Table 4.1: Adaptation projects compatible with the framework in Chapter 4

Type of project

Benefit flow

Climate factor

Economic factor

Retrofitting buildings to
cope with heat waves

Avoided heat-related
costs

Average daily maximum
temperature

Average wages or other
measures of lost
productivity

Upgrading road culverts

Avoided traffic
disruption due to
flooding

Average annual
maximum rainfall

Traffic volume

Relocating wastewater
infrastructure

Avoided flooding costs

Average annual
maximum rainfall

Value of assets in
vulnerable area

Abandoning a coastal
road prone to erosion

Avoided maintenance
and repair costs, minus
lost economic surplus
generated by road users

Any variable that
determines the
frequency and severity
of storm surges

Traffic volume

Switching land use of
drought-prone
agricultural land

Difference in
profitability between the
old and new activities

Average rainfall

Agricultural commodity
price

Building houses on
potentially vulnerable
land

Imputed rent generated
by the land before it
succumbs to erosion,
minus expected flooding
and insurance costs

Frequency and severity
of storm surges

Value of developed land,
which might be proxied
by house prices in the
local area
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Figure 4.1: Average number of hot days with and without building retrofits

Average hot days per year

Year

= Good scenario (RCP2.6) Bad scenario (RCP8.5)

Notes. The graph plots the average number of days each year when the outside temperature
exceeds the no-cost threshold under the two climate scenarios. The solid and dashed curves
plot the average number of “hot” days before and after the building retrofit occurs.

year, the growth rate in this factor is normally distributed with a mean of 1.5% and
a standard deviation of 6.0%.

e The distribution of the daily maximum outdoor temperature shifts over time ac-
cording to one of two possible climate scenarios, which correspond approximately
to RCP 2.6 and RCP 8.5. Figure 4.1 plots the average number of days each year
when the outside temperature exceeds the no-cost threshold under the two climate
scenarios. In each case, the solid and dashed curves plot the average number of “hot”
days before and after the building retrofit occurs.

e All future costs and benefits are discounted using a constant social discount rate of
5% per annum.

e The baseline values of the model’s parameters have been chosen to approximate the
situation facing a building owner in Canterbury.

4.3 Optimal investment policy

The optimal policy does not involve fixed investment dates. Instead, it can be described in
terms of trigger points. Each time the project is evaluated, the decision-maker calculates
the current values of the climatic and economic factors and determines whether or not
the calculated combination triggers immediate investment. The timing of investment is
therefore determined by when a trigger point is reached, not by some fixed schedule of
investment dates. This section describes the form these trigger points take, both in the
baseline case and when the model’s parameters are varied around this baseline.
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4.3.1 Baseline case

I start by describing the socially optimal adaptation policy when the model’s parameters
take their baseline values. The top graph in Figure 4.2 summarises the optimal investment
policy for this problem. The curves plot the trigger points as a function of the probability p
that the bad climate scenario holds, with each curve corresponding to a different evaluation
date t. In principle, the decision-maker can use this graph in the following way:

1. Calculate the current levels of the climatic and economic factors and identify the
corresponding point on the graph.

2. If this point is on or below the curve corresponding to the current date, then wait
and reevaluate the project in the future.

3. If this point is above the curve corresponding to the current date, then invest im-
mediately.

For example, if it is currently year 10 and the decision-maker believes the two scenarios
are equally likely (that is, p = 0.5), then she should invest immediately if and only if
the economic factor is greater than approximately 12.4, which is the height of the yellow
curve. On the other hand, if the decision-maker believes the bad scenario is three times
more likely than the good scenario (that is, p = 0.75), then the economic factor needs to
exceed 12.0 in order for investment to be socially optimal in year 10.

The investment trigger points can also be expressed in terms of the benefit—cost ratio
associated with retrofitting the building. That is, instead of waiting for the economic
factor to be sufficiently high before investing, the decision-maker waits until the BCR is
sufficiently high. The socially optimal thresholds are shown in the bottom graph in Figure
4.2. The key results to note are:

e The optimal BCR threshold is much greater than one in all cases. The present value
of the benefits of investment therefore need to be significantly greater than the
required expenditure before investment can be socially optimal. The margin above
the required expenditure reflects the value of the real option to delay investment,
which is destroyed when investment occurs and is therefore part of the opportunity
cost of investment. At least in the baseline case considered here, this option value is
significant.

e The causes of this high option value vary. In the near term, the high threshold is due
to the possibility that the climate scenario is bad (so that the expected growth rate
in benefits is high); in the longer-term, it is due to uncertainty about the climate
scenario (and the resulting high level of p-volatility).

e In the short-term, the socially optimal BCR threshold is strongly increasing in p, so
the investment test is more demanding when the bad scenario is believed to be more
likely. Equivalently, the option to delay investment is initially more valuable when
the bad scenario is believed to be more likely.

e The behaviour of the optimal BCR threshold over time depends on the degree of
climate uncertainty.

— If climate uncertainty is low (that is, p is close to 0 or 1), then the threshold
falls over time, so that the investment test becomes less demanding. Once the
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Figure 4.2: Optimal investment triggers for building retrofits
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Notes. The top graph plots the optimal investment threshold for the economic factor as
a function of the contemporaneous level of the climate factor, for the indicated evaluation
dates. The bottom graph plots the optimal investment threshold for the BCR. All model
parameters take their baseline values.
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Figure 4.3: Value of the investment option under the optimal investment policy

3,
L

2,

=]

S r

a

(=}

=

£

2 1F

[

>

£

G

o

i L
0

2% Economic factor

Pr[Bad scenario], p: = 0.25 0.50 0.75

Notes. The graph plots the value of the investment option at date ¢ = 0 as a function
of the level of the economic factor for three different levels of the probability that the bad
climate scenario holds. The solid curves show the option’s value if the decision-maker adopts
the optimal investment policy and the dashed lines show the net payoffs from investing
immediately.

average daily maximum temperature has converged to its long-run value, the
value of the delay option derives solely from the volatility of the economic factor.
For the baseline parameter values, the long-run value of the BCR threshold is
1.57.

— In the unlikely event that climate uncertainty remains high (that is, p is close to
0.5), the threshold starts to increase again, so that the investment test becomes
more demanding. This reflects the fact that, as is evident from Chapter 2, p
becomes much more volatile if it hovers around 0.5 as the possible paths for the
average daily maximum temperature diverge. This leads to an increase in the
volatility of the investment payoff, which increases the option value of waiting.
In this situation, the true climate scenario will be revealed reasonably quickly,
in which case p will move towards either 0 or 1. In either case, the high BCR
thresholds will fall.

4.3.2 Sensitivity analysis

I use sensitivity analysis in this section in order to investigate two related issues:
e How important is the real option to choose the timing of investment?
e What does the welfare-maximising investment policy look like?

Figure 4.3 illustrates the approach I use. The solid curves plot the option value at date 0 as
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a function of the level of the economic factor, for the indicated bad-scenario probabilities.
The dashed lines show the net payoffs from investing immediately.

e The importance of timing flexibility—that is, the value of the real option to delay
investment—is captured by how far the solid curves are above the corresponding
dashed lines. Obviously, the height difference depends on where along the horizontal
axis the height is measured. I will measure the difference at the breakeven level
of the economic factor—that is, where the dashed line cuts the horizontal axis.
This quantity corresponds to the heights of the left-hand dots in the graph. In this
example, I have normalised investment expenditure to equal one, so the option values
are approximately 30% of the required investment expenditure.

e The three right-hand dots in Figure 4.3 show the optimal investment point for dif-
ferent bad-scenario probabilities. The optimal trigger point for the economic factor
equals the horizontal coordinate of each point, but it is more intuitive to express the
optimal investment policy in terms of the BCR. The heights of the three right-hand
dots equal the value of the investment option when the economic factor is at the level
that triggers immediate investment. As investment expenditure has been normalised
to equal one in this example, this also equals the amount by which the optimal
BCR investment threshold exceeds one. In this case, the margins are approximately
1.5-2.5, implying BCR thresholds of 2.5-3.5.

Each row in Table 4.2 reports the maximum attainable option value for various evalu-
ation dates and probabilities that the bad climate scenario holds, where the option value
is evaluated at the breakeven-level of the economic factor. The top row shows results when
all parameters take their baseline values. The other panels report results when I vary one
of the model’s parameters, as described in the first entry in each row. The table shows the
following:

e The value of timing flexibility is economically significant across the full range of
parameter settings. That is, the value of the option is a significant percentage of the
investment expenditure required to complete the adaptation project. Thus, some
form of ROA, or a simplified approximation to this method, is important for achiev-
ing good welfare gains from investing in the project.

e In the short term, the option value is higher if the bad climate scenario is more likely.

e In the short term, investment timing flexibility is more valuable if the economic
factor is more volatile or is expected to grow more quickly. Climate noise has little
effect on the option value.

e In the medium term, the option value is higher if the economic factor is more volatile
or is expected to grow more quickly, or there is less noise in climate data (that is,
more volatility in the climate factor).

I also use sensitivity analysis to analyse the optimal investment policy. Each row in
Table 4.3 reports the welfare-maximising trigger point for the BCR for various evaluation
dates and probabilities that the bad climate scenario holds. The top row shows results when
all parameters take their baseline values. For example, if the decision-maker is evaluating
the project in year 40 and she believes the two scenarios are equally likely, then it is
optimal to invest immediately if and only if immediate investment has a BCR greater
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Table 4.2: Maximum attainable option value at breakeven level of economic factor

p 0.25 0.50 0.75
t 0 40 80 120 0 40 80 120 0 40 80 120
Baseline case
0.277 0.250 0.285 0.305 0.321 0.273 0.282 0.289 0.353 0.263 0.239 0.229

o Volatility of economic factor
0.04 0.265 0.240 0.277 0.299 0.310 0.264 0.276 0.285 0.344 0.253 0.228 0.218
0.05 0.271 0.245 0.281 0.301 0.315 0.268 0.278 0.287 0.348 0.258 0.233 0.223
0.06 0.277 0.250 0.285 0.305 0.321 0.273 0.282 0.289 0.353 0.263 0.239 0.229
0.07 0.285 0.257 0.289 0.309 0.328 0.278 0.286 0.293 0.359 0.269 0.245 0.236
0.08 0.293 0.263 0.294 0.313 0.335 0.284 0.291 0.297 0.366 0.276 0.253 0.243

m Drift of economic factor
0.005 0.188 0.180 0.232 0.260 0.225 0.199 0.229 0.246 0.253 0.180 0.170 0.168
0.010 0.229 0.211 0.255 0.279 0.270 0.232 0.252 0.265 0.301 0.218 0.201 0.195
0.015 0.277 0.250 0.285 0.305 0.321 0.273 0.282 0.289 0.353 0.263 0.239 0.229
0.020 0.333 0.298 0.322 0.338 0.379 0.321 0.319 0.321 0.412 0.315 0.285 0.272
0.025 0.396 0.356 0.369 0.379 0.444 0.379 0.367 0.364 0.477 0.377 0.340 0.325

0 Noise in climate information
0.672 0.281 0.277 0.323 0.346 0.327 0.290 0.300 0.311 0.358 0.270 0.243 0.233
1.372 0.279 0.264 0.304 0.327 0.323 0.284 0.294 0.302 0.355 0.268 0.242 0.232
2.072 0.277 0.250 0.285 0.305 0.321 0.273 0.282 0.289 0.353 0.263 0.239 0.229
2.772 0.277 0.240 0.267 0.285 0.320 0.263 0.269 0.275 0.353 0.257 0.233 0.224
3.472 0.276 0.232 0.252 0.267 0.319 0.255 0.256 0.261 0.352 0.253 0.227 0.218

Notes. Each row reports the maximum attainable option value for various evaluation dates
and probabilities that the bad climate scenario holds, where the option value is evaluated at
the breakeven-level of the economic factor. The top row shows results when all parameters
take their baseline values. The other panels report results when I vary one of the model’s
parameters, as described in the first entry in each row. All parameters other than those listed

take their baseline values.

than 2.13. The other panels report results when I vary one of the model’s parameters, as

described in the first entry in each row. The table shows the following;:

e BCR trigger points are high across the full range of parameter settings.

e In the short term, the optimal BCR threshold is higher if the bad climate scenario
is more likely.

In the short term, the drift in the economic factor is a much more important factor
in determining the optimal threshold than economic volatility or noise in the climate
variable. If the economic factor is expected to grow more quickly then the optimal
BCR threshold is higher (that is, a more demanding investment test is optimal).

In the medium term, the investment threshold is higher if the economic factor is
more volatile or there is less noise in climate data (that is, more volatility in the
climate factor). Climate volatility is more important than economic volatility in the
medium term.

Overall, it is clear that the real option to choose the timing of investment is very
valuable and that optimal investment involves waiting until the benefits of investment
are much larger than the required investment expenditure. The remainder of this chapter
evaluates the potential of simple alternatives to ROA to deliver the economic benefits
associated with investment-timing flexibility.
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Table 4.3: Optimal threshold for the BCR

P 0.25 0.50 0.75
t 0 40 80 120 0 40 80 120 0 40 80 120
Baseline case
2.63 1.90 2.06 2.17 3.05 213 240 2.58 3.48 219 238 2.58

o Volatility of economic factor
0.04 2.60 1.83 1.99 2.09 3.03 2.06 233 2.54 3.46 213 234 2.52
0.05 2.61 1.87 2.02 2.15 3.04 209 236 2.55 3.47 216 2.36 254
0.06 2.63 1.90 2.06 2.17 3.05 213 240 2.58 3.48 219 238 2.58
0.07 2.64 194 211 221 3.07 217 244 2.63 3.50 222 242 2.59
0.08 2.65 198 2.14 227 3.08 221 247 2.68 3,51 226 244 261

W Drift of economic factor
0.005 191 1.53 1.72 1.84 2.16 1.70 2.00 2.19 241 171 196 2.14
0.010 222 1.69 1.86 1.98 2.54 1.88 2.16 2.35 2.86 191 2.14 2.32
0.015 2.63 1.90 2.06 2.17 3.05 213 240 2.58 3.48 219 238 2.58
0.020 3.19 221 236 2.46 3.79 248 273 2.92 4.38 2.58 2.73 2.90
0.025 4.02 265 2.77 2.89 4.88 3.02 3.22 3.42 5.74 3.15 3.21 3.38

0 Noise in climate information
0.672 2.63 2.05 2.34 2.50 3.05 250 3.00 3.29 3.48 2.74 3.48 3.88
1.372 2.63 1.96 2.17 2.29 3.05 226 2.68 291 3.48 236 2.79 3.05
2.072 2.63 190 2.06 2.17 3.05 213 240 2.58 3.48 219 238 2.58
2.772 2.63 1.86 1.97 2.07 3.05 206 222 2.36 3.48 210 2.15 2.25
3.472 2.63 1.83 1.91 1.98 3.05 201 2.09 2.19 3.48 2.07 2.01 2.06

Notes. Each entry in the table reports the optimal investment threshold for the BCR for the
indicated parameter combination. All parameters other than those listed take their baseline
values.

4.4 Performance of simple rules

4.4.1 Baseline case

The aim of this subsection is to show how various simple alternatives to ROA perform. I
focus on two key questions, which are closely related to the issues investigated in Section
4.3.2. Specifically, for each simple rule:

e What proportion of the maximum-attainable welfare can be achieved if the decision-
maker adopts this rule?

e What does the investment policy implied by a simple rule look like?

Table 4.4 summarises the welfare performance of various decision-making rules. The
top row reports the maximum attainable present value of future welfare associated with
the option to undertake the adaptation project, evaluated at the break-even level of the
economic factor. That is, the values in this row show the option value that can be attained
if the decision-maker adopts the optimal investment policy. In contrast, the subsequent
rows report the option value if she uses various simple decision-making rules. In each
case, the option value is evaluated at the break-even level of the economic factor and is
expressed as a proportion of the maximum attainable option value.” For example, if the
decision-maker uses a constant IRR threshold of six percent and the two climate scenarios

"Unless stated otherwise, these calculations assume that the project is evaluated every five years under
the simple policies, and continuously under the optimal policy.
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Table 4.4: Welfare performance of simple rules in baseline case
p 0.25 0.50 0.75
t 0 40 80 120 0 40 80 120 0 40 80 120
Optimal policy
0.277 0.250 0.285 0.305 0.321 0.273 0.282 0.289 0.353 0.263 0.239 0.229
Standard CBA

At =0.25 0.071 0.219 0.302 0.328 0.061 0.163 0.282 0.332 0.094 0.150 0.211 0.263
At=1 0.192 0.336 0.515 0.563 0.168 0.327 0.500 0.568 0.140 0.275 0.392 0.463
At =2 0.299 0.473 0.652 0.709 0.275 0.459 0.643 0.711 0.245 0.377 0.524 0.593
At=5 0.513 0.682 0.821 0.854 0.484 0.672 0.828 0.874 0.459 0.596 0.731 0.781
At =10 0.746 0.828 0.871 0.866 0.712 0.842 0.909 0.912 0.699 0.797 0.868 0.888

Constant BCR threshold
B =1.00 0.513 0.682 0.821 0.854 0.484 0.672 0.828 0.874 0.459 0.596 0.731 0.781
B=125 0.775 0.884 0.921 0.930 0.736  0.854 0.917 0.934 0.692 0.830 0.893 0.916
B =1.50 0.955 0.958 0.959 0.956 0.914 0.953 0.970 0.972 0.884 0.960 0.981 0.982
B=175 0.987 0.970 0.965 0.960 0.977 0.981 0.973 0.960 0.963 0.986 0.966 0.944
B =2.00 0.965 0.950 0.951 0.948 0.987 0.966 0.931 0.901 0.989 0.962 0.905 0.862

Constant IRR threshold
h=0.05 0.513 0.682 0.821 0.854 0.484 0.672 0.828 0.874 0.459 0.596 0.731 0.781
h = 0.06 0.884 0.911 0.934 0.938 0.850 0.898 0.931 0.944 0.834 0.892 0.923 0.940
h =0.07 0.985 0.973 0.965 0.959 0.980 0.979 0.978 0.974 0.971 0.986 0.983 0.977
h =0.08 0.970 0.962 0.961 0.957 0.987 0.970 0.950 0.934 0.992 0.966 0.932 0.907
h =0.09 0.917 0.920 0.929 0.933 0.954 0.924 0.881 0.849 0.968 0.910 0.848 0.811

Fixed-date approximation of delay-option value
All 0.988 0.981 0.965 0.956 0.990 0.985 0.977 0.972 0.991 0.987 0.984 0.982
At=1 0.990 0.980 0.963 0.954 0.991 0.984 0.977 0.969 0.992 0.988 0.984 0.982
At =2 0.991 0.978 0.962 0.954 0.992 0.984 0.974 0.968 0.993 0.988 0.984 0.981
At=5 0.991 0.974 0.958 0.951 0.992 0.980 0.970 0.965 0.994 0.986 0.981 0.978
At =10 0.984 0.962 0.951 0.947 0.986 0.969 0.960 0.957 0.989 0.977 0.973 0.967
Approximate value of waiting

Ignore clim vol  0.985 0.981 0.969 0.960 0.987 0.983 0.978 0.974 0.989 0.984 0.977 0.975
Ignore econ vol 0.989 0.976 0.961 0.953 0.990 0.980 0.973 0.968 0.991 0.985 0.982 0.980

Notes. The top row reports the maximum attainable option value for various evaluation dates
and probabilities that the bad climate scenario holds, where the option value is evaluated at
the breakeven-level of the economic factor. The subsequent rows report the option value if
the decision-maker uses various simple rules. In each case, the option value is evaluated at
the break-even level of the economic factor and is expressed as a proportion of the maximum
attainable option value. All parameters take their baseline values.

are equally likely, then the option value is initially 85.0% of its value under the optimal
policy, assuming the economic factor is currently at the break-even level.

Standard CBA

e The welfare performance is poor if the project is evaluated frequently. If standard
CBA is used, then it is better to evaluate the project infrequently, perhaps every

five or ten years.

e Even standard CBA, if applied infrequently, can achieve more than half of the max-
imum achievable welfare.

e CBA performs better as time goes on.
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Constant BCR threshold

e In this case, the project is evaluated every five years, so the row corresponding to
B =1 gives the same results as standard CBA with the same evaluation interval.
That is, the top row of the second panel is identical to the fourth row of the top
panel.

e The welfare performance of this rule is sensitive to the chosen level of the BCR
threshold. Starting from a threshold of B = 1, welfare performance first improves
then worsens as the threshold increases.

e It is possible to achieve more than 90% of the maximum attainable welfare using
this approach.

Constant IRR threshold

e The project is evaluated every five years, so that the row corresponding to h= 0.05,
which is the assumed level of the social discount rate, gives the same results as
standard CBA with the same evaluation interval. That is, the top row of the third
panel is identical to the fourth row of the top panel.

e The welfare performance of this rule is sensitive to the chosen level of the IRR
threshold. Starting from a threshold of h = 0.05, welfare performance first improves
then worsens as the threshold increases.

e It is possible to achieve more than 90% of the maximum attainable welfare using
this approach.

Fixed-date delay option approximation

e In the first row of this panel, the decision-maker invests only if the net present value
of investing immediately is greater than the net present value of waiting until any
future date. In the other rows, the decision-maker invests only if the net present
value of investing immediately is greater than the net present value of waiting At
years and then investing, where the value of At is specified at the start of each row.

e The performance of this approach is quite insensitive to the level of At.

e This approach typically achieves more than 95% of the maximum attainable welfare.
The performance is robust over time and over changes in the climate factor.

e The performance of this approach is superior to both rules of thumb (constant BCR
and IRR thresholds).

Ignoring climate or economic volatility

e The performance of these approaches is comparable to the fixed-date approximation
approach, but of course these approaches are much more challenging to implement.

e The difference in performance between ignoring climate volatility and ignoring eco-
nomic volatility are small.
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Table 4.5: Investment timing implied by simple rules in baseline case

P 0.25 0.50 0.75
t 0 40 80 120 0 40 80 120 0 40 80 120
Optimal policy
2.63 1.90 2.06 2.17 3.05 213 240 2.58 3.48 219 2.38 2.58
Standard CBA
At =0.25 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
At=1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
At =2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
At=5 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
At =10 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Constant BCR threshold
B=1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
B=125 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25
B =150 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50
B=175 1.75 1.75 1.75 1.75 1.75 1.75 1.75 1.75 1.75 1.75 1.75 1.75
B =2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Constant IRR threshold
h = 0.05 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
h =0.06 1.38 1.32 1.30 1.29 142 1.33 1.30 1.29 145 1.34 131 1.29
h=0.07 1.77 1.64 1.60 1.58 1.87 1.67 1.61 1.59 1.94 1.70 1.62 1.59
h =0.08 2.18 196 1.90 1.87 2.34 202 192 1.88 2.47 2.05 193 1.88
h = 0.09 2.60 2.28 2.20 2.16 2.82 236 223 217 3.02 241 224 2.18
Fixed-date approximation of delay-option value
All 2.60 1.68 1.54 1.48 3.02 1.83 1.59 1.50 344 193 1.62 1.51
At=1 2.51 1.65 1.52 1.46 291 1.80 1.57 1.48 3.32 190 1.60 1.49
At =2 243 1.63 1.51 1.45 2.83 1.77 1.55 147 3.22 187 1.58 1.48
At=5 2.23 1.58 1.47 1.42 2.59 1.70 1.51 1.43 294 1.79 1.53 144
At =10 1.98 1.50 1.41 1.37 2.28 1.60 1.44 1.38 2.57 1.67 1.46 1.39
Approximate value of waiting
Ignore clim vol 2.63 1.77 1.64 1.58 3.05 191 1.69 1.60 3.48 2.00 1.70 1.62
Ignore econ vol 2.58 1.77 1.92 2.04 3.01 2.01 228 2.46 3.43 2.09 231 248

Notes. The top row reports the optimal threshold for the BCR for the indicated combinations
of the climate factor and the current date. The subsequent rows report the BCR thresholds
the decision-maker effectively adopts if she uses the indicated simple decision-making rules.
All parameters take their baseline values.

Turning to the question of investment timing, Table 4.5 summarises the investment
policies implied by simple alternatives to ROA that appear in Table 4.4. The top row
reports the optimal threshold for the BCR for the indicated combinations of the climate
factor and the current date. It is the same as the top row in Table 4.3. The subsequent
rows report the BCR threshold that the decision-maker effectively adopts if she uses the
indicated simple decision-making rules. For example, if the decision-maker uses a constant
IRR threshold of six percent and the two climate scenarios are equally likely, then the
effective BCR threshold at date 0 is 1.42.

Standard CBA By definition, if the decision-maker uses standard CBA, then she in-
vests whenever the project’s benefits exceed its costs; that is, when the BCR is greater
than or equal to one.
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Constant BCR threshold In each case, the simple rule is to invest if the project’s
BCR is greater than or equal to some constant. Thus, the implied BCR threshold takes
the same value for all bad-scenario probabilities and all evaluation dates.

Constant TRR threshold In this case, the investment threshold is constant when
expressed in terms of the project’s IRR, but non-constant when expressed in terms of the
BCR.

e Higher levels of the constant IRR threshold lead to higher levels of the implied BCR
threshold—that is, to later investment.

e Holding the IRR threshold constant, the implied BCR threshold is greater (that is,
the investment test is more demanding) if the bad climate scenario is more likely.
The sensitivity is greater for higher IRR thresholds.

e The implied threshold for the BCR shares some of the qualitative properties of the
optimal BCR threshold. In particular, it is higher if the bad climate scenario is more
likely.

Fixed-date delay option approximation This is only a very slight modification of
standard CBA, but it leads to significant delay.

e In the short-term, the implied BCR threshold is typically greater than 2; that is,
the present value of the project’s benefits has to be more than twice as large as the
project’s cost for immediate investment to occur.

e The implied BCR threshold is higher if the bad scenario is more likely, if the fixed de-
lay used to approximate the value of the delay option is shorter, and if the evaluation
date is earlier.

Ignoring climate or economic volatility

e Investment timing is similar in the two cases, although ignoring climate volatility
leads to a slightly higher implied BCR, threshold in the short term.

e The implied BCR threshold is higher (that is, the investment test is more demanding)
than most instances of the rule based on the fixed-date approximation of the option
value.

Table 4.4 shows that most of these rules perform very well—that is, welfare losses are
small. Figure 4.4 shows why this is the case. The graph plots the value of the investment
option at date ¢ = 40 as a function of the level of the economic factor for three different
levels of the probability that the bad climate scenario holds. The solid curves show the value
of the investment option if the decision-maker adopts the optimal investment policy and the
dashed curves show its value if she adopts the fixed-date approximation approach instead.
The dashed grey lines show the investment payoffs. The lower and upper dots on each
curve show the alternative and optimal investment thresholds, respectively. Comparing
the two sets of points shows that the simple rule leads to investment occurring too soon.
That is, the points’ horizontal coordinates show the simple rule implies a lower investment
threshold for the economic factor. Similarly, the points’ vertical coordinates show that it
implies a lower threshold for the BCR. However, comparing the height of each solid curve
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Figure 4.4: Value of the investment option under two investment policies
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Notes. The graph plots the value of the investment option at date t = 40 as a function
of the level of the economic factor for three different levels of the probability that the bad
climate scenario holds. The solid curves show the option’s value if the decision-maker adopts
the optimal investment policy and the dashed curves show its value if she uses the fixed-date
approximation approach. The dashed grey lines show the investment payoffs. The lower and
upper dots on each curve show the alternative and optimal investment thresholds, respec-
tively.

with its dashed counterpart shows the loss of welfare is small. Indeed, at the breakeven
levels of the economic factor, the solid and dashed curves are almost indistinguishable.

Even under the simple rule featuring in Figure 4.4, investment is delayed well past the
breakeven point. The corresponding dots are thus well up the dashed lines, which pulls
the option value up as well. In contrast, if the decision-maker invests much earlier, so that
the left-hand dots slide down the dashed grey lines, then gaps between the dashed and
solid curves start to appear. The important thing that a simple rule must ensure is that
there is some delay past the breakeven point. It is not necessary to closely match optimal
investment timing to achieve most of the potential welfare.

4.4.2 Sensitivity analysis

This section uses sensitivity analysis to determine the robustness of the results in Section
4.4.1 and to identify situations in which these simple alternatives to ROA perform partic-
ularly well or particularly poorly. I focus on the welfare performance of each alternative.
In particular, for each approach, I report the option value if the decision-maker uses this
approach, evaluated at the break-even level of the economic factor and expressed as a
proportion of the maximum attainable option value. An approach’s welfare performance
is better when the reported value is closer to one. The tables of results in this section have
the same format as Table 4.2.
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Table 4.6: Welfare implications of using standard CBA

p 0.25 0.50 0.75
t 0 40 80 120 0 40 80 120 0 40 80 120
o Volatility of economic factor

0.04 0.479 0.677 0.826 0.859 0.452 0.672 0.836 0.882 0.433 0.588 0.746 0.805
0.05 0.495 0.679 0.823 0.857 0.467 0.672 0.833 0.879 0.444 0.591 0.738 0.792
0.06 0.513 0.682 0.821 0.854 0.484 0.672 0.828 0.874 0.459 0.596 0.731 0.781
0.07 0.530 0.684 0.818 0.851 0.500 0.673 0.823 0.869 0.474 0.603 0.726 0.772
0.08 0.547 0.686 0.815 0.848 0.517 0.674 0.818 0.862 0.490 0.611 0.723 0.766

I Drift of economic factor
0.005 0.612 0.763 0.858 0.875 0.552 0.751 0.862 0.882 0.540 0.699 0.810 0.849
0.010 0.551 0.724 0.848 0.873 0.511 0.715 0.851 0.883 0.507 0.643 0.773 0.818
0.015 0.513 0.682 0.821 0.854 0.484 0.672 0.828 0.874 0.459 0.596 0.731 0.781
0.020 0.459 0.628 0.783 0.827 0.445 0.627 0.792 0.847 0.431 0.549 0.677 0.730
0.025 0.430 0.579 0.728 0.782 0.406 0.581 0.742 0.804 0.382 0.509 0.625 0.671

0 Noise in climate information
0.672 0.508 0.882 0.908 0.892 0.478 0.895 0.966 0.953 0.453 0.746 0.839 0.868
1.372 0.511 0.761 0.882 0.899 0.481 0.760 0.909 0.936 0.457 0.656 0.795 0.840
2.072 0.513 0.682 0.821 0.854 0.484 0.672 0.828 0.874 0.459 0.596 0.731 0.781
2.772 0.514 0.637 0.769 0.807 0.485 0.623 0.767 0.817 0.459 0.565 0.683 0.732
3.472 0.514 0.609 0.731 0.768 0.486 0.593 0.723 0.773 0.460 0.548 0.651 0.696

Notes. Each row reports the option value if the decision-maker uses standard CBA with five-
yearly project evaluations, for various evaluation dates and probabilities that the bad climate
scenario holds. The option value is evaluated at the breakeven-level of the economic factor
and is expressed as a proportion of the maximum attainable option value. All parameters
other than those listed take their baseline values.

Standard CBA Table 4.6 reports the results for the case when the decision-maker
evaluates the project using standard CBA at five-yearly intervals.

e In most cases, standard CBA achieves more than half the maximum attainable wel-
fare associated with the adaptation project.

o Welfare losses are greater in the short term, when the bad climate scenario is more
likely, when the economic factor is less volatile, and when the economic factor is
expected to grow more quickly. The scale of welfare losses is relatively insensitive to
the speed with which climate uncertainty falls.

Comparing the maximum attainable welfare with that achieved by standard CBA with a
fixed evaluation period is more informative about the importance of using some form of
ROA than just calculating the maximum-achievable option value. Therefore, the low-value
entries in Table 4.6 reveal the types of projects for which some form of ROA will add the
most value.

Constant BCR threshold There is an obvious way to implement ROA, CBA, and
fixed-future-date approximations when model parameters change: just do the same thing as
in the baseline case. The situation is not so simple, however, when carrying out sensitivity
analysis of the two rules of thumb. For the cases of constant BCR and IRR thresholds, the
decision-maker needs to choose the level of the threshold. The threshold should be constant
during the period that a project is being evaluated, but there is no reason to use the same
constant threshold for different projects. Indeed, the sensitivity analysis in Table 4.3 shows
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Table 4.7: Welfare implications of using a constant threshold for the BCR

p B 0.25 0.50 0.75
t 0 40 80 120 0 40 80 120 0 40 80 120
o Volatility of economic factor
0.04 1.50 0.963 0.959 0.959 0.956 0.916 0.955 0.972 0.973 0.884 0.965 0.986 0.986
0.056 1.53 0.961 0.965 0.962 0.957 0.929 0.963 0.975 0.973 0.902 0.971 0.986 0.980
0.06 1.57 0.974 0.966 0.963 0.958 0.942 0.968 0.976 0.974 0.917 0.976 0.984 0.978
0.07 1.61 0.971 0.970 0.966 0.960 0.948 0.972 0.977 0.972 0.928 0.978 0.982 0.973
0.08 1.66 0.978 0.970 0.966 0.961 0.957 0.974 0.976 0.971 0.938 0.980 0.979 0.971
0 Drift of economic factor
0.005 1.29 0.953 0.942 0.932 0.924 0.903 0.946 0.945 0.936 0.872 0.956 0.962 0.951
0.010 1.41 0.965 0.955 0.950 0.942 0.921 0.956 0.962 0.957 0.893 0.966 0.975 0.967
0.015 1.57 0.974 0.966 0.963 0.958 0.942 0.968 0.976 0.974 0.917 0.976 0.984 0.978
0.020 1.80 0.979 0.976 0.976 0.973 0.958 0.977 0.985 0.983 0.936 0.982 0.990 0.984
0.025 2.14 0.984 0.983 0.985 0.984 0.964 0.985 0.991 0.989 0.951 0.988 0.993 0.990
0 Noise in climate information
0.672 1.57 0.966 0.979 0.950 0.927 0.934 0.975 0.983 0.967 0.911 0.980 0.987 0.981
1.372  1.57 0.971 0.965 0.964 0.954 0.939 0.968 0.981 0.976 0.914 0.978 0.986 0.980
2.072 1.57 0.974 0.966 0.963 0.958 0.942 0.968 0.976 0.974 0.917 0.976 0.984 0.978
2.772  1.57 0.975 0.971 0.965 0.960 0.944 0.970 0.975 0.973 0.918 0.976 0.983 0.978
3.472 1.57 0.975 0.975 0.968 0.963 0.945 0.973 0.976 0.973 0.919 0.977 0.982 0.977

Notes. Each row reports the option value if the decision-maker uses the constant BCR
threshold in equation (3.2), for various evaluation dates and probabilities that the bad climate
scenario holds. The option value is evaluated at the breakeven-level of the economic factor
and is expressed as a proportion of the maximum attainable option value. All parameters
other than those listed take their baseline values.

that sensible choices of the thresholds are likely to vary with the model’s parameters. The
approach I adopt here for the constant-BCR approach is to use the threshold defined in
equation (3.2). Table 4.7 considers this case when the decision-maker evaluates the project
at five-yearly intervals.

e In most cases, using this constant BCR threshold achieves more than 90% of the
maximum attainable welfare associated with the adaptation project.

e Welfare losses are greater in the short term, unless the bad climate scenario is un-
likely. In the short term, the losses are greater when the bad climate scenario is
more likely, when the economic factor is less volatile, and when the economic factor
is expected to grow less quickly. The scale of welfare losses is relatively insensitive
to the speed with which climate uncertainty falls.

Constant IRR threshold The same problem arises when using a constant threshold
for the IRR as it does when using a constant threshold for the BCR; that is, the decision-
maker needs to choose the level of the threshold. The approach I adopt here is to use the
threshold defined in equation (3.4). Table 4.8 considers the case when the decision-maker
evaluates the project at five-yearly intervals.

e In most cases, using this constant IRR threshold achieves more than 95% of the
maximum attainable welfare associated with the adaptation project.

e Welfare losses are greater in the short term, unless the bad climate scenario is un-
likely. In the short term, the losses are greater when the bad climate scenario is
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Table 4.8: Welfare implications of using a constant threshold for the IRR
P h 0.25 0.50 0.75
t 0 40 80 120 0 40 80 120 0 40 80 120
o Volatility of economic factor
0.04 0.0674 0.981 0.968 0.962 0.957 0.965 0.972 0.976 0.974 0.956 0.981 0.988 0.984
0.05 0.0686 0.986 0.973 0.965 0.958 0.973 0.977 0.978 0.974 0.966 0.984 0.986 0.980
0.06 0.0700 0.985 0.973 0.965 0.959 0.980 0.979 0.978 0.974 0.971 0.985 0.983 0.977
0.07 0.0714 0.987 0.976 0.968 0.961 0.982 0.981 0.978 0.972 0.979 0.986 0.980 0.972
0.08 0.0731 0.987 0.975 0.967 0.961 0.985 0.981 0.976 0.970 0.983 0.985 0.977 0.968
m Drift of economic factor
0.005 0.0630 0.973 0.950 0.933 0.924 0.956 0.954 0.946 0.937 0.946 0.967 0.962 0.947
0.010 0.0662 0.980 0.964 0.952 0.943 0.968 0.970 0.966 0.958 0.958 0.978 0.975 0.965
0.015 0.0700 0.985 0.973 0.965 0.959 0.980 0.979 0.978 0.974 0.971 0.985 0.983 0.977
0.020 0.0740 0.991 0.983 0.978 0.974 0.987 0.987 0.986 0.983 0.983 0.991 0.988 0.983
0.025 0.0784 0.994 0.989 0.986 0.984 0.992 0.992 0.991 0.988 0.990 0.994 0.992 0.988
0 Noise in climate information
0.672 0.0700 0.981 0.981 0.950 0.927 0.974 0.987 0.983 0.964 0.968 0.990 0.985 0.978
1.372  0.0700 0.984 0.972 0.965 0.954 0.978 0.980 0.981 0.974 0.970 0.987 0.984 0.978
2.072 0.0700 0.985 0.973 0.965 0.959 0.980 0.979 0.978 0.974 0.971 0.985 0.983 0.977
2.772  0.0700 0.986 0.976 0.967 0.961 0.981 0.980 0.977 0.973 0.972 0.985 0.982 0.976
3.472  0.0700 0.986 0.979 0.970 0.964 0.982 0.982 0.977 0.974 0.972 0.986 0.982 0.976
Notes. Each row reports the option value if the decision-maker uses the constant IRR thresh-
old in equation (3.4), for various evaluation dates and probabilities that the bad climate sce-
nario holds. The option value is evaluated at the breakeven-level of the economic factor and
is expressed as a proportion of the maximum attainable option value. All parameters other
than those listed take their baseline values.
more likely, when the economic factor is less volatile, and when the economic factor
is expected to grow less quickly. The scale of welfare losses is relatively insensitive
to the speed with which climate uncertainty falls.
o Welfare losses are smaller using the constant IRR threshold in equation (3.4) than

they are using the constant BCR threshold in equation (3.2).

Approximating the option value of waiting Table 4.9 considers the case when the
decision-maker approximates the value of the delay option using a fixed one-year delay
and evaluates the project at five-yearly intervals.

e In the short-medium term, using this approach achieves more than 98% of the
maximum attainable welfare associated with the adaptation project.

e In the long term, welfare losses are greater when the bad climate scenario is less
likely and when the economic factor is expected to grow less quickly. The scale of
welfare losses is relatively insensitive to the speed with which climate uncertainty

falls.

Tables 4.10 and 4.11 consider the case when the decision-maker ignores climatic and
economic volatility, respectively, when calculating the option value of waiting. The decision-

maker evaluates the project at five-yearly intervals.
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Table 4.9: Welfare implications of assuming a fixed future investment date

p 0.25 0.50 0.75
t 0 40 80 120 0 40 80 120 0 40 80 120
o Volatility of economic factor

0.04 0.992 0.981 0.964 0.954 0.993 0.986 0.979 0.971 0.994 0.990 0.988 0.986
0.05 0.991 0.981 0.963 0.954 0.992 0.985 0.978 0.970 0.993 0.989 0.986 0.984
0.06 0.990 0.980 0.963 0.954 0.991 0.984 0.977 0.969 0.992 0.988 0.984 0.982
0.07 0.989 0.978 0.963 0.954 0.991 0.983 0.975 0.968 0.992 0.986 0.982 0.979
0.08 0.988 0.977 0.962 0.953 0.990 0.981 0.973 0.966 0.991 0.985 0.980 0.976

I Drift of economic factor
0.005 0.980 0.942 0.915 0.906 0.985 0.956 0.929 0.917 0.988 0.970 0.950 0.935
0.010 0.987 0.967 0.943 0.932 0.989 0.974 0.958 0.948 0.991 0.981 0.974 0.967
0.015 0.990 0.980 0.963 0.954 0.991 0.984 0.977 0.969 0.992 0.988 0.984 0.982
0.020 0.992 0.987 0.978 0.971 0.993 0.989 0.986 0.983 0.994 0.991 0.990 0.989
0.025 0.994 0.991 0.987 0.983 0.995 0.993 0.991 0.990 0.995 0.994 0.992 0.992

0 Noise in climate information
0.672 0.990 0.986 0.952 0.929 0.991 0.990 0.984 0.968 0.992 0.990 0.988 0.986
1.372 0.990 0.980 0.966 0.954 0.991 0.986 0.982 0.975 0.992 0.989 0.987 0.985
2.072 0.990 0.980 0.963 0.954 0.991 0.984 0.977 0.969 0.992 0.988 0.984 0.982
2.772 0.990 0.981 0.964 0.953 0.992 0.984 0.975 0.965 0.993 0.987 0.983 0.979
3.472 0.990 0.982 0.966 0.954 0.992 0.984 0.975 0.965 0.993 0.987 0.982 0.978

Notes. Each row reports the option value if the decision-maker approximates the value of
the delay option using a fixed one-year delay, for various evaluation dates and probabilities
that the bad climate scenario holds. The option value is evaluated at the breakeven-level
of the economic factor and is expressed as a proportion of the maximum attainable option
value. All parameters other than those listed take their baseline values.

e In the short-medium term, using either approach achieves more than 98% of the
maximum attainable welfare associated with the adaptation project. The perfor-
mance of the two approaches is similar across a wide range of parameter settings.

e In the long term, welfare losses are greater when the bad climate scenario is less
likely, the economic factor is expected to grow less quickly, and climate uncertainty
falls more quickly.

4.5 Conclusions

The analysis in this chapter shows the value of the option to delay investment is econom-
ically significant across a wide range of parameter settings. It is therefore important to
identify decision-making rules that allow society to benefit from investment-timing flexibil-
ity. This chapter has demonstrated that even something as simple as only using standard
CBA at fixed intervals can capture a substantial amount of the option value. Rules of
thumb based on constant BCR and IRR thresholds are even more effective and almost as
easy to implement. The best approach is probably to use a fixed-date approximation to es-
timate the option value of delaying investment. This can be done with just two applications
of standard CBA and does not require analysts to estimate any additional parameters.
In most cases considered in this chapter, this approach results in only negligible welfare
losses.
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Table 4.10: Welfare implications of ignoring climatic volatility
P 0.25 0.50 0.75
t 0 40 80 120 0 40 80 120 0 40 80 120
o Volatility of economic factor
0.04 0.989 0.983 0.967 0.957 0.991 0.986 0.980 0.974 0.992 0.987 0.985 0.984
0.05 0.987 0.981 0.967 0.958 0.989 0.985 0.979 0.974 0.990 0.986 0.981 0.979
0.06 0.985 0.981 0.969 0.960 0.987 0.983 0.978 0.974 0.989 0.984 0.977 0.975
0.07 0.982 0.978 0.969 0.961 0.986 0.981 0.976 0.972 0.988 0.980 0.975 0.972
0.08 0.980 0.978 0.970 0.962 0.984 0.979 0.974 0.970 0.986 0.979 0.972 0.968
I Drift of economic factor
0.005 0.973 0.962 0.937 0.924 0.979 0.969 0.951 0.937 0.983 0.969 0.959 0.948
0.010 0.979 0.973 0.954 0.943 0.984 0.977 0.967 0.958 0.986 0.977 0.970 0.965
0.015 0.985 0.981 0.969 0.960 0.987 0.983 0.978 0.974 0.989 0.984 0.977 0.975
0.020 0.989 0.986 0.980 0.974 0.990 0.988 0.985 0.983 0.991 0.988 0.985 0.983
0.025 0.991 0.989 0.987 0.984 0.993 0.991 0.989 0.988 0.993 0.991 0.989 0.988
0 Noise in climate information
0.672 0.985 0.985 0.951 0.928 0.988 0.984 0.978 0.963 0.989 0.985 0.976 0.974
1.372 0.985 0.981 0.968 0.956 0.988 0.984 0.979 0.974 0.989 0.985 0.977 0.974
2.072 0.985 0.981 0.969 0.960 0.987 0.983 0.978 0.974 0.989 0.984 0.977 0.975
2.772 0.985 0.981 0.971 0.963 0.987 0.983 0.977 0.973 0.989 0.984 0.978 0.976
3.472 0.985 0.981 0.973 0.966 0.987 0.983 0.978 0.974 0.989 0.983 0.979 0.976
Notes. Each row reports the option value if the decision-maker approximates the value of
the delay option by ignoring climate volatility, for various evaluation dates and probabilities
that the bad climate scenario holds. The option value is evaluated at the breakeven-level
of the economic factor and is expressed as a proportion of the maximum attainable option
value. All parameters other than those listed take their baseline values.
Table 4.11: Welfare implications of ignoring economic volatility
P 0.25 0.50 0.75
t 0 40 80 120 0 40 80 120 0 40 80 120
o Volatility of economic factor
0.04 0.990 0.975 0.960 0.952 0.991 0.980 0.974 0.968 0.992 0.986 0.985 0.984
0.05 0.989 0.975 0.961 0.953 0.990 0.980 0.973 0.968 0.991 0.986 0.984 0.982
0.06 0.989 0.976 0.961 0.953 0.990 0.980 0.973 0.968 0.991 0.985 0.982 0.980
0.07 0.988 0.976 0.962 0.953 0.990 0.980 0.972 0.967 0.991 0.984 0.981 0.978
0.08 0.987 0.976 0.962 0.954 0.989 0.979 0.972 0.967 0.990 0.983 0.979 0.976
I Drift of economic factor
0.005 0.981 0.955 0.928 0.916 0.985 0.961 0.940 0.926 0.986 0.970 0.957 0.945
0.010 0.986 0.967 0.946 0.934 0.988 0.972 0.959 0.950 0.989 0.979 0.973 0.968
0.015 0.989 0.976 0.961 0.953 0.990 0.980 0.973 0.968 0.991 0.985 0.982 0.980
0.020 0.991 0.983 0.973 0.968 0.992 0.986 0.983 0.980 0.993 0.989 0.988 0.987
0.025 0.993 0.988 0.983 0.980 0.994 0.990 0.989 0.988 0.994 0.992 0.992 0.992
0 Noise in climate information
0.672 0.988 0.983 0.951 0.928 0.989 0.988 0.983 0.968 0.990 0.990 0.988 0.986
1.372 0.989 0.976 0.961 0.950 0.990 0.982 0.978 0.971 0.991 0.987 0.986 0.984
2.072 0.989 0.976 0.961 0.953 0.990 0.980 0.973 0.968 0.991 0.985 0.982 0.980
2.772 0.989 0.978 0.963 0.955 0.990 0.980 0.972 0.966 0.991 0.984 0.980 0.978
3.472 0.989 0.980 0.966 0.958 0.991 0.981 0.972 0.967 0.991 0.985 0.980 0.977

Notes. Each row reports the option value if the decision-maker approximates the value of the
delay option by ignoring economic volatility, for various evaluation dates and probabilities
that the bad climate scenario holds. The option value is evaluated at the breakeven-level
of the economic factor and is expressed as a proportion of the maximum attainable option
value. All parameters other than those listed take their baseline values.






Chapter

Ongoing investment programmes

5.1 Introduction

This chapter considers projects that feature ongoing investment programmes involving
relatively large numbers of relatively small investments. The rate of investment in these
programmes is usually able to be scaled up or down reasonably easily and the project
starts to generate benefits even before the overall programme is complete. The decision-
maker can act at any point during a specified period of time, the cost of reversing an
action is prohibitively high, and the flow of future benefits initiated by taking the action
is uncertain.

Iillustrate this class of project using the example of a programme to upgrade stormwa-
ter systems in response to climate change. For example, Dunedin City Council is planning
to spend $35 million in the next ten years upgrading its stormwater systems in order to
reduce flooding in South Dunedin during times of heavy rain (Dunedin City Council, 2019,
2022).! This will involve improving maintenance of stormwater grates, upgrading pump-
ing stations, installing backflow prevention valves, and replacing old wastewater pipes.
Although the overall budget is significant, much of this investment programme can be
scaled up or down as new information about future flood risk arrives. The benefits gen-
erated by the system upgrades comprise the avoided flooding costs in South Dunedin,
which include the costs of disruption as well as the cost of repairs. The main sources of
uncertainty surrounding the magnitude of these benefits are climatic (the frequency and
severity of extreme rainfall events) and economic (the value of assets in South Dunedin
affected by flooding if the stormwater system is not upgraded). Suitable climate and eco-
nomic factors are therefore the average annual maximum one-day rainfall in the Dunedin
area and the replacement cost of potentially affected assets in South Dunedin respectively.
The status of the system at any point in time is summarised by its capacity, such as the
maximum level of daily rainfall that the system can handle without flooding occurring.
The decision-maker must choose how rapidly to increase the system’s capacity.

Many other adaptation projects can be modelled using a similar framework. They
are typically ongoing programmes involving investments that are costly to reverse, have
low fixed costs (so that an almost continuous series of small investments is feasible), and

'Hughes et al. (2019) evaluate the impact of climate change on New Zealand stormwater systems.
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start to generate benefits even before the overall programme is complete. One example is
the afforestation of land as a natural flood management measure (Cooper et al., 2021).
Afforestation can potentially slow the rate at which water runs off into rivers, reducing the
risk of flooding following extreme rainfall events.? The benefits generated by investment
comprise the avoided flooding costs, minus any lost benefits generated by the land in
its current use. A sensible climate factor for modelling the decision-maker’s problem is
the average annual maximum rainfall or river flow, or anything else that determines the
frequency and severity of flooding in the region. A sensible economic factor is the value
of the land that will be protected by the scheme (the value of buildings if urban land is
being protected; the value of farmland if rural land is being protected).® The system-status
factor is the amount of land that has been afforested. The decision-maker must decide how
much land to plant in trees each year.*

Another example of an adaptation project that can be modelled using the framework
in this chapter involves the redesign of urban areas to reduce the amount of paved land
in response to higher temperatures (ESMAP, 2020). These projects typically involve land
being reconfigured to create cooling zones in order to reduce heat stress. Like the other
examples described here, these projects can generate benefits even before the overall in-
vestment programme is complete. These benefits include reduced heat-related illness and,
for many types of project, reduced energy use, minus the opportunity cost of the lost ben-
efits from the current land use. A model of this investment problem could use the average
annual maximum one-day temperature as the climate factor and average wages or other
measures of lost productivity as the economic factor. (Alternatively, if the main benefit
of the project is reduced energy use, then the economic factor could be the price of the
relevant energy source.) A sensible system-status factor would be the amount of cooling
provided by the project in its current state. The decision-maker must decide how quickly
to roll out the investment programme, which can be done incrementally. All else equal, an
optimal programme would involve redesigning land with a low opportunity cost first.

The final example features more complicated versions of the building retrofit pro-
gramme in Chapter 4. This investment can be done incrementally, at the level of a portfolio
of buildings, such as a stock of social housing. The flow of benefits generated by investment
includes reduced heat-related illness and, for many types of project, reduced energy use.
A suitable climate factor is therefore the average daily maximum one-day temperature.
Suitable economic factors are average wages or other measures of lost productivity (for
individual buildings) and the size of the affected population (for portfolios of buildings).
The system-status factor could be the number of buildings that have been upgraded to a
specified standard. The decision-maker must decide how many buildings to upgrade each
year when retrofitting a portfolio of buildings. An optimal policy will start by retrofitting
older houses, where the benefits are greater, and only move onto newer houses once the
probability that the high-temperature climate scenario holds is sufficiently high.?

Table 5.1 summarises how these adaptation projects can be interpreted in terms of

2 Afforestation has also been proposed as a response to the increased prospects of future erosion due to
climate change (Awatere et al., 2018). Programmes to restore dunes and wetlands can be analysed using
a similar framework to the one described here.

3 If the land being planted in trees is currently used for farming, then a sensible economic factor could
also be the price of the output currently being produced on the land.

“Dittrich et al. (2019) investigate optimal afforestation policies for parts of Scotland using a simplified
form of ROA.

®Similarly, if the government wants to use subsidies to motivate building owners to make such changes,
it could adopt eligibility criteria that are gradually relaxed over time.
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the framework used in this chapter. The table proposes climate and economic factors that
are appropriate for each example, as well as a system-status factor that reflects the fact
that the investment programme is spread over time. The decision-maker faces a similar
problem in all of these examples. The uncertainty surrounding the future benefits of each
individual investment exposes the decision-maker to the risk that after she invests the
benefits will turn out to be so low that the project does not recover the cost of undertaking
it. For example, if the frequency of extreme rainfall events rises more slowly than expected,
then the benefits generated by upgrading the capacity of an urban stormwater system
will be smaller than expected. The decision-maker can reduce this risk by delaying each
incremental system upgrade until the expected benefits are relatively large, which makes
it relatively unlikely that the project’s actual benefits will not cover its cost.

5.2 Model framework

Details of the model can be found in Appendix B.2 and Guthrie (2023b). Its key compo-
nents are:

e An urban stormwater system can cope with daily rainfall less than or equal to
175mm. The system’s capacity can be increased at any time and by any amount.
Investment costs are scaled so that each round of investment requires expenditure
of one “dollar” for each millimetre/day increase in the system’s capacity.

e The economic factor equals the (annualised) flooding-related costs incurred by the
local community for each millimetre that daily rainfall exceeds the system’s capacity.
Each year, the growth rate in this factor is normally distributed with a mean of 1.5%
and a standard deviation of 7.0%.

e The distribution of the annual maximum one-day rainfall shifts over time according
to one of two possible climate scenarios, which correspond approximately to RCP
2.6 and RCP 8.5. The distribution and the scenarios are described in Chapter 2.

e All future costs and benefits are discounted using a constant social discount rate of
5% per annum.

e The baseline values of the model’s parameters have been chosen to approximate the
situation facing the Dunedin City Council.

5.3 Optimal investment policy

As in Chapter 4, the optimal policy can be described in terms of trigger points. Each
time the system-upgrade project is evaluated, the decision-maker calculates the current
values of the climatic and economic factors and determines whether or not the calculated
combination triggers immediate investment. This section describes the form that these
trigger points take, both in the baseline case and when the model’s parameters are varied
around this baseline.

5.3.1 Baseline case

I start by describing the socially optimal adaptation policy when the model’s parameters
take their baseline values. For the type of adaptation project studied in this chapter, it is



SIMPLIFIED REAL OPTIONS ANALYSIS

64

Table 5.1: Adaptation projects compatible with the framework in Chapter 5

Type of project

Benefit flow

Climate factor

Economic factor

System-status factor

Upgrading stormwater
systems

Avoided flooding costs,
including disruption and
repair costs

Average annual
maximum one-day
rainfall

Replacement cost of
potentially affected
assets

Maximum level of daily
rainfall without flooding
occurring

Afforestation as a
natural flood
management measure

Avoided flooding costs,
minus any lost benefits
generated by the land in
its current use

Average annual
maximum one-day
rainfall or river flow

Value of the land that
will be protected by the
scheme

Amount of land that
has been afforested

Reduced paved areas in
response to higher
temperatures

Reduced heat-related
illness and energy use

Average annual
maximum one-day
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most natural to describe the optimal investment policy in terms of an optimal, or target,
level of stormwater system capacity. At each point in time, the decision-maker invests in
just enough additional capacity to stop the system’s capacity falling below the optimal
level. No investment should occur while the system’s current capacity is greater than the
optimal level. Each graph in Figure 5.1 plots this optimal capacity as a function of the
contemporaneous level of the economic factor for the indicated evaluation date. The three
curves in each graph correspond to different probabilities that the bad climate scenario
holds. The optimal system capacity has the following properties:

e The optimal system capacity is greater when the economic factor is larger, when the
bad climate scenario is more likely to hold, and when the evaluation date is further
in the future.

e The optimal system capacity is initially insensitive to the probability that the bad
scenario holds, but the sensitivity grows as the evaluation date is further in the
future.

The optimal policy can be expressed in various other ways. It helps put the adaptation
problem in this chapter in the wider context of this report if the optimal policy is expressed
in a way that is comparable with the representation in Chapter 4. The graphs in Figure
5.2 summarise the optimal investment policy using this format. Unlike the case in Chapter
4, where only one graph was needed to describe the complete policy, the ongoing nature
of investment here means that multiple graphs are now required. Each graph illustrates
the trigger points for a different system capacity. Within each graph, each curve plots the
trigger points for a different evaluation date ¢. In principle, the decision-maker can use
these graphs in the following way:

1. Calculate the current levels of the climatic and economic factors and identify the
corresponding point on each graph.

2. Make the investment decision for each graph separately:

e [f this point is on or below the curve corresponding to the current date, then
wait and reevaluate the project in the future.

e If this point is above the curve corresponding to the current date, then incre-
mentally increase the system’s capacity immediately.

Note that higher capacities are associated with higher curves. Therefore, if it is optimal to
upgrade the system when its capacity equals ¢ then it will also be optimal to upgrade it
for any smaller capacity ¢’. This means it is optimal for the decision-maker to immediately
increase the system’s capacity to the level where the economic factor is equal to the current
trigger level for that level of capacity.

Consider the situation at date 10, shown by the yellow curves. Suppose that the two
scenarios are equally likely (that is, p = 0.5) and the economic factor is equal to x = 1.44.
The point (p, z) lies above the yellow curve in the top graph, on this curve in the middle
graph, and above this curve in the bottom graph. Therefore, if the system’s capacity is
currently 185 (the bottom graph), then the decision-maker should not invest immediately
because x is less than the trigger point implied by this graph. However, if the system’s
capacity is just 175 (the top graph) then the decision-maker should invest immediately
and increase the system’s capacity to 180.
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Figure 5.1: Optimal system capacity
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Notes. Each graph plots the optimal system capacity as a function of the contemporaneous
level of the economic factor for the indicated evaluation date. The three curves in each
graph correspond to different probabilities that the bad climate scenario holds. All model
parameters take their baseline values.
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Figure 5.2: Optimal investment triggers for economic factor
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function of the contemporaneous level of the climate factor, for the indicated system capacity
and evaluation dates. All model parameters take their baseline values.
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Regardless of what the decision-maker does immediately, she should reevaluate the
project in the future because investment is ongoing. What she does next depends on how
the climatic and economic factors evolve. If the point (p,z) moves above the investment
threshold curve, then she will invest; if it does not, then she will not invest. In both cases,
she then waits again and reevaluates the project in the future. The stormwater system’s
capacity may remain constant for long periods of time, but it will start to increase again
once the benefits of investing rise to a sufficiently high level. Investment can be triggered
by increases in the economic factor (the costs avoided due to investment rise), increases in
the climatic factor (floods become more likely), and the passage of time (the progression
of climate change).

The investment trigger points can also be expressed in terms of the benefit—cost ratio
associated with incrementally upgrading the system’s capacity. That is, instead of wait-
ing for the economic factor to be sufficiently high before investing, the decision-maker
waits until the BCR is sufficiently high. Then, when the decision-maker invests, she keeps
increasing capacity until the BCR of adding any more is less than the corresponding
threshold. The socially optimal thresholds are shown in Figure 5.3, which has a similar
format to Figure 5.2. Each graph illustrates the trigger points for a different system ca-
pacity. Within each graph, each curve plots the trigger points for a different evaluation
date t. Note that in this case the curves corresponding to different current capacities are
almost indistinguishable. The key results to note are:

e The optimal BCR threshold is much greater than one in all cases. The present value
of the benefits of investment therefore need to be significantly greater than the
required expenditure before investment can be socially optimal. The margin above
the required expenditure reflects the value of the real option to delay investment,
which is destroyed when investment occurs and is therefore part of the opportunity
cost of investment. At least in the baseline case considered here, the option value is
significant.

e The causes of this high option value vary. In the near term, the high threshold is
due to the possibility the climate scenario is bad (so that the expected growth rate
in benefits is high); in the longer term, it is due to uncertainty about the climate
scenario (and the resulting high level of p volatility).

e In the short term, the socially optimal BCR threshold is strongly increasing in p, so
the investment test is more demanding when the bad scenario is believed to be more
likely. Equivalently, the option to delay investment is initially more valuable when
the bad scenario is believed to be more likely.

e The behaviour of the optimal BCR threshold over time depends on the degree of
climate uncertainty.

— If climate uncertainty is low (that is, p is close to 0 or 1), then the threshold
falls slowly over time, so that the investment test becomes less demanding.
Once rainfall intensity has converged to its long-run value, the value of the
delay option derives solely from the volatility of the economic factor. For the
baseline parameter values, the long-run value of the BCR threshold is 1.61.

— However, if climate uncertainty remains high (that is, p is close to 0.5), then
the threshold increases over time, so that the investment test becomes more de-
manding. When the possible paths for rainfall intensity start to diverge, climate
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Figure 5.3: Optimal investment triggers for benefit—cost ratio
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uncertainty starts to fall rapidly, and p volatility starts to rise. This leads to an
increase in the volatility of the investment payoff, which increases the option
value of waiting. In this situation, the true climate scenario will be revealed
reasonably quickly, in which case p will move towards either 0 or 1. In either
case, the high BCR thresholds will fall.

5.3.2 Sensitivity analysis

As in Chapter 4, the analysis in this section addresses two fundamental questions. First,
how much is the investment-timing option worth? Second, what does the socially optimal
investment policy look like? I use the value of the incremental-upgrade option when the
economic factor is at the breakeven point to help answer the first question. I use the level
of the welfare-maximising BCR threshold plotted in Figure 5.3 to help answer the second
question. In both cases, I carry out sensitivity analysis, varying the model’s parameters
around their baseline values and reporting the effects on these two outputs.

Table 5.2 reports the results of the sensitivity analysis of the value of the incremental
upgrade option. Each row reports the values of the incremental upgrade option when the
economic factor is at the breakeven level, for the indicated evaluation dates and proba-
bilities that the bad climate scenario holds. All parameters take their baseline values in
the top row. The subsequent panels each vary one of the model’s parameters over a range
around that parameter’s baseline levels while holding all other parameters at their baseline
levels. For example, if the two climate scenarios are equally likely at date ¢ = 40 in the
baseline case, then the incremental upgrade option will be worth 20.2% of the investment
expenditure when the economic factor is just large enough for the benefits of immediate
investment to cover the cost of the investment expenditure. The key results to note are:

e The option value is economically significant in all the cases I consider. For example,
in the baseline case the option is worth approximately 20% of the cost of upgrading
capacity. Thus, some form of ROA, or a simplified approximation to this method, is
important for achieving good welfare gains from investing in the project.

e The option value is greater if the bad climate scenario is more likely.

e Investment-timing flexibility is more important if the economic factor is more volatile
and if it is expected to grow more quickly.

e Varying the speed with which climate uncertainty falls has almost no effect on the
value of the investment-timing option. Neither does the current capacity of the
stormwater infrastructure.

Now I turn to the second key question: what does the socially optimal investment
policy look like? Each entry in Table 5.3 reports the optimal BCR threshold for a different
combination of parameters. The format is identical to Table 5.2. For example, if all param-
eters take their baseline values, it is currently date 40, and the two climate scenarios are
equally likely, then the decision-maker should carry out an incremental system upgrade if
doing so has a BCR greater than 1.72. The key results to note are:

e The welfare-maximising BCR threshold is significantly above one in all cases. Values
above 1.6 are typical. That is, the present value of the project’s benefits typically
needs to exceed the investment expenditure by more than 60% in order for investment
to be socially optimal.
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Table 5.2: Maximum attainable option value at breakeven level of economic factor
p 0.25 0.50 0.75
t 0 40 80 120 0 40 80 120 0 40 80 120
Baseline case
0.196 0.191 0.198 0.208 0.208 0.202 0.208 0.214 0.218 0.210 0.208 0.207
o Volatility of economic factor
0.05 0.179 0.174 0.182 0.193 0.191 0.186 0.192 0.200 0.202 0.194 0.192 0.191
0.06 0.187 0.182 0.190 0.200 0.199 0.194 0.200 0.206 0.210 0.201 0.199 0.199
0.07 0.196 0.191 0.198 0.208 0.208 0.202 0.208 0.214 0.218 0.210 0.208 0.207
0.08 0.206 0.200 0.207 0.216 0.217 0.212 0.216 0.222 0.228 0.219 0.217 0.216
0.09 0.216 0.210 0.216 0.224 0.227 0.221 0.225 0.231 0.237 0.228 0.226 0.225
% Drift of economic factor
0.005 0.121 0.118 0.131 0.147 0.128 0.127 0.139 0.153 0.135 0.131 0.134 0.138
0.010 0.154 0.150 0.160 0.173 0.164 0.160 0.169 0.179 0.173 0.166 0.167 0.168
0.015 0.196 0.191 0.198 0.208 0.208 0.202 0.208 0.214 0.218 0.210 0.208 0.207
0.020 0.247 0.240 0.245 0.251 0.260 0.253 0.256 0.259 0.273 0.262 0.258 0.255
0.025 0.307 0.300 0.303 0.306 0.324 0.315 0.314 0.314 0.338 0.325 0.318 0.313
0 Noise in climate information
5 0.196 0.193 0.200 0.210 0.208 0.204 0.209 0.215 0.219 0.211 0.208 0.207
10 0.196 0.192 0.200 0.209 0.208 0.203 0.209 0.215 0.219 0.210 0.208 0.207
15 0.196 0.191 0.198 0.208 0.208 0.202 0.208 0.214 0.218 0.210 0.208 0.207
20 0.196 0.190 0.196 0.205 0.208 0.201 0.206 0.213 0.218 0.209 0.207 0.206
25 0.196 0.189 0.195 0.203 0.208 0.201 0.204 0.211 0.218 0.208 0.206 0.205
q Current capacity of infrastructure
165 0.197 0.192 0.200 0.210 0.209 0.204 0.210 0.217 0.221 0.212 0.210 0.209
170 0.197 0.191 0.199 0.209 0.208 0.203 0.209 0.215 0.220 0.211 0.209 0.208
175 0.196 0.191 0.198 0.208 0.208 0.202 0.208 0.214 0.218 0.210 0.208 0.207
180 0.196 0.190 0.197 0.206 0.207 0.202 0.207 0.213 0.218 0.209 0.207 0.206
185 0.195 0.190 0.196 0.205 0.206 0.201 0.206 0.211 0.217 0.208 0.206 0.205
Notes. Each row reports the maximum attainable option value for various evaluation dates
and probabilities that the bad climate scenario holds, where the option value is evaluated at
the breakeven-level of the economic factor. The top row shows results when all parameters
take their baseline values. The other panels report results when I vary one of the model’s
parameters, as described in the first entry in each row. All parameters other than those listed
take their baseline values.
e The optimal BCR threshold is higher if the economic factor is more volatile and if
it is expected to grow more quickly.
e The optimal BCR threshold is relatively insensitive to the speed with which climate

uncertainty falls (unless the evaluation date is far into the future) and the current
capacity of the stormwater infrastructure.®

As in Chapter 4, the real option to choose the timing of investment is very valuable, so
it is optimal to pause system upgrades unless the benefits of investment are much larger
than the required investment expenditure. The remainder of this chapter evaluates the
potential of simple alternatives to ROA to deliver the economic benefits associated with
investment-timing flexibility.

SIf investment does not occur for many decades, then the optimal BCR threshold will be a slightly
decreasing function of the amount of noise in the signal.
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Table 5.3: Optimal threshold for the BCR

D 0.25 0.50 0.75
t 0 40 80 120 0 40 80 120 0 40 80 120
Baseline case
1.72 1.66 1.70 1.76 177 172 1.81 1.92 1.83 1.76 1.84 1.98

o Volatility of economic factor
0.05 1.65 1.58 1.63 1.69 1.71 165 1.73 1.84 1.76 1.69 1.78 1.92
0.06 1.68 1.62 1.67 1.73 1.73 1.68 1.77 1.90 1.78 1.73 1.80 1.96
0.07 172 166 1.70 1.76 177 172 1.81 1.92 1.83 1.76 1.84 1.98
0.08 1.76 1.70 1.74 1.81 1.82 1.77 1.84 1.97 1.87 1.81 1.88 2.03
0.09 1.81 1.75 1.79 1.87 1.86 1.81 1.89 2.03 1.92 1.86 191 2.06

W Drift of economic factor
0.005 1.38 1.36 1.40 1.46 141 1.39 1.48 1.59 144 1.41 150 1.63
0.010 1.53 1.48 153 1.58 1.56 1.53 1.61 1.72 1.60 1.56 1.65 1.78
0.015 1.72 1.66 1.70 1.76 177 172 1.81 1.92 1.83 1.76 1.84 1.98
0.020 2.00 191 1.96 2.02 2.07 199 2.08 2.20 2.15 2.06 2.12 2.29
0.025 2.39 228 231 238 251 239 246 2.61 2.62 249 255 270

0 Noise in climate information

5 1.72 1.68 1.75 1.81 177 177 1.95 210 1.83 1.81 2.05 2.32
10 1.72 1.67 1.73 1.80 177 1.73 1.85 1.98 1.83 1.78 1.91 2.10
15 1.72 1.66 1.70 1.76 1.77 1.72 1.81 1.92 1.83 1.76 1.84 1.98
20 1.72 1.66 1.69 1.74 1.77 171 1.77 1.87 1.83 1.76 1.79 1.90
25 1.72 1.66 1.68 1.72 .77 171 1.75 1.83 1.83 1.76 1.77 1.84
q Current capacity of infrastructure

165 1.73 166 1.71 1.77 1.78 1.73 1.82 194 1.84 1.77 1.86 201
170 1.72 166 1.71 1.78 1.78 1.72 1.81 1.95 1.83 1.77 184 2.01
175 1.72 166 1.70 1.76 1.77 1.72 1.81 1.92 1.83 1.76 1.84 1.98
180 1.72 1.66 1.70 1.77 1.77 1.72 1.80 1.92 1.82 1.76 1.83 1.98
185 1.70 1.66 1.69 1.75 1.75 1.72 1.79 1.90 1.80 1.76 1.82 1.96

Notes. Each row reports the optimal investment threshold for the BCR for various evaluation
dates and probabilities that the bad climate scenario holds. All parameters other than those
listed take their baseline values.

5.4 Performance of simple rules

5.4.1 Baseline case

Table 5.4 summarises the welfare performance of various decision-making rules. The top
row reports the maximum attainable present value of future welfare associated with the
option to undertake the adaptation project, evaluated at the break-even level of the eco-
nomic factor, for the indicated combinations of the climate factor and the current date.
That is, the values in this row show the option value that can be attained if the decision-
maker adopts the optimal investment policy. Investment expenditure is normalized so that
exercising each incremental upgrade option costs one dollar, so these option values are eco-
nomically significant (approximately 20% of investment expenditure at the breakeven level
of the economic factor). The subsequent rows of Table 5.4 report the option value if the
decision-maker uses various simple alternatives to ROA. In each case, the option value is
evaluated at the break-even level of the economic factor and is expressed as a proportion of
the maximum attainable option value.” For example, if the decision-maker uses a constant
BCR threshold of 2.00 and the two climate scenarios are equally likely, then the option

"Unless stated otherwise, these calculations assume the project is evaluated every five years under the
simple policies, and continuously under the optimal policy.
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Table 5.4: Welfare performance of simple rules in baseline case

P 0.25 0.50 0.75
t 0 40 80 120 0 40 80 120 0 40 80 120
Optimal policy
0.196 0.191 0.198 0.208 0.208 0.202 0.208 0.214 0.218 0.210 0.208 0.207
Standard CBA
At =0.25 0.167 0.141 0.191 0.248 0.154 0.148 0.205 0.297 0.143 0.132 0.166 0.220
At=1 0.287 0.288 0.379 0.488 0.273 0.287 0.389 0.504 0.259 0.266 0.324 0.397
At =2 0.394 0.402 0.503 0.603 0.380 0.396 0.517 0.630 0.365 0.379 0.446 0.518
At=5 0.579 0.612 0.692 0.758 0.567 0.607 0.707 0.787 0.550 0.585 0.651 0.699
At =10 0.770 0.780 0.816 0.831 0.764 0.779 0.831 0.863 0.740 0.767 0.804 0.831
Constant BCR threshold
B=1.00 0.579 0.612 0.692 0.758 0.567 0.607 0.707 0.787 0.550 0.585 0.651 0.699
B=1.25 0.901 0.906 0.921 0.939 0.888 0.892 0.907 0.927 0.873 0.879 0.893 0.909
B =150 0.984 0.981 0.981 0.980 0.982 0.981 0.982 0.983 0.979 0.981 0.983 0.983
B=175 0.952 0.946 0.947 0.947 0.968 0.961 0.958 0.953 0.977 0.970 0.963 0.955
B =200 0.885 0.883 0.884 0.882 0.912 0.907 0.900 0.889 0.934 0.921 0.907 0.892
Constant IRR threshold
h=0.06 0.931 0.937 0.943 0.954 0.921 0.930 0.937 0.945 0.919 0.925 0.932 0.935
h =0.07 0.978 0.976 0.975 0.975 0.983 0.981 0.980 0.979 0.986 0.984 0.982 0.980
h =0.08 0.914 0.910 0.911 0.911 0.931 0.926 0.922 0.916 0.943 0.935 0.927 0.919
h =0.09 0.849 0.850 0.849 0.844 0.859 0.860 0.850 0.839 0.872 0.864 0.849 0.836
h=0.10 0.336 0.379 0.427 0.469 0.604 0.588 0.614 0.631 0.768 0.714 0.712 0.708
Fixed-date approximation of delay-option value
All 0.984 0.983 0.982 0.981 0.986 0.984 0.984 0.983 0.987 0.986 0.985 0.984
At=1 0.984 0.982 0.982 0.981 0.986 0.984 0.984 0.983 0.987 0.986 0.985 0.984
At =2 0.984 0.982 0.981 0.980 0.986 0.984 0.983 0.983 0.987 0.985 0.984 0.983
At=5 0.981 0.978 0.978 0.977 0.983 0.981 0.980 0.980 0.985 0.983 0.982 0.981
At =10 0.972 0.968 0.968 0.969 0.974 0.971 0.971 0.971 0.977 0.974 0.973 0.971
Approximate value of waiting
Ignore clim vol  0.971 0.970 0.971 0.971 0.973 0.973 0.972 0.970 0.975 0.974 0.973 0.970
Ignore econ vol 0.984 0.982 0.981 0.979 0.986 0.984 0.983 0.982 0.987 0.985 0.984 0.983

Notes. The top row reports the maximum attainable option value for various evaluation dates
and probabilities that the bad climate scenario holds, where the option value is evaluated at
the breakeven-level of the economic factor. The subsequent rows report the option value if
the decision-maker uses various simple rules. In each case, the option value is evaluated at
the break-even level of the economic factor and is expressed as a proportion of the maximum
attainable option value. All parameters take their baseline values.

value is initially 91.2% of its value under the optimal policy, assuming the economic factor
is currently at the break-even level.

Exercising an incremental upgrade option is similar to exercising the simple timing
option in Chapter 4, so it is not surprising that the performance of simple alternatives to
ROA here is similar to their performance in Chapter 4.

Standard CBA

e The welfare performance is poor if the project is evaluated frequently. If standard
CBA is used, then it is better to evaluate the project infrequently, perhaps every
five or ten years.
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e Even standard CBA, if applied infrequently, can achieve more than half of the max-
imum achievable welfare.

e CBA performs better as time goes on.

Constant BCR threshold

e The welfare performance of this rule is sensitive to the chosen level of the BCR
threshold. Starting from a threshold of B = 1, welfare performance first improves
then worsens as the threshold increases.

e It is possible to achieve more than 90% of the maximum attainable welfare using
this approach.

Constant IRR threshold

e The welfare performance of this rule is sensitive to the chosen level of the IRR
threshold. Starting from a threshold of h = 0.06, welfare performance first improves
then worsens as the threshold increases. Very high levels of the IRR threshold can
result in large welfare losses.

e It is possible to achieve more than 90% of the maximum attainable welfare using
this approach.

Fixed-date delay option approximation

e In the first row of this panel, the decision-maker invests only if the net present value
of investing immediately is greater than the net present value of waiting until any
future date. In the other rows, the decision-maker invests only if the net present
value of investing immediately is greater than the net present value of waiting At
years and then investing, where the value of At is specified at the start of each row.

e The performance of this approach is quite insensitive to the level of At.

e This approach typically achieves more than 95% of the maximum attainable welfare.
The performance is robust over time and over changes in the climate factor.

e The performance of this approach is superior to both rules of thumb (constant BCR
and IRR thresholds).

Ignoring climate or economic volatility

e The performance of these approaches is comparable to the fixed-date approximation
approach, but these approaches are much more challenging to implement.

e The difference in performance between ignoring climate volatility and ignoring eco-
nomic volatility are small.

Table 5.5 summarises the investment-timing policies that are implied by these simple
approaches. For each decision-making rule, the table reports the minimum level of the
BCR that triggers immediate investment. The format is similar to that of Table 5.4, with
results shown for various bad-scenario probabilities and evaluation dates.
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Table 5.5: Investment timing implied by simple rules in baseline case
P 0.25 0.50 0.75
t 0 40 80 120 0 40 80 120 0 40 80 120
Optimal policy
1.72 1.66 1.70 1.76 1.77 1.72 1.81 1.92 1.83 1.76 1.84 1.98
Standard CBA
At =0.25 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
At=1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
At =2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
At=5 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
At =10 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
Constant BCR threshold
B=1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
B=125 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25 1.25
B =150 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50
B=175 1.75 1.75 1.75 1.75 1.75 1.75 1.75 1.75 1.75 1.75 1.75 1.75
B =2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
Constant IRR threshold
h = 0.06 1.30 1.30 1.29 1.29 1.32 1.31 1.30 1.30 1.33 1.31 1.31 1.30
h =0.07 1.61 1.59 1.59 1.59 1.63 1.61 1.60 1.60 1.65 1.63 1.62 1.60
h = 0.08 1.92 1.89 1.88 1.88 1.95 1.92 191 1.89 1.99 195 192 1.91
h=0.09 2.23 219 218 217 227 223 221 2.19 2.32 227 223 221
h=0.10 2.54 249 248 2.46 2.59 254 251 249 2.65 2.59 254 251
Fixed-date approximation of delay-option value
All 1.58 1.49 1.48 1.47 1.63 1.55 1.52 1.50 1.68 1.60 1.55 1.52
At =1 1.56 1.48 1.47 1.46 1.61 1.53 1.51 1.49 1.66 1.58 1.54 1.51
At =2 1.55 1.47 1.46 1.44 1.60 1.52 1.49 1.47 1.65 1.57 1.53 1.49
At=5 1.50 1.43 1.42 1.41 1.55 1.48 1.46 1.44 1.59 1.53 1.49 1.46
At =10 1.43 1.38 1.37 1.36 1.47 1.42 1.40 1.38 1.52 146 1.43 1.40
Approximate value of waiting
Ignore clim vol 1.72 1.65 1.64 1.62 1.77 1.70 1.68 1.65 1.83 1.75 1.71 1.68
Ignore econ vol 1.57 1.50 1.53 1.58 1.62 1.56 1.64 1.75 1.67 1.60 1.70 1.84

Notes. The top row reports the optimal threshold for the BCR for the indicated combinations
of the climate factor and the current date. The subsequent rows report the BCR thresholds
that the decision-maker effectively adopts if she uses the indicated simple decision-making

rules. All parameters take their baseline values.

Standard CBA By definition, if the decision-maker uses standard CBA, then she in-

vests whenever the project’s BCR is greater than or equal to one.

Constant BCR threshold In each case, the simple rule is to invest if the project’s
BCR is greater than or equal to some constant threshold.

Constant IRR threshold In this case, the investment threshold is constant when
expressed in terms of the project’s IRR, but non-constant when expressed in terms of the

BCR.

e Higher levels of the constant IRR threshold lead to higher levels of the implied BCR
threshold—that is, to later investment.

e Holding the IRR threshold constant, the implied BCR threshold is greater (that is,
the investment test is more demanding) if the bad climate scenario is more likely.
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e The implied threshold for the BCR shares some of the qualitative properties of the
optimal BCR threshold. In particular, it is higher if the bad climate scenario is more
likely.

Fixed-date delay option approximation This is only a very slight modification of
standard CBA, but it leads to significant delay.

e In the short term, the implied BCR threshold is typically greater than 1.5; that is,
the present value of the project’s benefits has to be more than 50% larger than the
project’s cost for immediate investment to occur.

e The implied BCR threshold is higher if the bad scenario is more likely, if the fixed de-
lay used to approximate the value of the delay option is shorter, and if the evaluation
date is earlier.

Ignoring climate or economic volatility

e Ignoring climate volatility leads to a slightly higher implied BCR threshold in the
short term compared to ignoring economic volatility.

e The implied BCR threshold is higher (that is, the investment test is more demanding)
than most instances of the rule based on the fixed-date approximation of the option
value.

5.4.2 Sensitivity analysis

This section uses sensitivity analysis to determine the robustness of the results in Section
5.4.1 and to identify situations in which these simple alternatives to ROA perform partic-
ularly well or particularly poorly. I focus on the welfare performance of each alternative.
In particular, for each approach, I report the option value if the decision-maker uses this
approach, evaluated at the break-even level of the economic factor and expressed as a
proportion of the maximum attainable option value. The tables of results in this section
have the same format as Table 5.2.

Standard CBA Table 5.6 reports the results for the case when the decision-maker
evaluates the project using standard CBA at five-yearly intervals.

e In most cases, standard CBA achieves more than half the maximum attainable wel-
fare associated with the adaptation project.

o Welfare losses are greater in the short term. In this case, they are greater when
the bad climate scenario is more likely, the economic factor is less volatile, and
the economic factor is expected to grow more quickly. The scale of welfare losses is
relatively insensitive to the speed with which climate uncertainty falls and the initial
capacity of the stormwater system.

Constant BCR threshold Table 5.7 considers the case when the decision-maker uses
the constant BCR threshold in equation (3.2) and evaluates the project at five-yearly
intervals.
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Table 5.6: Welfare implications of using standard CBA
p 0.25 0.50 0.75
t 0 40 80 120 0 40 80 120 0 40 80 120
o Volatility of economic factor
0.05 0.532 0.576 0.684 0.763 0.520 0.577 0.717 0.814 0.504 0.548 0.643 0.708
0.06 0.558 0.596 0.689 0.761 0.545 0.592 0.711 0.800 0.528 0.567 0.646 0.702
0.07 0.579 0.612 0.692 0.758 0.567 0.607 0.707 0.787 0.550 0.585 0.651 0.699
0.08 0.598 0.626 0.696 0.755 0.586 0.620 0.705 0.776 0.569 0.601 0.657 0.699
0.09 0.614 0.639 0.699 0.752 0.603 0.632 0.704 0.767 0.586 0.615 0.663 0.699
I Drift of economic factor
0.005 0.707 0.726 0.790 0.836 0.684 0.720 0.801 0.861 0.672 0.701 0.761 0.799
0.010 0.636 0.671 0.751 0.812 0.617 0.661 0.762 0.839 0.600 0.638 0.706 0.764
0.015 0.579 0.612 0.692 0.758 0.567 0.607 0.707 0.787 0.550 0.585 0.651 0.699
0.020 0.541 0.548 0.617 0.679 0.508 0.546 0.640 0.719 0.499 0.527 0.590 0.641
0.025 0.479 0.498 0.566 0.623 0.455 0.498 0.589 0.659 0.452 0.479 0.540 0.584
0 Noise in climate information
5 0.578 0.670 0.749 0.786 0.566 0.671 0.767 0.821 0.551 0.624 0.691 0.716
10 0.579 0.632 0.728 0.783 0.567 0.629 0.747 0.815 0.550 0.599 0.677 0.713
15 0.579 0.612 0.692 0.758 0.567 0.607 0.707 0.787 0.550 0.585 0.651 0.699
20 0.580 0.604 0.663 0.725 0.568 0.596 0.674 0.750 0.550 0.578 0.630 0.680
25 0.580 0.601 0.644 0.697 0.568 0.590 0.651 0.718 0.550 0.574 0.616 0.661
q Current capacity of infrastructure
165 0.581 0.610 0.696 0.768 0.565 0.604 0.710 0.797 0.557 0.581 0.651 0.709
170 0.592 0.608 0.681 0.746 0.583 0.605 0.701 0.784 0.571 0.585 0.647 0.705
175 0.579 0.612 0.692 0.758 0.567 0.607 0.707 0.787 0.550 0.585 0.651 0.699
180 0.595 0.610 0.680 0.740 0.583 0.601 0.698 0.776 0.570 0.579 0.647 0.695
185 0.586 0.606 0.686 0.754 0.574 0.601 0.701 0.781 0.555 0.582 0.647 0.700
Notes. Each row reports the option value if the decision-maker uses standard CBA, for var-
ious evaluation dates and probabilities that the bad climate scenario holds. The option value
is evaluated at the breakeven-level of the economic factor and is expressed as a proportion
of the maximum attainable option value. All parameters other than those listed take their
baseline values.
e In the short term, in most cases, using this constant BCR threshold achieves more

than 96% of the maximum attainable welfare associated with the adaptation project.

In the short term, welfare losses are greater when the bad climate scenario is less
likely, the economic factor is more volatile, and the economic factor is expected to
grow less quickly. The scale of welfare losses is relatively insensitive to the speed with
which climate uncertainty falls and the initial capacity of the stormwater system.

Constant IRR threshold Table 5.8 considers the case when the decision-maker uses
the constant IRR threshold in equation (3.4) and evaluates the project at five-yearly
intervals.

e In the short term, in most cases, using this constant IRR threshold achieves more
than 95% of the maximum attainable welfare associated with the adaptation project.

e In the short term, welfare losses are greater when the bad climate scenario is less
likely, the economic factor is more volatile, and the economic factor is expected to
grow less quickly. The scale of welfare losses is relatively insensitive to the speed with
which climate uncertainty falls and the initial capacity of the stormwater system.
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Table 5.7: Welfare implications of using a constant threshold for the BCR
P B 0.25 0.50 0.75
t 0 40 80 120 0 40 80 120 0 40 80 120
o Volatility of economic factor
0.05 1.53 0.985 0.980 0.980 0.980 0.989 0.985 0.985 0.985 0.989 0.988 0.988 0.987
0.06 1.57 0.981 0.975 0.975 0.975 0.987 0.982 0.982 0.981 0.988 0.986 0.985 0.982
0.07 1.61 0.977 0.971 0.970 0.970 0.984 0.979 0.977 0.976 0.987 0.983 0.981 0.977
0.08 1.66 0.972 0.970 0.970 0.970 0.980 0.977 0.976 0.973 0.985 0.981 0.978 0.975
0.09 1.71 0.968 0.964 0.965 0.964 0.976 0.973 0.971 0.968 0.981 0.978 0.975 0.970
0 Drift of economic factor
0.005 1.33 0.948 0.943 0.945 0.937 0.961 0.956 0.955 0.948 0.969 0.963 0.958 0.951
0.010 1.45 0.965 0.961 0.962 0.960 0.974 0.970 0.969 0.966 0.980 0.976 0.972 0.967
0.015 1.61 0.977 0.971 0.970 0.970 0.984 0.979 0.977 0.976 0.987 0.983 0.981 0.977
0.020 1.84 0.985 0.981 0.981 0.981 0.989 0.986 0.985 0.984 0.991 0.989 0.988 0.986
0.025 2.18 0.990 0.986 0.985 0.985 0.993 0.990 0.989 0.989 0.993 0.992 0.992 0.990
0 Noise in climate information
5 1.61 0.975 0.969 0.970 0.968 0.982 0.978 0.977 0.976 0.986 0.983 0.981 0.977
10 1.61 0.977 0.970 0.970 0.969 0.983 0.978 0.977 0.976 0.986 0.983 0.981 0.977
15 1.61 0.977 0.971 0.970 0.970 0.984 0.979 0.977 0.976 0.987 0.983 0.981 0.977
20 1.61 0.977 0.972 0.970 0.970 0.984 0.979 0.977 0.975 0.987 0.984 0.981 0.977
25 1.61 0.978 0.973 0.971 0.970 0.984 0.980 0.977 0.975 0.987 0.984 0.981 0.978
q Current capacity of infrastructure
165 1.61 0.978 0.975 0.975 0.975 0.984 0.981 0.980 0.979 0.987 0.984 0.983 0.979
170 1.61 0.977 0.973 0.973 0.973 0.984 0.980 0.979 0.978 0.987 0.984 0.982 0.979
175  1.61 0.977 0.971 0.970 0.970 0.984 0.979 0.977 0.976 0.987 0.983 0.981 0.977
180 1.61 0.975 0.971 0.971 0.971 0.983 0.979 0.978 0.976 0.986 0.983 0.981 0.978
185  1.61 0.969 0.969 0.970 0.970 0.979 0.978 0.977 0.976 0.984 0.983 0.981 0.978

Notes. Each row reports the option value if the decision-maker uses the constant BCR
threshold in equation (3.2), for various evaluation dates and probabilities that the bad climate
scenario holds. The option value is evaluated at the breakeven-level of the economic factor
and is expressed as a proportion of the maximum attainable option value. All parameters
other than those listed take their baseline values.

Welfare losses are similar using the constant IRR threshold in equation (3.4) to the
losses when using the constant BCR threshold in equation (3.2).

Approximating the option value of waiting Table 5.9 considers the case when the
decision-maker approximates the value of the delay option using a fixed one-year delay,
and evaluates the project at five-yearly intervals.

In the short-medium term, using this approach typically achieves more than 96% of
the maximum attainable welfare associated with the adaptation project.

In the long term, welfare losses are greater when the economic factor is expected
to grow less quickly. The scale of welfare losses is relatively insensitive to the speed
with which climate uncertainty falls.

Tables 5.10 and 5.11 consider the case when the decision-maker ignores climatic and
economic volatility, respectively, when calculating the option value of waiting. She evalu-
ates the project at five-yearly intervals.
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Table 5.8: Welfare implications of using a constant threshold for the IRR
p h 0.25 0.50 0.75
t 0 40 80 120 0 40 80 120 0 40 80 120
o Volatility of economic factor
0.05 0.0686 0.983 0.980 0.980 0.980 0.988 0.985 0.984 0.983 0.990 0.988 0.987 0.983
0.06 0.0700 0.979 0.974 0.974 0.974 0.984 0.980 0.979 0.978 0.988 0.984 0.982 0.979
0.07 0.0714 0.973 0.969 0.968 0.968 0.980 0.976 0.974 0.972 0.984 0.980 0.977 0.973
0.08 0.0731 0.968 0.967 0.968 0.968 0.975 0.973 0.972 0.970 0.980 0.977 0.974 0.971
0.09 0.0748 0.962 0.962 0.962 0.962 0.970 0.968 0.967 0.965 0.976 0.973 0.969 0.965
1 Drift of economic factor
0.005 0.0649 0.944 0.940 0.943 0.936 0.955 0.952 0.951 0.944 0.962 0.957 0.953 0.945
0.010 0.0679 0.962 0.959 0.961 0.958 0.970 0.967 0.966 0.963 0.976 0.971 0.968 0.963
0.015 0.0714 0.973 0.969 0.968 0.968 0.980 0.976 0.974 0.972 0.984 0.980 0.977 0.973
0.020 0.0753 0.982 0.979 0.979 0.979 0.986 0.984 0.983 0.981 0.989 0.987 0.985 0.982
0.025 0.0795 0.987 0.985 0.984 0.983 0.990 0.988 0.987 0.986 0.992 0.991 0.989 0.988
0 Noise in climate information
5 0.0714 0.973 0.968 0.969 0.965 0.979 0.975 0.975 0.971 0.983 0.980 0.978 0.973
10 0.0714 0.973 0.968 0.969 0.967 0.980 0.975 0.975 0.971 0.984 0.980 0.977 0.973
15 0.0714 0.973 0.969 0.968 0.968 0.980 0.976 0.974 0.972 0.984 0.980 0.977 0.973
20 0.0714 0.973 0.970 0.968 0.968 0.980 0.976 0.974 0.972 0.984 0.980 0.977 0.973
25  0.0714 0.973 0.970 0.969 0.968 0.980 0.976 0.975 0.972 0.984 0.980 0.977 0.973
q Current capacity of infrastructure
165 0.0714 0.974 0.973 0.974 0.973 0.981 0.978 0.977 0.975 0.985 0.981 0.979 0.975
170  0.0714 0.974 0.971 0.972 0.971 0.980 0.977 0.976 0.974 0.985 0.981 0.978 0.974
175 0.0714 0.973 0.969 0.968 0.968 0.980 0.976 0.974 0.972 0.984 0.980 0.977 0.973
180 0.0714 0.971 0.969 0.969 0.969 0.978 0.976 0.975 0.973 0.983 0.980 0.977 0.974
185  0.0714 0.966 0.967 0.969 0.969 0.974 0.975 0.974 0.973 0.979 0.979 0.977 0.974
Notes. Each row reports the option value if the decision-maker uses the constant IRR thresh-
old in equation (3.4), for various evaluation dates and probabilities that the bad climate sce-
nario holds. The option value is evaluated at the breakeven-level of the economic factor and
is expressed as a proportion of the maximum attainable option value. All parameters other
than those listed take their baseline values.
e In the short-medium term, using either approach typically achieves more than 95%

of the maximum attainable welfare associated with the adaptation project. The per-
formance of the two approaches is similar across a wide range of parameter settings.

5.5 Conclusions

As in Chapter 4, the analysis in this chapter shows the value of investment-timing flexi-
bility is economically significant across a wide range of parameter settings, this time for
projects involving ongoing investment programmes. Once more, using standard CBA at
fixed intervals can capture a substantial amount of the option value. Simple rules of thumb
based on constant BCR and IRR thresholds are even more effective. The approach that
uses a fixed-date approximation to estimate the option value of delaying investment is still
probably the best one to adopt, because it can be implemented with just two applica-
tions of standard CBA and—at least for the cases considered in this chapter—results in
negligible welfare losses.
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Table 5.9: Welfare implications of assuming a fixed future investment date

P 0.25 0.50 0.75
t 0 40 80 120 0 40 80 120 0 40 80 120
o Volatility of economic factor
0.05 0.988 0.987 0.987 0.985 0.989 0.988 0.988 0.987 0.990 0.989 0.989 0.988
0.06 0.986 0.985 0.984 0.983 0.988 0.986 0.986 0.986 0.988 0.987 0.987 0.986
0.07 0.984 0.982 0.982 0.981 0.986 0.984 0.984 0.983 0.987 0.986 0.985 0.984
0.08 0.981 0.979 0.979 0.978 0.983 0.981 0.981 0.980 0.985 0.983 0.982 0.981
0.09 0.978 0.976 0.975 0.974 0.980 0.978 0.977 0.977 0.983 0.980 0.979 0.978
I Drift of economic factor
0.005 0.946 0.928 0.928 0.925 0.955 0.941 0.940 0.939 0.964 0.951 0.947 0.943
0.010 0.973 0.968 0.967 0.963 0.977 0.973 0.971 0.970 0.980 0.976 0.974 0.973
0.015 0.984 0.982 0.982 0.981 0.986 0.984 0.984 0.983 0.987 0.986 0.985 0.984
0.020 0.989 0.989 0.988 0.988 0.990 0.989 0.989 0.989 0.991 0.990 0.990 0.989
0.025 0.992 0.992 0.992 0.991 0.993 0.992 0.992 0.992 0.993 0.993 0.993 0.992
0 Noise in climate information
5 0.984 0.983 0.983 0.980 0.986 0.985 0.985 0.984 0.987 0.986 0.985 0.984
10 0.984 0.983 0.983 0.981 0.986 0.985 0.984 0.984 0.987 0.986 0.985 0.984
15 0.984 0.982 0.982 0.981 0.986 0.984 0.984 0.983 0.987 0.986 0.985 0.984
20 0.984 0.982 0.981 0.979 0.986 0.984 0.983 0.982 0.987 0.985 0.984 0.983
25 0.984 0.982 0.981 0.979 0.986 0.984 0.983 0.981 0.987 0.985 0.984 0.983
q Current capacity of infrastructure
165 0.984 0.983 0.982 0.981 0.986 0.984 0.984 0.983 0.987 0.986 0.985 0.984
170 0.984 0.982 0.981 0.980 0.986 0.984 0.983 0.983 0.987 0.986 0.985 0.984
175 0.984 0.982 0.982 0.981 0.986 0.984 0.984 0.983 0.987 0.986 0.985 0.984
180 0.983 0.982 0.981 0.980 0.985 0.984 0.983 0.983 0.987 0.985 0.985 0.984
185 0.980 0.981 0.980 0.979 0.982 0.983 0.983 0.982 0.984 0.985 0.984 0.984

Notes. Each row reports the option value if the decision-maker approximates the value of
the delay option using a fixed one-year delay, for various evaluation dates and probabilities
that the bad climate scenario holds. The option value is evaluated at the breakeven-level
of the economic factor and is expressed as a proportion of the maximum attainable option
value. All parameters other than those listed take their baseline values.
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Table 5.10: Welfare implications of ignoring climatic volatility
p 0.25 0.50 0.75
t 0 40 80 120 0 40 80 120 0 40 80 120
o Volatility of economic factor
0.05 0.978 0.978 0.977 0.978 0.981 0.980 0.979 0.979 0.983 0.982 0.981 0.979
0.06 0975 0.976 0.976 0.976 0978 0.977 0.976 0.976 0.979 0.978 0.976 0.975
0.07 0.971 0.970 0.971 0.971 0973 0.973 0.972 0.970 0.975 0.974 0.973 0.970
0.08 0.965 0.965 0.965 0.966 0.969 0.969 0.967 0.967 0.972 0.971 0.968 0.967
0.09 0.961 0.960 0.960 0.960 0.964 0.964 0.964 0.962 0.967 0.967 0.965 0.962
m Drift of economic factor
0.005 0.940 0.939 0.942 0.935 0.944 0.946 0.946 0.941 0.945 0.947 0.946 0.940
0.010 0.956 0.957 0.958 0.957 0.961 0.961 0.960 0.960 0.965 0.963 0.960 0.958
0.015 0.971 0.970 0.971 0.971 0973 0.973 0.972 0.970 0.975 0.974 0.973 0.970
0.020 0.979 0.978 0.978 0977 0.981 0.980 0.980 0.978 0.983 0.981 0.981 0.979
0.025 0.986 0.985 0.985 0.985 0.987 0.986 0.986 0.986 0.988 0.987 0.986 0.986
0 Noise in climate information
5 0.971 0.971 0.971 0.967 0973 0.973 0.973 0.970 0.976 0.974 0.973 0.970
10 0.971 0.971 0.971 0.969 0973 0.973 0.972 0.970 0.975 0.974 0.973 0.970
15 0.971 0.970 0.971 0.971 0973 0.973 0.972 0.970 0.975 0.974 0.973 0.970
20 0.971 0.970 0.971 0.971 0973 0.973 0.973 0.971 0.975 0.974 0.973 0.971
25 0.971 0.970 0.971 0.971 0973 0.973 0.973 0.972 0.974 0.974 0.973 0.971
q Current capacity of infrastructure
165 0971 0.971 0.971 0.971 0973 0.973 0.972 0.971 0.977 0.975 0.973 0.971
170 0.971 0.969 0.969 0.969 0974 0.972 0.971 0.971 0.976 0.974 0.971 0971
175 0.971 0.970 0.971 0.971 0973 0.973 0.972 0.970 0.975 0.974 0.973 0.970
180 0.969 0.968 0.967 0.968 0972 0.971 0.969 0.970 0.974 0.973 0.970 0.971
185 0.963 0.965 0.966 0.967 0.967 0.970 0.970 0.969 0.970 0.973 0.971 0.969

Notes. Each row reports the option value if the decision-maker approximates the value of
the delay option by ignoring climate volatility, for various evaluation dates and probabilities
that the bad climate scenario holds. The option value is evaluated at the breakeven-level
of the economic factor and is expressed as a proportion of the maximum attainable option

value. All parameters other than those listed take their baseline values.
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Table 5.11: Welfare implications of ignoring economic volatility
P 0.25 0.50 0.75
t 0 40 80 120 0 40 80 120 0 40 80 120
o Volatility of economic factor
0.05 0.988 0.987 0.985 0.982 0.989 0.987 0.987 0.986 0.990 0.988 0.988 0.988
0.06 0.986 0.985 0.983 0.981 0.988 0.986 0.985 0.984 0.988 0.987 0.986 0.986
0.07 0.984 0.982 0.981 0.979 0.986 0.984 0.983 0.982 0.987 0.985 0.984 0.983
0.08 0.981 0.980 0.979 0.977 0.983 0.982 0.981 0.980 0.985 0.983 0.982 0.981
0.09 0.978 0.976 0.976 0.975 0.981 0.979 0.978 0.977 0.983 0.981 0.979 0.978
m Drift of economic factor
0.005 0.944 0.935 0.938 0.930 0.956 0.952 0.951 0.944 0.964 0.959 0.955 0.948
0.010 0.973 0.969 0.969 0.963 0.977 0.974 0.973 0.969 0.980 0.977 0.974 0.971
0.015 0.984 0.982 0.981 0.979 0.986 0.984 0.983 0.982 0.987 0.985 0.984 0.983
0.020 0.989 0.988 0.988 0.987 0.990 0.989 0.989 0.988 0.991 0.990 0.990 0.989
0.025 0.992 0.991 0.991 0.991 0.993 0.992 0.992 0.992 0.993 0.993 0.993 0.992
0 Noise in climate information
5 0.984 0.983 0.983 0.979 0.986 0.985 0.985 0.984 0.987 0.986 0.985 0.984
10 0.984 0.983 0.982 0.980 0.986 0.984 0.984 0.984 0.987 0.986 0.985 0.984
15 0.984 0.982 0.981 0.979 0.986 0.984 0.983 0.982 0.987 0.985 0.984 0.983
20 0.984 0.982 0.981 0.979 0.986 0.984 0.982 0.981 0.987 0.985 0.984 0.983
25 0.984 0.982 0.981 0.978 0.986 0.984 0.982 0.980 0.987 0.986 0.984 0.982
q Current capacity of infrastructure
165 0.984 0.982 0.981 0.979 0.986 0.984 0.983 0.982 0.987 0.986 0.984 0.984
170 0.984 0.982 0.981 0.979 0.986 0.984 0.983 0.982 0.987 0.986 0.984 0.984
175 0.984 0.982 0.981 0.979 0.986 0.984 0.983 0.982 0.987 0.985 0.984 0.983
180 0.983 0.982 0.981 0.979 0.985 0.984 0.983 0.982 0.987 0.985 0.984 0.983
185 0.980 0.980 0.979 0.977 0.982 0.983 0.982 0.981 0.984 0.985 0.984 0.983

Notes. Each row reports the option value if the decision-maker approximates the value of the
delay option by ignoring economic volatility, for various evaluation dates and probabilities
that the bad climate scenario holds. The option value is evaluated at the breakeven-level
of the economic factor and is expressed as a proportion of the maximum attainable option
value. All parameters other than those listed take their baseline values.



Chapter

One-off investments with scale and
timing flexibility

6.1 Introduction

In Chapters 4 and 5, the decision-maker’s choice of investment timing is the only flexibility
embedded in the investment opportunity. In contrast, in this chapter the decision-maker
chooses what to do as well as when to do it. I refer to this additional optionality as “scale”
flexibility, but this label includes a wide variety of project characteristics. For example,
this additional flexibility might involve the scale of the project, its location, its salvage
value, or some other aspect that influences the project’s cost or the future benefits that
it will generate. As in Chapter 4, the decision-maker can take the action (that is, invest)
at most once, she can take the action at any point during a specified period of time, the
cost of reversing the action is prohibitively high, and the flow of future benefits initiated
by taking the action are uncertain.

This chapter uses the example of an option to invest in upgrading an existing seawall to
evaluate the performance of simple decision-making rules when faced with scale and timing
flexibility. The decision-maker must choose when to undertake the investment and by how
much to raise the existing seawall when investment occurs. The benefits generated by the
completed seawall comprise the avoided inundation costs minus any ongoing maintenance
costs (and potentially the cost attributed to the loss of the amenity value of nearby land).
The avoided inundation costs equal the expected value of all flooding-related costs with
the original seawall in place, minus the expected value of all flooding-related costs with
the upgraded seawall in place. A suitable climate factor for this example is the average
annual maximum sea level, which I assume determines the distribution of the annual
maximum sea level, which in turn determines the frequency and scale of seawall breaches.
A suitable economic factor is the value of the assets that are protected by the seawall and
the system-status factor is the height of the seawall.

Many adaptation projects involve a similar scale choice. For example, when construct-
ing a new water reservoir in response to the increasing frequency and severity of droughts,
the decision-maker must choose the size of the new reservoir and the timing of its con-
struction (Sood and Mullan, 2020). The benefits of this project comprise the avoided costs
of water scarcity, less any ongoing costs associated with maintaining the reservoir itself.
These benefits are subject to two main sources of uncertainty. A suitable climate factor is
any variable that summarises the distribution of future streamflow and a suitable economic
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factor is the size of the local population. There is currently considerable uncertainty about
both. For example, Kamish et al. (2020) investigate the effect of drought on drinking-water
availability in ten locations around New Zealand and conclude that the likely impact of
climate change on stream flows varies across climate scenarios.

Another (smaller-scale) response to increased drought risk is the installation of rain-
water harvesting systems for individual buildings (Kim et al., 2014; Pacheco and Campos,
2019). The decision-maker needs to choose the timing of investment and storage capacity
of the system. The benefits of such projects include the reduced costs of supplying water
to the buildings, plus the value of the reduced pressure on the local stormwater system,
minus the cost of maintaining the rainwater harvesting system. These systems are typically
implemented at the level of individual buildings, so are a good example of the small-scale
adaptation projects that might benefit from a simplified form of ROA.

Scale does not just refer to the physical capacity of an adaptation project. For example,
when a decision-maker evaluates a policy of managed retreat in response to rising sea levels,
she must decide how far to retreat as well as when to retreat. Rather than physical capacity,
in this case the “scale” aspect of the problem relates to distance: how far should assets be
relocated from the coast? The benefits generated by such an action include the disruption
and repair costs that are avoided because infrastructure has been moved out of harm’s way.
In general, the greater the distance retreated, the lower the future costs, and therefore the
greater the benefits of the policy. Suitable climate and economic factors are the average
annual maximum sea level and the value of assets in the vulnerable location. Delaying the
decision allows the decision-maker to acquire more information about the magnitude of the
threat—and the appropriate distance to move infrastructure—but means that disruption
and repair costs must be incurred for longer.!

Scale flexibility is also relevant to decision-making concerning the development of land
that is potentially vulnerable to future climate change. Landowners (or, in practice, per-
haps the local council during the development-approval process) must choose the level of
resilience to embed in the development. For example, houses in locations vulnerable to
flooding can be built with elevated foundations to reduce the risk of flooding damage, but
the height of the foundations must be chosen before the full magnitude of climate change
is known with certainty. Similarly, valuable flexibility can be created when developing
coastal land that allows houses to be relatively easily relocated when sea levels rise. That
is, the decision-maker effectively chooses the “salvage value” of a house (and pays more
upfront for a house with a greater salvage value).

Table 6.1 shows how these adaptation projects can be interpreted in terms of the
model in this chapter. It suggests climate and economic factors that are appropriate for
each example. In addition to specifying benefit flows that capture the key net benefits
generated by the completed project, a model must specify a relevant measure of the scale
of investment. The rest of this chapter contains a model of the first of these examples.
Like all models used for decision-making, it is stylised. This is partly to ensure the model
is tractable and partly so its insights are applicable to other adaptation projects, such as
the other examples in Table 6.1. The key feature of the model is that the decision-maker
chooses when to invest and what to build.

The decision-maker faces a similar problem in all of these examples. As in Chapter 4,
the uncertainty surrounding the future benefits of the project exposes the decision-maker

"However, the costs of delay can be reduced using interim measures (Guthrie, 2021). For exam-
ple, coastal dairy farms could use extensive re-vegetated buffers on coastlines or some other “Protect,
Adapt/Anticipate, Retreat” adaptation pathway (Smith et al., 2017).



85

One-off investments with scale and timing flexibility

SOSNOY JO anfea agea[eg

©OIR S[(RISUNA
Ul $198se JO onfep

3[SLI UOISOIo SUIDULNUL
SI1070%J JoJ0 IO [9AJ]
©OS WNWIXRW dFRIGAY

aInnj oy} Ul JSBOD
oY) WOoIJ AeMe SOSNOY
SUIAOW JO 150D Paonpay

PpUR[ [B)SLOD UO SOSNOY
9[qrjed0[aI SUIp[ing

suorepunoj Jo SO

BOIR 9[QRISUNA
Ul $)9Sse JO aNep

JSII pOOY SUUONFUI
SI090®J 1970 10 MO[J
Ioall yead ‘[[ejurel ‘[eAs]
2OS WNWIXRW dFRIOAY

§9s00 aredaa ‘uorpdnisip
‘dn-ueo[d peonpoy

pue]

o[qreIaunA Afperusjod
U0 9]IN( S9sNoY

JO SUOIepUNO] PasIeY]

Surpooy jo 90Inos
WOIJ POAOW 9OURISI(]

BOIR S[(RISUMNA
Ul S)OSSE JO oN[eA

MO
IOALI Yead ‘[[ejurelr ‘[oAs]
©OS WNWIXRUW 9FRIGAY

$9500 aredaa ‘uorpdnisip
‘dn-ues[d peonpey

pue[ o[qetauna
WOIJ 1eaI}dI POSRURIA

Ayoedes 93vi01g

$1S00 PaJe[aI-3UIpoOy
{I197eM JO ON[RA

[rejurer o98RIoAY

$9500

9OURUIUTRU I0] MO[R
{M9)SAS 193RMULIO)S UO
aanssoxd peonper (A[ddns
Ioyem JO S3S0D PAONPaY

s3urprmng
[eNPIAIPUT I0J SWID)SAS
SUI)SOAIRY IojemUleY]

Ayoedes 93ei01g

doxo Arewrad jo 9ot1g

[rejurer ogeIoAy

UuOoI1ye3LIII
Aq peonpar sysearey
1SO[ JO 180D paonpay

QUWIAYDS UOTYeSLII]

MOJJUIRDI)S
eImInj Jo UOINLIISIP

oY) sosLIRWIIINS £100008
Ayoeded I10AT0S9Y uoryerndod esor| ey} a[qerreA Auy Iajem JO S1S0D POpIOAY IIOATOSOI ISYRAA
ROIR O[(RIOUNA [oA9] $1500
[[emess Jo SO ur $398se JO onfep ©OS WNWIXRUW 9FRIGAY uorepuNuUI POPIOAY opeiddn [emesg
areog 1010®.] OTWOUOI 10708] 99eWI])) MO 1goudg 100(01d jJo odA(,

9 1e1dey) ur yromowrely o) Yim oiqrredwos sjoslord uonyeydepy :1°9 o[qrR],



86 SIMPLIFIED REAL OPTIONS ANALYSIS

to the risk that after she invests the benefits will turn out to be so low that the project does
not recover the cost of undertaking it. For example, if the frequency of droughts rises more
slowly than expected, then the benefits generated by a new water reservoir will be smaller
than expected. In Chapter 4, the only way that the decision-maker could reduce this risk
was by delaying investment until the expected benefits were relatively large, which made
it relatively unlikely that the project’s actual benefits would not cover its cost. However,
flexibility about what to build offers the decision-maker another means of managing this
risk. For example, scale flexibility allows the decision-maker to choose a smaller scale if
she invests early, which reduces the risk associated with early investment. As before, the
decision-maker must weigh the benefit of waiting against the cost, which is that she forgoes
receiving any of the project’s benefits for as long as she delays investment. Now, however,
the benefit of waiting includes the value of the option to choose what to build.

6.2 Model framework

Details of the model can be found in Appendix B.3 and Guthrie (2023a). Its key compo-
nents are:

e An existing seawall can cope with a maximum sea level 136cm above the average
annual maximum sea level. The seawall’s height can be increased at any time and
by any amount, but it can only be raised once. Investment costs are chosen so that
the cost of increasing the sea wall’s height by 50cm is equally split between fixed
and variable costs.

e The economic factor equals the (annualised) flooding-related costs incurred by the
local community for each centimetre that the annual maximum sea level exceeds the
seawall’s height. Each year, the growth in this factor is normally distributed with a
mean of 2.0% and a standard deviation of 10.0%.

e The average annual maximum sea level increases by R centimetres each year. The
rate of sea level rise is uncertain. The decision-maker initially believes that R is
normally distributed with a mean of 0.7 and a standard deviation of 0.3. Climate
uncertainty falls over time as more is learnt about climate change. This aspect of
the set-up matches the model of sea-level rise described in Chapter 2.

e All future costs and benefits are discounted using a constant social discount rate of
5% per annum.

e The baseline values of the model’s parameters have been chosen to approximate
the Hutt City Council’s project upgrading the seawall around the Eastern Bays of
Wellington harbour.

6.3 Optimal investment policy

Asin Chapters 4 and 5, the optimal policy can be described in terms of trigger points. Each
time the seawall project is evaluated, the decision-maker calculates the current values of the
climatic and economic factors and determines whether or not the calculated combination
triggers immediate investment. This section describes the form these trigger points take,
both in the baseline case and when the model’s parameters are varied around this baseline.
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6.3.1 Baseline case

As was the case in Chapter 4, this adaptation project involves one-off investment. Now,
however, the decision-maker needs to choose the scale of investment as well as the timing.
The welfare-maximising rule for choosing the timing of investment can be described using
the same format as in Chapter 4—that is, by plotting the optimal trigger point for the
economic factor as a function of the climate factor, for various evaluation dates. The key
difference here is due to the different underlying model of climate uncertainty. Rather
than plotting the investment threshold as a function of the probability of the bad scenario
occurring, the threshold is a function of the expected rate of sea-level rise. The top graph
in Figure 6.1 plots the optimal trigger point for the economic factor as a function of the
expected rate of sea-level rise. Each curve corresponds to a different evaluation date. In
principle, the decision-maker can use this graph in the following way:

1. Calculate the current levels of the climatic and economic factors and identify the
corresponding point on the graph.

2. If this point is on or below the curve corresponding to the current date, then wait
and reevaluate the project in the future.

3. If this point is above the curve corresponding to the current date, then invest im-
mediately.

The trigger point is lower if the sea level is believed to be rising more quickly and if the
evaluation date is further into the future.

As in the previous two chapters, it is possible to express the rule for investment timing
in terms of a trigger point for the project’s BCR. The middle graph in Figure 6.1 plots this
trigger point as a function of the expected rate of sea-level rise on the indicated evaluation
dates. The key results to note are:

e The welfare-maximising threshold for the BCR is (very) significantly greater than
one—in particular, it is optimal to require that the present value of the project’s
benefits is more than double the cost before investing. In the short term, the threshold
is even greater than this. These results show that the value of the investment timing
option is large—in fact, several times the required investment expenditure, especially
in the short term.

e The optimal BCR threshold is much larger than in Chapter 4. The main benefit of
delaying investment in Chapter 4 was the ability to reduce the risk of the adaptation
project being stranded. This is still a benefit here, but now delaying investment also
allows the decision-maker to make a better-informed choice of investment scale. That
is, waiting is more valuable in this chapter (especially in the short term) because
it allows the decision-maker to learn more about what to build, rather than just
when to build it. This makes the option value of waiting larger, which increases the
opportunity cost of investing and raises the BCR trigger point.

e The option value falls over time as the remaining uncertainty about the rate of sea-
level rise falls. Holding time (and hence uncertainty) constant, the option value is
lower when the expected rate of sea level rise is greater (so that the risk of stranding
is lower).
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Figure 6.1: Optimal investment policy
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Notes. The top graph plots the welfare-maximising trigger point for the economic factor as
a function of the expected rate of sea-level rise on the indicated evaluation dates. The middle
graph plots the corresponding trigger point for the BCR as a function of the expected rate
of sea-level rise. The bottom graph plots the optimal investment scale when the economic
factor is at the level that triggers immediate investment. All parameters take their baseline
values.
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The second component of the welfare-maximising investment policy is the rule for
determining the scale of investment. The bottom graph in Figure 6.1 plots the optimal
investment scale as a function of the expected rate of sea-level rise on the indicated eval-
uation dates. This is the scale of investment the decision-maker should choose when the
economic factor is at the level that triggers immediate investment. Combining all three
graphs in Figure 6.1 reveals the following:

e If the expected rate of sea-level rise is low, then it is optimal to wait for a relatively
high level of the economic factor or BCR and then build a small extension to the
sea wall.

e If the expected rate of sea-level rise is high, then it is optimal to wait for a relatively
low level of the economic factor or BCR and then build a large extension to the sea
wall.

6.3.2 Sensitivity analysis

As in Chapters 4 and 5, the analysis in this section addresses two fundamental questions.
First, how much is the investment-timing option worth? Second, what does the socially
optimal investment policy look like? Now, however, the second question has two compo-
nents: what does optimal timing look like and what is the optimal scale of investment? As
in the two preceding chapters, I use the value of the investment option when the economic
factor is at the breakeven point to help answer the first question. I use the level of the
welfare-maximising BCR threshold and the scale of investment when the BCR triggers
investment to help answer the two components of the second question. In all cases, I carry
out sensitivity analysis, varying the model’s parameters around their baseline values and
reporting the effects on these three outputs.

Table 6.2 reports the results of the sensitivity analysis of the value of the investment
option. Each row reports the values of the investment option when the economic factor is
at the breakeven level, for the indicated evaluation dates and expected rates of sea-level
rise.? All parameters take their baseline values in the top row. The subsequent panels each
vary one of the model’s parameters over a range around that parameter’s baseline level
while holding all other parameters at their baseline levels. For example, if the expected
rate of sea-level rise equals 7mm/year at date 40 in the baseline case, then the investment
option will be worth 44.2% of the cost of a 50cm increase in height when the economic
factor is just large enough for the benefits of immediate investment to cover the cost of
the investment expenditure. The key results to note are:

e The option value is economically significant in all the cases I consider. Thus, some
form of ROA, or a simplified approximation to this method, is important for achiev-
ing good welfare gains from investing in the project.

e Scale and timing flexibility is more valuable if the economic factor is more volatile and
if it is expected to grow more quickly. However, economic volatility has a relatively
small effect on the option value, especially if the expected rate of sea-level rise is
low.

2The cost parameters are normalised so that increasing the height of the sea wall by 50cm costs one
“dollar.”
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Table 6.2: Maximum attainable option value at breakeven level of economic factor

a 0.003 0.007 0.011
t 0 40 80 120 0 40 80 120 0 40 80 120
Baseline case
0.804 0.427 0.299 0.247 0.727 0.442 0.401 0.381 0.805 0.509 0.514 0.527
o Volatility of economic factor
0.08 0.801 0.418 0.287 0.231 0.718 0.425 0.379 0.355 0.791 0.486 0.484 0.490
0.09 0.803 0.422 0.293 0.239 0.722 0.433 0.390 0.368 0.798 0.497 0.499 0.508
0.10 0.804 0.427 0.299 0.247 0.727 0.442 0.401 0.381 0.805 0.509 0.514 0.527
0.11 0.806 0.432 0.306 0.255 0.733 0.451 0.413 0.395 0.814 0.521 0.530 0.546
0.12 0.808 0.437 0.314 0.264 0.738 0.461 0.425 0.410 0.822 0.534 0.547 0.566
% Drift of economic factor
0.010 0.704 0.329 0.210 0.170 0.592 0.291 0.258 0.257 0.626 0.318 0.322 0.352
0.015 0.752 0.375 0.252 0.205 0.652 0.356 0.322 0.314 0.704 0.401 0.406 0.432
0.020 0.804 0.427 0.299 0.247 0.727 0.442 0.401 0.381 0.805 0.509 0.514 0.527
0.025 0.854 0.487 0.358 0.297 0.823 0.551 0.498 0.463 0.942 0.655 0.649 0.650
0.030 0.903 0.554 0.424 0.357 0.939 0.686 0.615 0.562 1.119 0.844 0.815 0.789
i Noise in climate information
30 0.872 0.404 0.297 0.245 0.736 0.439 0.400 0.381 0.806 0.507 0.513 0.527
40 0.839 0.414 0.298 0.246 0.731 0.440 0.400 0.381 0.806 0.508 0.514 0.527
50 0.804 0.427 0.299 0.247 0.727 0.442 0.401 0.381 0.805 0.509 0.514 0.527
60 0.771 0.440 0.303 0.248 0.724 0.444 0.402 0.381 0.806 0.510 0.514 0.526
70 0.740 0.452 0.308 0.250 0.723 0.446 0.403 0.381 0.807 0.512 0.515 0.526
q Current height of seawall
1.26 0.498 0.336 0.290 0.262 0.588 0.417 0.411 0.402 0.692 0.501 0.528 0.549
1.31 0.628 0.371 0.292 0.254 0.655 0.426 0.405 0.391 0.748 0.504 0.521 0.538
1.36 0.804 0.427 0.299 0.247 0.727 0.442 0.401 0.381 0.805 0.509 0.514 0.527
1.41 1.040 0.510 0.317 0.242 0.800 0.465 0.398 0.371 0.863 0.518 0.508 0.516
1.46 1.361 0.623 0.348 0.240 0.873 0.499 0.397 0.361 0.917 0.531 0.502 0.505
Notes. Each row reports the maximum attainable option value for various evaluation dates
and expected rates of sea-level rise, where the option value is evaluated at the breakeven-level
of the economic factor. The top row shows results when all parameters take their baseline
values. The other panels report results when I vary one of the model’s parameters, as described
in the first entry in each row. All parameters other than those listed take their baseline values.
e In the short term, investment flexibility is more valuable if climate uncertainty falls

more quickly, but only if the expected rate of sea-level rise is low. In the medium
term, investment flexibility is more valuable if climate uncertainty falls more slowly,

but again only if the expected rate of sea-level rise is low.

e In the short term, investment flexibility is more valuable if the sea wall is already
relatively high.

Now I turn to the first part of the second key question: what does the socially optimal
investment-timing policy look like? Each entry in Table 6.3 reports the optimal BCR
threshold for a different combination of parameters.®> The format is identical to Table
6.2. For example, if the expected rate of sea-level rise equals 7mm/year at date 40 in the
baseline case, then the decision-maker should increase the height of the sea wall if doing
so has a BCR greater than 4.27. The key results to note are:

3The missing entries correspond to situations where the optimal trigger point for the economic factor
is outside the grid I use to evaluate the options. In these situations, the optimal investment threshold is
so high that early investment is very unlikely.
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Table 6.3: Optimal threshold for the BCR

a 0.003 0.007 0.011
t 0 40 80 120 0 40 80 120 0 40 80 120
Baseline case
- —  3.08 233 — 427 264 216 — 3.67 258 221
o Volatility of economic factor
0.08 - — 298 222 — 418 2.56 2.13 — 3.53 247 2.08
0.09 - -  3.02 229 — 423 261 215 — 3.60 2.49 2.09
0.10 - — 3.08 233 — 427 264 216 — 3.67 258 221
0.11 - — 314 240 — 431 270 227 - 3.73 263 227
0.12 - — 321 246 — 437 2.77 232 — 3.80 2.68 2.30
m Drift of economic factor
0.010 - - 216 173 — 272 1.89 1.69 — 237 181 1.70
0.015 - — 259 197 — 3.38 220 1.92 — 289 214 193
0.020 - —  3.08 233 — 427 264 216 — 3.67 258 221
0.025 - — 398 273 — 5.66 3.32 265 — 486 3.17 2.62
0.030 -  — 514 346 — 770 432 3.24 — 6.64 4.17 3.33
t Noise in climate information
30 — 782 310 231 — 425 264 216 — 3.66 2.58 221
40 - — 306 232 — 426 2.64 216 — 3.66 258 221
50 -  — 3.08 233 — 427 264 216 — 3.67 258 221
60 - — 312 235 — 427 264 216 — 3.67 258 221
70 - - 319 228 — 426 2.63 216 — 3.67 258 221
q Current height of seawall
1.26 - 3.69 261 221 - 331 252 220 - 320 249 213
1.31 — 561 279 228 — 3.68 2.58 219 — 340 253 217
1.36 - —  3.08 233 — 427 264 216 — 3.67 258 221
1.41 - — 378 243 — 529 274 224 — 4.02 260 223
1.46 —  — 545 262 — 7.55 2.87 226 — 457 2.68 223

Notes. Each row reports the optimal investment threshold for various evaluation dates and
expected rates of sea-level rise. All parameters other than those listed take their baseline
values.

e The welfare-maximising BCR threshold is significantly above one in all cases. In
most cases it is greater than two. The optimal BCR threshold is lower when the
expected rate of sea-level rise is higher.

e The optimal BCR threshold is higher if the economic factor is more volatile and if
it is expected to grow more quickly.

e The optimal BCR threshold is relatively insensitive to the speed with which climate
uncertainty falls.

e The optimal BCR threshold is larger when the existing sea wall is higher.

Finally, I carry out sensitivity analysis on the welfare-maximising scale of investment.
Each row in Table 6.4 reports the amount (measured in metres) that the decision-maker
should raise the sea wall by for various evaluation dates and expected rates of sea-level
rise. The optimal scale is evaluated assuming the level of the economic factor equals the
trigger point for socially optimal investment. The table’s format is the same as Tables 6.2
and 6.3. The key results to note are:

e The optimal scale is larger if the sea level is expected to be rising more rapidly and
if the evaluation date is further into the future.
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Table 6.4: Optimal investment scale

a 0.003 0.007 0.011
t 0 40 80 120 0 40 80 120 0 40 80 120
Baseline case
- — 036 0.39 — 079 0.84 0.92 - 114 1.31 149
o Volatility of economic factor
0.08 -  — 036 038 — 079 0.83 0.92 - 113 129 149
0.09 - — 036 0.39 — 079 0.84 0.92 — 114 130 1.49
0.10 -  — 036 0.39 — 079 0.84 0.92 — 114 1.31 149
0.11 - — 036 0.39 — 0.80 0.84 0.93 - 115 1.32 149
0.12 -  — 036 0.39 — 0.80 0.84 0.93 — 116 1.33 1.50
m Drift of economic factor
0.010 - - 032 037 — 057 0.70 0.88 — 081 1.07 143
0.015 - — 034 037 — 0.66 0.76 0.90 — 094 1.17 1.46
0.020 - — 036 0.39 — 079 0.84 0.92 — 114 1.31 149
0.025 - — 039 040 — 090 0.90 0.95 — 142 1.45 1.52
0.030 - — 041 o041 — 096 0.95 0.97 — 1.52 1.52 1.55
t Noise in climate information
30 — 038 0.36 0.38 — 079 0.84 0.92 — 114 1.31 149
40 - — 036 038 — 079 0.84 0.92 - 114 1.31 149
50 -  — 036 0.39 — 079 0.84 0.92 — 114 131 149
60 - — 037 0.39 — 0.80 0.84 0.93 — 115 1.31 149
70 - — 037 040 — 080 0.84 0.93 - 115 1.31 149
q Current height of seawall
1.26 — 040 0.43 048 - 079 091 1.02 - 115 1.38 1.59
1.31 — 040 0.40 043 - 079 0.88 0.97 — 114 135 1.54
1.36 - — 036 0.39 — 079 0.84 0.92 — 114 1.31 149
1.41 - - 033 035 — 080 0.80 0.88 - 116 1.27 145
1.46 - - 032 031 — 081 0.77 0.83 — 119 1.24 140

Notes. Each row reports the optimal investment scale for various evaluation dates and
expected rates of sea-level rise, where the scale is evaluated at the optimal investment trigger
point for the economic factor. The top row shows results when all parameters take their
baseline values. The other panels report results when I vary one of the model’s parameters,
as described in the first entry in each row. All parameters other than those listed take their
baseline values.

e Economic volatility has little effect on the scale of investment (although it does affect
the optimal timing of investment).

e The optimal scale of investment is larger if the economic factor is expected to grow
more rapidly.

e The optimal scale of investment is relatively insensitive to the speed with which
climate uncertainty falls.

e The optimal scale of investment is smaller when the existing sea wall is higher, but
the effect is minor. That is, the height of the existing sea wall has a larger effect on
the timing of investment than it does on the scale.

As in Chapters 4 and 5, the real option to choose the timing of investment is very
valuable, so it is optimal to delay raising the sea wall until the benefits of investment
are much larger than the required investment expenditure. The remainder of this chapter
evaluates the potential of simple alternatives to ROA to deliver the economic benefits
associated with the flexibility to choose the scale and timing of investment.
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Table 6.5: Welfare performance of simple rules in baseline case

a 0.003 0.007 0.011
t 0 40 80 120 0 40 80 120 0 40 80 120
Optimal policy
0.804 0.427 0.299 0.247 0.727 0.442 0.401 0.381 0.805 0.509 0.514 0.527
At Standard CBA
0.25 0.038 0.119 0.142 0.079 0.052 0.067 0.115 0.094 0.052 0.160 0.101 0.490
1 0.084 0.217 0.228 0.201 0.103 0.176 0.127 0.128 0.107 0.220 0.174 0.529
2 0.134 0.320 0.285 0.323 0.177 0.273 0.234 0.237 0.182 0.289 0.259 0.577
5 0.259 0.518 0.504 0.554 0.322 0.456 0.466 0.477 0.338 0.448 0.458 0.691
10 0.456 0.709 0.695 0.756 0.528 0.650 0.680 0.701 0.547 0.630 0.670 0.814
B Constant BCR threshold
1.50 0.499 0.767 0.875 0.942 0.591 0.808 0.893 0.963 0.619 0.823 0.902 0.971
1.75 0.599 0.856 0.952 0.983 0.707 0.908 0.966 0.985 0.731 0.922 0.971 0.984
2.00 0.673 0.915 0.984 0.976 0.786 0.959 0.988 0.977 0.816 0.969 0.988 0.966
2.25 0.730 0.952 0.989 0.949 0.845 0.984 0.984 0.947 0.876 0.988 0.981 0.934
2.50 0.775 0.974 0.981 0.914 0.888 0.991 0.965 0.898 0.918 0.990 0.962 0.896
h Constant IRR threshold
0.06 0.630 0.777 0.829 0.876 0.689 0.769 0.831 0.887 0.681 0.767 0.843 0.901
0.07 0.819 0.929 0.965 0.980 0.883 0.942 0.970 0.984 0.884 0.941 0.970 0.980
0.08 0.910 0.983 0.991 0.976 0.961 0.990 0.989 0.975 0.966 0.991 0.988 0.966
0.09 0.955 0.993 0.976 0.933 0.989 0.987 0.966 0.926 0.993 0.984 0.963 0.932
0.10 0.979 0.983 0.946 0.880 0.994 0.963 0.927 0.881 0.992 0.955 0.922 0.876
Approximating delay-option value
Fixed 0.989 0.994 0.991 0.985 0.996 0.993 0.990 0.985 0.996 0.993 0.990 0.985
Ignore econ vol  0.993 0.992 0.992 0.985 0.995 0.993 0.990 0.983 0.996 0.993 0.990 0.983
Ignore clim vol  0.982 0.991 0.984 0.978 0.994 0.988 0.983 0.976 0.994 0.988 0.983 0.978

Notes. The top row reports the maximum attainable option value for various evaluation dates
and expected rates of sea-level rise, where the option value is evaluated at the breakeven-level
of the economic factor. The subsequent rows report the option value if the decision-maker
uses various simple rules. In each case, the option value is evaluated at the break-even level
of the economic factor and is expressed as a proportion of the maximum attainable option
value. All parameters take their baseline values.

6.4 Performance of simple rules

6.4.1 Baseline case

As in the preceding two chapters, for each simple alternative to ROA I focus on two key
questions:

e What proportion of the maximum-attainable welfare can be achieved if the decision-
maker adopts this rule?

e What does the investment policy implied by a simple rule look like?

The key difference from the earlier chapters is that now the investment policy has two
dimensions: timing and scale.

Table 6.5 summarises the welfare performance of the same decision-making rules as in
Chapters 4 and 5. The top row reports the maximum attainable present value of future
welfare associated with the option to undertake the adaptation project, evaluated at the
break-even level of the economic factor. That is, the entries in this row show the option
value that can be attained if the decision-maker adopts the optimal investment policy. The
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subsequent rows report the option value if she uses various simple decision-making rules.
In each case, the option value is evaluated at the break-even level of the economic factor
and is expressed as a proportion of the maximum attainable option value.* For example, if
the decision-maker uses a constant IRR threshold of 8% and the expected rate of sea-level
rise is 7Tmm/year, then the option value is initially 96.1% of its value under the optimal
policy, assuming the economic factor is currently at the break-even level.

Standard CBA

e The welfare performance is poor if the project is evaluated frequently. If standard
CBA is used, then it is better to evaluate the project infrequently, perhaps every five
or ten years. Even then, standard CBA, might achieve less than half of the maximum
achievable welfare.

Constant BCR threshold

e The welfare performance of this rule is sensitive to the chosen level of the BCR thresh-
old. Welfare performance first improves then worsens as the threshold increases.

e It is possible to achieve more than 60% of the maximum attainable welfare using
this approach.

Constant IRR threshold

e The welfare performance of this rule is sensitive to the chosen level of the IRR
threshold. Starting from a threshold of h = 0.05, welfare performance first improves
then worsens as the threshold increases.

e It is possible to achieve more than 80% of the maximum attainable welfare using
this approach.

Approximating the delay-option value

e All three approaches typically achieve more than 97% of the maximum attainable
welfare. The performance is robust over time and over changes in the climate factor.

e The performance of these approaches is superior to both rules of thumb (constant
BCR and IRR thresholds).

There are two dimensions to the investment policy implied by these rules: timing and
scale. Table 6.6 summarises the investment timing implied by simple alternatives to ROA
that appear in Table 6.5. The top row reports the optimal threshold for the BCR for the
indicated combinations of the climate factor and the current date. It is the same as the top
row in Table 6.3. The subsequent rows report the BCR threshold that the decision-maker
effectively adopts if she uses the indicated simple decision-making rules. For example, if
the decision-maker uses a constant IRR threshold of 6% and the expected rate of sea-level
rise is 7mm /year, then the effective BCR threshold at date 0 is 1.91.

4Unless stated otherwise, these calculations assume that the project is evaluated every five years under
the simple policies, and continuously under the optimal policy.
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Table 6.6: Investment timing implied by simple rules in baseline case

a 0.003 0.007 0.011
t 0 40 80 120 0 40 80 120 0 40 80 120
Optimal policy
— -  3.08 233 — 427 264 2.16 —  3.67 258 221
At Standard CBA
0.25 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
1 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
2 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
5 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
10 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
B Constant BCR threshold
1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50 1.50
1.75 1.75 1.75 1.75 1.75 1.75 1.75 1.75 1.75 1.75 1.75 1.75 1.75
2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00
2.25 2.25 225 225 2.25 2.25 225 225 2.25 2.25 225 225 225
2.50 2.50 2.50 2.50 2.50 2.50 2,50 2.50 2.50 2.50 2.50 2.50 2.50
h Constant IRR threshold
0.06 2.06 1.60 1.43 1.36 1.91 1.47 138 1.35 1.81 1.42 1.37 1.35
0.07 - 232 191 1.73 3.41 2.03 1.81 1.71 3.14 193 1.77 1.71
0.08 - 313 241 211 5.58 2.67 2.26 2.08 5.04 252 222 2.08
0.09 —  4.00 293 2.50 — 336 273 2.46 7.55 3.14 2.68 2.45
0.10 — 492 346 2.89 —  4.07 321 284 — 3.80 3.16 2.83
Approximating delay-option value
Fixed — 521 279 2.03 — 393 237 194 - 337 227 1.93
Ignore econ vol - - 285 2.04 - 398 236 1.96 - 339 230 191
Ignore clim vol — 547 3.02 2.32 — 420 264 2.16 — 365 258 221

Notes. The top row reports the optimal threshold for the BCR for the indicated combinations
of the climate factor and the current date. The subsequent rows report the BCR thresholds
that the decision-maker effectively adopts if she uses the indicated simple decision-making

rules. All parameters take their baseline values.

Standard CBA By definition, if the decision-maker uses standard CBA, then she in-
vests whenever the project’s BCR is greater than or equal to one.

Constant BCR threshold In each case, the simple rule is to invest if the project’s
BCR is greater than or equal to some constant threshold.

Constant TRR threshold In this case, the investment threshold is constant when
expressed in terms of the project’s IRR, but non-constant when expressed in terms of the

BCR.

e Higher levels of the constant IRR threshold lead to higher levels of the implied BCR

threshold—that is, to later investment.

e Holding the IRR threshold constant, the implied BCR threshold is greater (that is,
the investment test is more demanding) if the expected rate of sea-level rise is lower.

e The implied threshold for the BCR shares some of the qualitative properties of the
optimal BCR threshold. In particular, it is higher if the expected rate of sea-level
rise is lower.
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Table 6.7: Investment scale implied by simple rules in baseline case

a 0.003 0.007 0.011
t 0 40 80 120 0 40 80 120 0 40 80 120
Optimal policy
— — 036 0.39 —  0.79 0.84 0.92 —  1.14 131 1.49
At Standard CBA
0.25 0.21 0.23 0.28 0.33 0.36 043 0.61 0.83 0.48 0.61 0.96 1.38
1 0.21 0.23 0.28 0.33 0.36 043 0.61 0.83 0.48 0.61 0.96 1.38
2 0.21 0.23 0.28 0.33 0.36 0.43 0.61 0.83 0.48 0.61 0.96 1.38
5 0.21 0.23 0.28 0.33 0.36 043 0.61 0.83 0.48 0.61 0.96 1.38
10 0.21 0.23 0.28 0.33 0.36 043 0.61 0.83 0.48 0.61 0.96 1.38
B Constant BCR threshold
1.50 0.25 0.27 0.31 0.36 0.46 0.52 0.71 0.89 0.64 0.76 1.09 1.44
1.75 0.26 0.28 0.33 0.37 0.50 0.56 0.75 0.90 0.70 0.83 1.15 1.46
2.00 0.28 0.29 0.33 0.38 0.54 0.60 0.78 0.92 0.76 0.88 1.21 1.48
2.25 0.29 0.30 0.34 0.39 0.57 0.63 0.81 0.93 0.81 093 1.26 1.49
2.50 0.29 0.31 0.35 0.39 0.60 0.66 0.83 0.93 0.85 0.98 1.30 1.51
h Constant IRR threshold
0.06 0.28 0.28 0.31 0.36 0.52 0.52 0.69 0.88 0.72 0.74 1.05 1.41
0.07 — 030 0.33 0.37 0.68 0.60 0.76 0.90 0.95 0.87 1.16 1.46
0.08 — 033 035 0.38 0.80 0.67 0.81 0.92 1.16 0.98 1.25 1.49
0.09 — 034 036 0.39 — 073 0.84 0.93 1.34 1.08 1.33 1.50
0.10 — 036 0.37 0.40 —  0.78 0.87 0.94 — 116 1.39 1.52
Approximating delay-option value
Fixed — 036 0.36 0.38 — 077 0.82 0.92 — 111 1.26 1.48
Ignore econ vol - - 036 0.38 — 078 0.81 0.92 — 111 1.26 1.48
Ignore clim vol — 036 0.36 0.39 — 079 0.84 0.92 —  1.14 131 1.49

Notes. The top row reports the optimal investment scale (measured in metres) for the
indicated combinations of the climate factor and the current date. The subsequent rows
report the scales that the decision-maker effectively adopts if she uses the indicated simple
decision-making rules. All parameters take their baseline values.

Approximating the delay-option value

e All three approaches result in high BCR thresholds that are higher if the expected
rate of sea-level rise is lower, and if the evaluation date is earlier.

e The fixed-date approximation implies a lower BCR threshold than the other two
approaches.

The second dimension of the investment policy is the scale of investment. Table 6.7
summarises the investment scale implied by simple alternatives to ROA that appear in
Table 6.5. The top row reports the optimal investment scale (measured in meters) for the
indicated combinations of the climate factor and the current date. It is the same as the
top row in Table 6.4. The subsequent rows report the scale the decision-maker effectively
adopts if she uses the indicated simple decision-making rules. For example, if the decision-
maker uses a constant IRR threshold of 6% and the expected rate of sea-level rise is
7mm /year, then the scale of investment is 0.52m if investment occurs at date 0.

Standard CBA
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o If the expected rate of sea-level rise is larger when the decision-maker invests, then
she will choose a larger investment scale.

e Later investment will have greater scale, especially if the expected rate of sea-level
rise is larger.

Constant BCR and IRR thresholds
e The investment scale will be larger if the expected rate of sea-level rise is larger.

e Delayed investment (that is, a higher investment threshold) leads to greater invest-
ment scale, especially if the expected rate of sea-level rise is larger.

Approximating the delay-option value
e The investment scale will be larger if the expected rate of sea-level rise is larger.

e All three approaches result in similar investment scales.

6.4.2 Sensitivity analysis

This section uses sensitivity analysis to determine the robustness of the results in Sec-
tion 6.4.1 and to identify situations in which these simple alternatives to ROA perform
particularly well or particularly poorly. As in the previous two chapters, I focus on the
welfare performance of each alternative. For each approach, I report the option value if
the decision-maker uses this approach, evaluated at the break-even level of the economic
factor and expressed as a proportion of the maximum attainable option value. The tables
of results in this section have the same format as Table 6.2.

Standard CBA Table 6.8 reports the results for the case when the decision-maker
evaluates the project using standard CBA at five-yearly intervals.

e In the short term, in most cases standard CBA achieves more than 25% of the
maximum attainable welfare associated with the adaptation project.

e In the short term, welfare losses are greater when the expected rate of sea-level rise
is lower, the economic factor is less volatile, the economic factor is expected to grow
more quickly, and the initial height of the sea wall is greater. The scale of welfare
losses is relatively insensitive to the speed with which climate uncertainty falls.

Constant BCR threshold Table 6.9 considers the case when the decision-maker uses
the constant BCR threshold in equation (3.2) and evaluates the project at five-yearly
intervals.

e In the short term, using this constant BCR threshold usually achieves more than
60% of the maximum attainable welfare associated with the adaptation project.

o Welfare losses are greater in the short term. In this case, the losses are greater when
the expected rate of sea-level rise is lower, the economic factor is less volatile, the
economic factor is expected to grow less quickly, and the initial height of the sea
wall is larger. The scale of welfare losses is relatively insensitive to the speed with
which climate uncertainty falls.
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Table 6.8: Welfare implications of using standard CBA
a 0.003 0.007 0.011
t 0 40 80 120 0 40 80 120 0 40 80 120
o Volatility of economic factor
0.08 0.242 0.509 0.474 0.519 0.302 0.429 0.425 0.433 0.318 0.420 0.420 0.687
0.09 0.251 0.514 0.489 0.538 0.312 0.443 0.446 0.456 0.328 0.435 0.440 0.689
0.10 0.259 0.518 0.504 0.554 0.322 0.456 0.466 0.477 0.338 0.448 0.458 0.691
0.11 0.268 0.523 0.517 0.568 0.332  0.469 0.483 0.495 0.348 0.461 0.475 0.694
0.12 0.276 0.528 0.530 0.581 0.342 0.480 0.499 0.513 0.358 0.474 0.491 0.696
I Drift of economic factor
0.010 0.280 0.606 0.617 0.658 0.363 0.556 0.569 0.662 0.388 0.563 0.649 0.668
0.015 0.269 0.558 0.548 0.650 0.347 0.506 0.517 0.569 0.356 0.505 0.563 0.523
0.020 0.259 0.518 0.504 0.554 0.322 0.456 0.466 0.477 0.338 0.448 0.458 0.691
0.025 0.249 0.473 0.469 0.550 0.295 0.394 0.403 0.617 0.299 0.387 0.355 0.566
0.030 0.244 0.428 0.440 0.448 0.283 0.360 0.363 0.575 0.266 0.306 0.488 0.418
t Noise in climate information
30 0.313 0.454 0.498 0.560 0.325 0.440 0.456 0.475 0.336 0.457 0.459 0.692
40 0.271 0.487 0.500 0.558 0.322 0.442 0.460 0.475 0.337 0.452 0.459 0.692
50 0.259 0.518 0.504 0.554 0.322 0.456 0.466 0.477 0.338 0.448 0.458 0.691
60 0.260 0.534 0.515 0.549 0.323 0.458 0.472 0.481 0.339 0.446 0.458 0.690
70 0.266 0.531 0.518 0.549 0.324 0.460 0.478 0.485 0.341 0.447 0.457 0.688
q Current height of seawall
1.26 0.360 0.514 0.515 0.608 0.377 0.464 0.532 0.528 0.380 0.437 0.508 0.694
1.31 0.313 0.515 0.500 0.534 0.356 0.453 0.493 0.499 0.353 0.422 0.484 0.702
1.36 0.259 0.518 0.504 0.554 0.322 0.456 0.466 0.477 0.338 0.448 0.458 0.691
1.41 0.216 0.511 0.512 0.541 0.293 0.438 0.509 0.592 0.309 0.434 0.432 0.677
1.46 0.175 0.502 0.486 0.562 0.274 0.430 0.499 0.640 0.299 0.427 0.425 0.661

Notes. Each row reports the option value if the decision-maker uses standard CBA, for
various evaluation dates and expected rates of sea-level rise. The option value is evaluated at
the breakeven-level of the economic factor and is expressed as a proportion of the maximum
attainable option value. All parameters other than those listed take their baseline values.

Constant IRR threshold Table 6.10 considers the case when the decision-maker uses
the constant IRR threshold in equation (3.4) and evaluates the project at five-yearly
intervals.

e In most cases, using this constant IRR threshold achieves more than 85% of the
maximum attainable welfare associated with the adaptation project.

Welfare losses are greater in the short term. In this case, the losses are greater when
the expected rate of sea-level rise is smaller, the economic factor is less volatile, the
economic factor is expected to grow less quickly, and the initial height of the sea
wall is greater. In most cases, the scale of welfare losses is relatively insensitive to
the speed with which climate uncertainty falls.

Welfare losses are smaller using the constant IRR threshold in equation (3.4) than
they are using the constant BCR threshold in equation (3.2).

Approximating the option value of waiting Table 6.11 considers the case when
the decision-maker approximates the value of the delay option using a fixed three-month
delay. She evaluates the project at five-yearly intervals.
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Table 6.9: Welfare implications of using a constant threshold for the BCR
a B 0.003 0.007 0.011
t 0 40 80 120 0 40 80 120 0 40 80 120
o Volatility of economic factor
0.08 1.89 0.647 0.895 0.980 0.982 0.756 0.947 0.988 0.973 0.787 0.961 0.988 0.983
0.09 1.94 0.660 0.906 0.981 0.977 0.771 0.953 0.988 0.975 0.802 0.965 0.989 0.977
0.10 2.00 0.673 0.915 0.984 0.976 0.786 0.959 0.988 0.977 0.816 0.969 0.988 0.966
0.11 2.06 0.686 0.923 0.984 0.973 0.800 0.963 0.987 0.973 0.830 0.972 0.987 0.971
0.12 2.12 0.698 0.929 0.985 0.972 0.813 0.966 0.986 0.966 0.842 0.974 0.987 0.974
0 Drift of economic factor
0.01 1.59 0.577 0.897 0.976 0.964 0.703 0.956 0.979 0.949 0.741 0.971 0.978 0.961
0.015 1.76 0.623 0.903 0.978 0.968 0.746 0.957 0.985 0.966 0.782 0.970 0.984 0.963
0.020 2.00 0.673 0.915 0.984 0.976 0.786 0.959 0.988 0.977 0.816 0.969 0.988 0.966
0.025 2.35 0.730 0.930 0.985 0.982 0.831 0.964 0.991 0.980 0.853 0.970 0.991 0.973
0.030 2.88 0.792 0.946 0.990 0.986 0.882 0.972 0.993 0.984 0.900 0.978 0.993 0.989
t Noise in climate information
30  2.00 0.712 0.913 0.984 0.978 0.791 0.959 0.988 0.977 0.818 0.969 0.988 0.966
40  2.00 0.688 0.915 0.984 0.978 0.788 0.959 0.988 0.977 0.817 0.969 0.988 0.966
50  2.00 0.673 0.915 0.984 0.976 0.786 0.959 0.988 0.977 0.816 0.969 0.988 0.966
60  2.00 0.667 0.915 0.982 0.977 0.786 0.959 0.988 0.977 0.816 0.969 0.988 0.967
70  2.00 0.669 0.913 0.981 0.977 0.788 0.959 0.988 0.977 0.817 0.968 0.988 0.967
q Current height of seawall
1.26  2.00 0.846 0.969 0.988 0.970 0.872 0.975 0.988 0.969 0.876 0.977 0.988 0.963
1.31  2.00 0.763 0.950 0.987 0.973 0.833 0.969 0.988 0.973 0.850 0.974 0.988 0.964
1.36  2.00 0.673 0.915 0.984 0.976 0.786 0.959 0.988 0.977 0.816 0.969 0.988 0.966
1.41  2.00 0.589 0.866 0.972 0.979 0.740 0.946 0.987 0.978 0.784 0.963 0.987 0.969
1.46  2.00 0.527 0.802 0.952 0.981 0.697 0.927 0.984 0.971 0.752 0.955 0.987 0.971
Notes. Each row reports the option value if the decision-maker uses the constant BCR
threshold in equation (3.2), for various evaluation dates and expected rates of sea-level rise.
The option value is evaluated at the breakeven-level of the economic factor and is expressed
as a proportion of the maximum attainable option value. All parameters other than those
listed take their baseline values.
e In the short-medium term, using this approach achieves more than 98% of the

Tables 6.12 and 6.13 consider the case when the decision-maker ignores climatic and
economic volatility, respectively, when calculating the option value of waiting. She evalu-
ates the project at five-yearly intervals.

e In the short-medium term, using either approach achieves more than 98% of the
maximum attainable welfare associated with the adaptation project. The perfor-

e In the long term, welfare losses are greater when the economic factor is expected to

maximum attainable welfare associated with the adaptation project.

In the long term, welfare losses are greater when the economic factor is expected
to grow less quickly. The scale of welfare losses is relatively insensitive to the speed

with which climate uncertainty falls and to the initial height of the sea wall.

mance of the two approaches is similar across a wide range of parameter settings.

grow less quickly.
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Table 6.10: Welfare implications of using a constant threshold for the IRR
a h 0.003 0.007 0.011
t 0 40 80 120 0 40 80 120 0 40 80 120
o Volatility of economic factor
0.08 0.0768 0.893 0.976 0.992 0.980 0.946 0.987 0.992 0.972 0.952 0.988 0.991 0.981
0.09 0.0783 0.902 0.980 0.992 0.976 0.954 0.989 0.990 0.974 0.960 0.990 0.990 0.974
0.10  0.0800 0.910 0.983 0.991 0.976 0.961 0.990 0.989 0.975 0.966 0.991 0.988 0.966
0.11  0.0818 0917 0.986 0.990 0.972 0.967 0.991 0.987 0.971 0972 0.991 0.986 0.970
0.12  0.0836 0.924 0.987 0.989 0.970 0.972 0.991 0.985 0.966 0.977 0.991 0.984 0.970
1 Drift of economic factor
0.010 0.0735 0.825 0.966 0.983 0.960 0.910 0.982 0.978 0.949 0.922 0.984 0.976 0.957
0.015 0.0766 0.867 0.975 0.987 0.966 0.938 0.987 0.984 0.965 0.946 0.988 0.983 0.963
0.020 0.0800 0.910 0.983 0.991 0.976 0.961 0.990 0.989 0.975 0.966 0.991 0.988 0.966
0.025 0.0837 0.945 0.989 0.993 0.981 0.980 0.994 0.992 0.980 0.983 0.994 0.991 0.973
0.030 0.0877 0.970 0.994 0.995 0.986 0.990 0.996 0.994 0.984 0.993 0.996 0.994 0.986
i Noise in climate information
30 0.0800 0.941 0.984 0.991 0.976 0.962 0.990 0.989 0.975 0.967 0.991 0.988 0.966
40 0.0800 0.926 0.984 0.991 0.976 0.962 0.990 0.989 0.975 0.967 0.991 0.988 0.966
50 0.0800 0.910 0.983 0.991 0.976 0.961 0.990 0.989 0.975 0.966 0.991 0.988 0.966
60 0.0800 0.896 0.981 0.991 0.975 0.960 0.990 0.989 0.975 0.966 0.991 0.988 0.967
70 0.0800 0.888 0.979 0.990 0.975 0.961 0.990 0.989 0.975 0.967 0.991 0.988 0.967
q Current height of seawall
1.26  0.0800 0.959 0.991 0.988 0.970 0.977 0.992 0.987 0.969 0.977 0.992 0.987 0.963
1.31  0.0800 0.936 0.989 0.990 0.972 0.969 0.991 0.988 0.973 0.972 0.991 0.987 0.964
1.36  0.0800 0.910 0.983 0.991 0.976 0.961 0.990 0.989 0.975 0.966 0.991 0.988 0.966
1.41  0.0800 0.881 0.973 0.991 0977 0.953 0.989 0.989 0.976 0.961 0.990 0.988 0.969
1.46  0.0800 0.875 0.959 0.988 0.980 0.945 0.986 0.990 0.971 0.955 0.989 0.989 0.971

Notes. Each row reports the option value if the decision-maker uses the constant IRR thresh-
old in equation (3.4), for various evaluation dates and expected rates of sea-level rise. The
option value is evaluated at the breakeven-level of the economic factor and is expressed as a
proportion of the maximum attainable option value. All parameters other than those listed
take their baseline values.

6.5 Conclusions

Real option values continue to be economically significant when scale flexibility is added to
the timing flexibility covered in Chapters 4 and 5. Using standard CBA at fixed intervals
continues to capture a substantial amount of the option value and simple rules of thumb
based on constant BCR and IRR thresholds continue to be effective. Using a fixed-date
approximation to estimate the option value of delaying investment is still preferred, due
to its ease of use and negligible welfare losses.
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Table 6.11: Welfare implications of assuming a fixed future investment date
a 0.003 0.007 0.011
t 0 40 80 120 0 40 80 120 0 40 80 120
o Volatility of economic factor
0.08 0.990 0.994 0.992 0.988 0.996 0.994 0.991 0.987 0.996 0.994 0.991 0.987
0.09 0.990 0.994 0.992 0.986 0.996 0.994 0.991 0.986 0.996 0.994 0.991 0.986
0.10 0.989 0.994 0.991 0.985 0.996 0.993 0.990 0.985 0.996 0.993 0.990 0.985
0.11 0.988 0.993 0.991 0.983 0.995 0.993 0.989 0.983 0.996 0.993 0.989 0.983
0.12 0.988 0.993 0.990 0.982 0.995 0.992 0.988 0.981 0.996 0.992 0.988 0.981
0 Drift of economic factor
0.010 0.980 0.989 0.983 0.969 0.993 0.988 0.977 0.959 0.993 0.985 0.970 0.961
0.015 0.985 0.992 0.988 0.979 0.995 0.991 0.986 0.977 0.995 0.991 0.985 0977
0.020 0.989 0.994 0.991 0.985 0.996 0.993 0.990 0.985 0.996 0.993 0.990 0.985
0.025 0.992 0.995 0.993 0.990 0.996 0.995 0.992 0.989 0.996 0.994 0.992 0.989
0.030 0.994 0.996 0.995 0.993 0.997 0.996 0.994 0.992 0.997 0.995 0.994 0.992
t Noise in climate information
30 0.997 0.994 0.991 0.985 0.996 0.993 0.990 0.984 0.996 0.993 0.990 0.985
40 0.995 0.994 0.991 0.985 0.996 0.993 0.990 0.985 0.996 0.993 0.990 0.985
50 0.989 0.994 0.991 0.985 0.996 0.993 0.990 0.985 0.996 0.993 0.990 0.985
60 0.979 0.993 0.991 0.986 0.995 0.993 0.990 0.986 0.996 0.993 0.990 0.985
70 0.968 0.992 0.991 0.986 0.995 0.993 0.990 0.985 0.996 0.993 0.990 0.985
q Current height of seawall
1.26 0.986 0.992 0.990 0.985 0.995 0.993 0.990 0.985 0.995 0.993 0.989 0.985
1.31 0.986 0.993 0.991 0.985 0.995 0.993 0.990 0.985 0.996 0.993 0.990 0.985
1.36 0.989 0.994 0.991 0.985 0.996 0.993 0.990 0.985 0.996 0.993 0.990 0.985
1.41 0.994 0.995 0.992 0.986 0.996 0.994 0.990 0.986 0.996 0.994 0.990 0.985
1.46 0.997 0.996 0.993 0.986 0.996 0.994 0.991 0.986 0.996 0.994 0.990 0.985

Notes. Each row reports the option value if the decision-maker approximates the value of the
delay option using a fixed three-month delay, for various evaluation dates and expected rates
of sea-level rise. The option value is evaluated at the breakeven-level of the economic factor
and is expressed as a proportion of the maximum attainable option value. All parameters
other than those listed take their baseline values.
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Table 6.12: Welfare implications of ignoring climate volatility
a 0.003 0.007 0.011
t 0 40 80 120 0 40 80 120 0 40 80 120
o Volatility of economic factor
0.08 0.985 0.992 0.988 0.978 0.995 0.990 0.986 0.981 0.995 0.990 0.987 0.981
0.09 0.984 0.991 0.986 0.978 0.994 0.989 0.985 0.980 0.994 0.989 0.985 0.979
0.10 0.982 0.991 0.984 0.978 0.994 0.988 0.983 0.976 0.994 0.988 0.983 0.978
0.11 0.981 0.990 0.983 0.973 0.994 0.987 0.981 0.974 0.993 0.987 0.981 0.976
0.12 0.981 0.990 0.981 0.973 0.993 0.98 0.979 0.973 0.992 0.985 0.978 0.971
0 Drift of economic factor
0.010 0.975 0.98 0.972 0.959 0.992 0.978 0.968 0.961 0.990 0.976 0.968 0.958
0.015 0.978 0.989 0.979 0.965 0.993 0.984 0.977 0.967 0.992 0.983 0.977 0.972
0.020 0.982 0.991 0.984 0.978 0.994 0.988 0.983 0.976 0.994 0.988 0.983 0.978
0.025 0.985 0.993 0.987 0.983 0.995 0.991 0.987 0.984 0.994 0.991 0.987 0.985
0.030 0.989 0.995 0.992 0.988 0.996 0.993 0.991 0.989 0.996 0.993 0.991 0.988
t Noise in climate information
30 0.996 0.990 0.984 0.972 0.994 0.988 0.982 0.975 0.994 0.988 0.983 0.980
40 0.992 0.990 0.985 0.972 0.994 0.988 0.983 0.976 0.994 0.988 0.983 0.980
50 0.982 0.991 0.984 0.978 0.994 0.988 0.983 0.976 0.994 0.988 0.983 0.978
60 0.970 0.991 0.984 0.977 0.994 0.988 0.983 0.976 0.994 0.988 0.983 0.978
70 0.959 0.991 0.984 0977 0.994 0.988 0.982 0.977 0.994 0.988 0.983 0.978
q Current height of seawall
1.26 0.988 0.987 0.982 0.976 0.992 0.987 0.982 0.978 0.992 0.987 0.982 0.978
1.31 0.984 0.988 0.983 0.976 0.993 0.987 0.982 0.976 0.993 0.987 0.982 0.979
1.36 0.982 0.991 0.984 0.978 0.994 0.988 0.983 0.976 0.994 0.988 0.983 0.978
141 0.993 0.993 0.986 0.974 0.995 0.989 0.982 0.977 0.994 0.988 0.983 0.978
1.46 0.997 0.995 0.988 0.973 0.996 0.990 0.983 0.978 0.994 0.989 0.983 0.980

Notes. Each row reports the option value if the decision-maker approximates the value of the
delay option by ignoring climate volatility, for various evaluation dates and expected rates of
sea-level rise. The option value is evaluated at the breakeven-level of the economic factor and
is expressed as a proportion of the maximum attainable option value. All parameters other
than those listed take their baseline values.
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Table 6.13: Welfare implications of ignoring economic volatility
a 0.003 0.007 0.011
t 0 40 80 120 0 40 80 120 0 40 80 120
o Volatility of economic factor
0.08 0.993 0.993 0.993 0.988 0.995 0.994 0.992 0.987 0.996 0.995 0.992 0.987
0.09 0.993 0.993 0.992 0.986 0.995 0.994 0.991 0.985 0.996 0.994 0.991 0.985
0.10 0.993 0.993 0.992 0.985 0.995 0.993 0.990 0.983 0.996 0.993 0.990 0.983
0.11 0.993 0.992 0.991 0.983 0.995 0.993 0.989 0.980 0.996 0.993 0.988 0.981
0.12 0.993 0.992 0.990 0.982 0.995 0.992 0.988 0.978 0.995 0.992 0.986 0.979
0 Drift of economic factor
0.010 0.987 0.988 0.983 0.963 0.992 0.987 0.973 0.945 0.993 0.984 0.966 0.955
0.015 0.991 0.991 0.987 0.979 0.994 0.991 0.985 0.973 0.994 0.990 0.983 0.974
0.020 0.993 0.993 0.992 0.985 0.995 0.993 0.990 0.983 0.996 0.993 0.990 0.983
0.025 0.994 0.994 0.993 0.990 0.996 0.995 0.993 0.989 0.996 0.995 0.993 0.989
0.030 0.996 0.996 0.995 0.993 0.997 0.996 0.995 0.993 0.997 0.996 0.995 0.992
t Noise in climate information
30 0.996 0.993 0.992 0.985 0.996 0.994 0.990 0.983 0.996 0.993 0.990 0.984
40 0.994 0.993 0.992 0.985 0.995 0.993 0.990 0.983 0.996 0.993 0.990 0.983
50 0.993 0.993 0.992 0.985 0.995 0.993 0.990 0.983 0.996 0.993 0.990 0.983
60 0.991 0.992 0.991 0.986 0.995 0.993 0.990 0.983 0.996 0.993 0.990 0.983
70 0.990 0.992 0.990 0.986 0.995 0.993 0.990 0.983 0.996 0.993 0.990 0.983
q Current height of seawall
1.26 0.992 0.992 0.990 0.985 0.995 0.993 0.989 0.984 0.995 0.993 0.989 0.982
1.31 0.992 0.993 0.991 0.985 0.995 0.993 0.990 0.984 0.996 0.993 0.989 0.984
1.36 0.993 0.993 0.992 0.985 0.995 0.993 0.990 0.983 0.996 0.993 0.990 0.983
1.41 0.993 0.994 0.992 0.985 0.995 0.994 0.990 0.983 0.996 0.994 0.990 0.984
1.46 0.996 0.994 0.993 0.986 0.995 0.994 0.991 0.983 0.996 0.994 0.990 0.984

Notes. Each row reports the option value if the decision-maker approximates the value of the
delay option by ignoring economic volatility, for various evaluation dates and expected rates
of sea-level rise. The option value is evaluated at the breakeven-level of the economic factor
and is expressed as a proportion of the maximum attainable option value. All parameters
other than those listed take their baseline values.






Chapter

Insights for practitioners

7.1 Evaluating small projects

In all the cases considered in this report, the value of the flexibility embedded in the
projects is economically significant. That is, welfare is much higher if the decision-maker
follows a socially optimal investment policy than if she continuously monitors a project
and invests the first time that its BCR is greater than one. Therefore, decision-makers
should attempt to exploit this investment flexibility in ways that benefit society as a
whole: investing as soon as the present value of a project’s benefits exceeds its cost will
lead to substantial welfare losses compared to the socially optimal benchmark.

The welfare-maximising investment-timing rule can be expressed in terms of a thresh-
old that a project’s BCR must exceed in order for investment to occur. If the decision-
maker knows the level of the threshold then optimal investment is easy:

e cach time a project is evaluated, calculate the project’s BCR from investing imme-
diately;

o if the BCR is greater than the threshold, then invest immediately;
e otherwise wait and reevaluate the project in the future.

Unfortunately, the results in Chapters 4-6 show the optimal threshold varies over time and
over the decision-maker’s assessment of the speed and magnitude of climate change. It is
also sensitive to the level of parameters including the mean and standard deviation of the
annual growth rate of the economic factor, as well as the current capacity of infrastructure
to cope with climate change. It will not usually be economically viable to determine the
precise threshold that is optimal for the relatively small projects considered in this report.

Fortunately, there are simple decision-making rules that generally lead to relatively
small welfare losses.

o If standard CBA is used, then projects should be evaluated at fixed intervals. It is
important that decision-makers resist the temptation to reevaluate a delayed project
ahead of schedule in response to news that the project benefits have increased. Doing
so will tend to lead to investment occurring much sooner than is socially optimal.
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e There are superior alternatives to standard CBA that are no more difficult to im-
plement and produce higher levels of overall welfare. The two simplest alternatives
use constant thresholds for the project’s BCR and its IRR. The IRR is preferred
because a constant IRR threshold implies a non-constant BCR, threshold with qual-
itative properties that tend to be similar to the welfare-maximising threshold. A
constant IRR threshold seems to get reasonably close to the welfare-maximising
threshold.

e The main difficulty with these approaches is calculating an appropriate (BCR or
IRR) threshold. The thresholds suggested in equations (3.2) and (3.4) are simple
functions of the social discount rate, the mean annual growth rate of the economic
factor, and the standard deviation of this growth rate. The first two inputs should
already be available from standard CBA, so it is only the third input—economic
volatility—that requires extra work. The data used to estimate the mean can also
provide an estimate of the standard deviation.

e In situations where this information is difficult to obtain, or where superior perfor-
mance is required, decision-makers can use the fixed-date-approximation approach.
This simple rule delivers small welfare losses, even though the calculation is not
much more complicated than standard CBA.

— Each time a project is evaluated, the decision-maker calculates the present val-
ues of the investment payoffs for a small set of possible fixed future investment
dates.

— She invests in the project immediately if it is better to invest immediately than
to commit to invest at any of the fixed future dates.

— Otherwise she waits and repeats the evaluation process at the next scheduled
evaluation date.

All that is required at any evaluation date is a series of straightforward CBA calcula-
tions, one for each possible fixed future evaluation date. The analysis in Chapters 4-6
suggests this approach leads to very small welfare losses.

7.2 Evaluating large projects

When analysts apply ROA to relatively large adaptation projects, for which some form
of bespoke analysis might be worthwhile, they often assume the decision-maker uses only
one source of information to make investment timing decisions. The decision-maker might
choose when to invest based on the level of a climatic variable, or alternatively on the level
of an economic variable. This can keep the analysis relatively tractable, but at the price
of oversimplifying the decision-maker’s problem. The analysis summarised in this report
suggests that either approach will probably lead to investment behaviour that is close to
optimal. Welfare losses are likely to be small with either approach.

The theoretical framework described in Chapter 2 can also be useful for evaluating
larger projects using bespoke ROA. This would involve retaining the parts of the current
model that specify the uncertainty surrounding future climatic and economic conditions,
but enhancing the current approach to estimating the annual flow of benefits associated
with investment. The analysis in Chapters 4-6 uses very stylised benefit-flow functions,
but practitioner-generated benefit-flow functions could be substituted into the model with
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little loss of tractability. This would allow analysts to implement ROA and derive welfare-
maximising investment policies in a rich model with climatic and economic volatility, the
former deriving from the gradual arrival of information about the magnitude and speed
of climate change. This would be suitable for relatively large or complicated adaptation
projects, for which the simple rules considered in this report may not be sufficient.

7.3 A word of caution

Finally, a word of caution. The results in this report are based on extensive sensitivity
analysis that shows the results hold over a wide range of situations. However, the examples
analysed are only snapshots of the wide spectrum of possible adaptation projects. It is
potentially dangerous to extend the results here beyond the situations in which they are
obtained. For example, the fixed-date approximation of the option value of waiting works
well here, but it may not work as well in other situations. In particular, we cannot be sure
it will work as well with adaptation projects that have more complicated option structures.
There will always be a place for bespoke ROA, such as when analysing large or complex
adaptation projects.






Appendix

Climate-factor behaviour

A.1 Two climate scenarios

This approach assumes there are two possible climate scenarios, “good” and “bad.” The
decision-maker does not know which climate scenario holds. Instead, she assigns a prob-
ability to each scenario being the true one and then updates these probabilities as more
information about the state of the climate arrives. Let p; denote the date ¢ probability
that the bad climate scenario holds. The new climate information takes the form of a noisy
signal of some measure of the climate (such as the average annual maximum one-day rain-
fall), denoted by A;. At any given date ¢, \; takes the values \;(t) and Ay(t) in the good
and bad scenarios, respectively. The functions A\, and A, are increasing in ¢ and satisfy
Ap(t) > Ag(t) for all t. The decision-maker continuously observes the noisy signal

he = A\ + 0 W, (A1)

where 6 is a constant and Wt is white noise, independent of \; and &.!

The decision-maker’s beliefs regarding which climate scenario holds evolve stochas-
tically. If the noisy signal in equation (A.1) is greater than the decision-maker’s current
estimate of A¢, then she will increase her subjective probability that the bad scenario holds,
otherwise she will decrease it. The resulting process for p; is given in the next lemma.

Lemma A.1 The subjective probability that the bad climate holds evolves according to

_ 21 =p) (Mo(t) = Ag(1))

dpt = 0 dct, <A2)

where (¢ is a Wiener process uncorrelated with & .

Proof. Over the next short period of time lasting At years, the decision-maker observes
h =X+ 6 An/At, where An ~ N(0,vAt). If p = Pr[A = X\y] is the decision-maker’s current

1 This significantly simplifies the analysis. For example, if the white noise term were correlated with the
shock that influences the path of the economic factor, then the decision-maker would need to incorporate
the information content of growth in the economic factor when updating her subjective probability that
the bad scenario holds.
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subjective probability that the bad scenario holds, then Bayes’ Theorem implies that her
updated subjective probability is

f(RIA=X) - p
FIAX=X) -p+ f(RA=Xg)-(1—=p)’

Fo = 3 [ALe

is the density function of h, conditional on A. The change in the probability equals

[ (A =Xo) = F (BIA = Ag) )
FIX=X)-p+f(RIA=Xg)-(1—-p) )

Substituting in h = A + 6 An/At implies that
A 1 o7 A ((A Xb)AthAn) 3 = ((A *g)AtJrAn)
P =D .
A (a2 (5 ip)

Taking a Taylor series expansion in (At, An) and setting (An)? = At implies that

Ap = PLE=P)Ow = A) ((A—(pkw(l—p)kg)) At+An).

p =Pr[A=X\|h] =

where

ApEp'—p=p(1—p)(

)At+An)

0 0

From the decision-maker’s point of view, Ap has expected value zero and standard deviation

(p(1 = p)(Xo — \g)/0)V/At. Therefore

ap= PP =) o

which motivates the stochastic process for p in equation (A.2). Note that Ap > 0 if and only
if h=X+60An/At > py + (1 —p)Ay.

A.2 Infinitely many climate scenarios

The average annual maximum sea level is initially sg and increases at the unknown constant
rate R, so the average annual maximum sea level is s; = sp + Rt at date ¢. At date 0, the
decision-maker believes R is normally distributed with mean ag and standard deviation
bo. She continuously observes the noisy signal

hy = s+ 0 Wt (AB)

of the average annual maximum sea level, where 0 is a constant and W, is white noise. For
example, in practice the decision-maker might observe the actual monthly maximum sea
level and use that information to infer an estimate of the average annual maximum sea
level. The decision-maker uses the information contained in this noisy signal to continu-
ously update her beliefs regarding R. The next lemma describes how these beliefs evolve
over time.

Lemma A.2 At date t, the decision-maker believes that R is normally distributed with
mean a; and standard deviation b;. The mean a; evolves according to
da bt ((R a )tdt+9d§) (A.4)
t= > 193 — ay t) s .
02 + 1033
where d(; = Wt dt, and
B2 92b3

2 _~ 0 (A.5)
02 + b3t3
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Proof. This result is implied by Theorem 6.2.8 in Jksendal (1998). In terms of the notation
there, let Z, = fot(ht/ — 50)dt’, so that dZ; = (hy — so)dt = Rt dt + 0d(;, where (; is a Wiener
process. Similarly, let X; = R, so that dX; = 0. The situation here corresponds to the special
case of Theorem 6.2.8 in which C' =0, D = 0, F(t) = 0, and G(t) = t. The estimate’s mean
square error, S(t), therefore satisfies

—t?

S'(t) = 97(5@))2, 5(0) = bj,

which implies S(t) equals the expression on the right-hand side of equation (A.5). The esti-
mate itself satisfies the stochastic differential equation

—t2b? tb? tb?
da; = Ttat dt + e—gdzt = 0—;((3 — a)tdt 4 0d¢y).
As the average annual maximum sea level equals s; = sg + Rt at date ¢, the decision-
maker believes s; is normally distributed with mean sy + a;t and standard deviation

Obot

\/0% + 3b3t3

The decision-maker’s uncertainty about the contemporaneous average annual maximum
sea level is initially zero, increases until date (662/ b%)l/ 3 and then slowly decreases to zero.
There are two opposing forces at work. Each year, the sea level rises by an uncertain con-
stant amount, so that uncertainty about the cumulative change grows over time. However,
this is offset by the ongoing learning process resulting from the noisy observations of the
sea level. The first effect dominates initially, but eventually the second effect dominates.

The volatility of a; in the stochastic process given in equation (A.4) is an important
determinant of the value of the option to delay investment. It is initially low, but increases
until date (362/(203))"/? and then decreases to zero. The volatility of a; is a consequence
of the decision-maker learning about the rate of sea-level rise. As the rate of learning
accelerates, the volatility of a; grows. Finally, as the learning process slows down, the
volatility of a; falls.

bit =






Appendix

Model details

B.1 Simple timing options

This section describes the model in Chapter 4. In this model, a decision-maker is respon-
sible for retrofitting new technology to an existing building that will enable its occupants
to cope with higher outside temperatures. At each date ¢, the temperature-related cost
incurred by the building’s occupants over the next day equals max{0, h— qi yxy At, where
h is the daily maximum outdoor temperature, ¢; measures the building’s ability to cope
with high outdoor temperatures, z; is an economic factor, and At = 1/365 is the amount
of time corresponding to one day. The expected cost, measured at date ¢, therefore equals
E;[max{0, h— qi ]z At. The economic factor evolves according to the geometric Brownian
motion
dxy = pxy dt + oxy déy,

where p and o are known constants and &; is a Wiener process. The building’s temperature
resilience ¢; is initially equal to the constant k, but the decision-maker can increase it to
the constant k" at any time. This costs ¢ > 0, can only happen once, and is irreversible. The
decision-maker’s objective is to minimise the present value of all relevant costs, including
heat-related costs and the investment expenditure incurred when upgrading the building.
The social discount rate is the constant r.

The initial distribution of the daily maximum outdoor temperature is chosen to match
daily NIWA data for Christchurch for the period 1954-2019. Climate change shifts this
distribution to the right by an amount that depends on the date and the climate scenario.
There are two possible climate scenarios, “good” and “bad.” The implied paths for the
average daily maximum outdoor temperature are

Mp(t) = 19.83 — 3.0e 720203 and A\ () = 17.53 — 0.7¢ 00869,

The subjective probability that the bad scenario holds, p;, evolves according to the process
described in Appendix A.1. I choose the value of 8 so that the standard deviation of A\;—19
is halved over the first fifty years, assuming that pg = 0.5.

Let V(t,pt, z¢) denote the present value of the retrofit option at date t. The function
V' satisfies the partial differential equation

DV (t,p,z) —rV(t,p,z) =0
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Table B.1: Baseline parameter values for the model in Chapter 4

Economic factor

Drift, p 0.015

Volatility, o 0.060

Climate factor

Path in bad scenario, \s(t) 19.83 — 3.0~ 0-0203¢

Path in good scenario, \g(t) 17.53 — 0.7¢0-0869

Noise, 0 2.072

Distribution of the daily maximum outdoor temperature

Initial Chosen to match daily NIWA data
for Christchurch (1954-2019)

Dist. in bad scenario Shift by Ap(t) — A (0)

Dist. in good scenario Shift by Ag(t) — Ag(0)

Miscellaneous

Pre-retrofit system capacity, k 32.8
Post-retrofit system capacity, k&’ 34.8
Cost of retrofit, ¢ 1

Social discount rate, r 0.05

in the waiting region, where

ot 2

D=2 )1 (PU=nu0 - w)))z KA i

op 2 o2 oz

In the investment region, V' satisfies
V(t7p7 ZL‘) = (pvb(t) + (1 - p)vg(t)) r—=c,

where

() = /t e r-n)(s=) (Elmax{0,h + Xy(s) — X(0) — )]
— E[max{0, 7 + Xp(s) — \p(0) — k:’}]) ds
and
vy(t) = /t ) e=t) (E[max{O, B+ Ag(s) — Ag(0) — K}
— E[max{0, & + Ag(s) — Ag(0) — k’}}) ds.

If the upgrade policy is welfare maximising, then V' satisfies

V(t,p,z) > (pup(t) + (1 — p)vg(t)) = — ¢

and
DV(t,p, ZE) - TV(t,p, ZE) < 0

everywhere. The first condition holds with equality in the investment region and the second
condition holds with equality in the waiting region.
Table B.1 reports the baseline values of the model’s parameters.
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B.2 Ongoing investment programmes

This section describes the model in Chapter 5. A more detailed description can be found
in Guthrie (2023b). In this model, a decision-maker is responsible for upgrading an urban
stormwater system. The system’s capacity at any given date t equals ¢;, which the decision-
maker is able to increase over time by investing in system upgrades. At any point in time,
she can increase capacity by any positive amount Ag by spending c- Aq, for some constant
¢ > 0. There is no limit to the number of times that investment can occur, but increases in
capacity are irreversible. The decision-maker’s objective is to minimise the present value of
all relevant costs, including flooding costs and the investment expenditure incurred when
upgrading the system. The social discount rate is the constant r.

There are two possible climate scenarios, “good” and “bad.” The subjective probability
that the bad scenario holds, denoted p;, evolves according to the process described in
Appendix A.1. At any date t, the expected cost associated with flooding over the next
increment of time equals F;[max{0, R — ¢}|x; dt, where the annual maximum one-day
rainfall R is drawn from a generalised extreme value (GEV) distribution. The observable
economic factor x; evolves according to the geometric Brownian motion

dxy = pxy dt + oxy déy,

where 4 and o are known constants and & is a Wiener process. The GEV distribution’s
initial location, scale, and shape parameters equal 75.71, 22.54, and 0.1908, respectively,
which are chosen to match the estimated distribution generated by the NIWA High Inten-
sity Rainfall Design System (HIRDS). The location parameter increases over time in such
a way that the implied paths for the average annual maximum one-day rainfall are

Mp(t) = 132.95 — 39.03e 9953 and  A(t) = 98.03 — 4.12¢ 00788,

These are consistent with the projected means of the HIRDS distributions under RCP2.6
and RCP8.5. It follows that E;[max{0, R — ¢;}] equals

Ty(qe,t) = /OO(R —q)Fy(R;t) dR

qt

and ,
Ly(q,t) = / (R—q)F,(R;t)dR
qt

in the bad and good scenarios, where Fj(R;t) and Fy(R;t) are the distribution functions
in the bad and good scenarios.

Let V(t, pt, z+; ¢¢) denote the present value of the incremental upgrade option at date
t. In Guthrie (2023b), I show that V satisfies the partial differential equation

DV (t,p,x;q) —rV(t,p,2;9) =0
in the waiting region, where

0 1 (p(l—p)Ag(t) = X(t)\? 82 1 BE )
:&5+2< T >+2"2x2

+ pr—.
Op? az2 " Moz
In the investment region, V satisfies

V(t,p,x;q) = (poo(t; @) + (1 = p)ug(t; q)) « — ¢,



116 SIMPLIFIED REAL OPTIONS ANALYSIS
Table B.2: Baseline parameter values for the model in Chapter 5
Economic factor
Drift, 0.015
Volatility, o 0.070
Climate factor
Path in bad scenario, A\p(t)  132.95 — 39.03¢0-0083¢
Path in good scenario, \y(t) 98.03 — 4.12¢~0-0788¢
Noise, 0 15
GEV distribution of the annual maximum one-day rainfall
Location in bad scenario 75.71 + X (t) — Ap(0)
Location in good scenario 75.71 4+ Ag(t) — Ag(0)
Scale in both scenarios 22.54
Shape in both scenarios 0.1908
Miscellaneous
Initial system capacity, q 175
Marginal cost of capacity,c 1
Social discount rate, r 0.05
where @.5)
& dl'y(q, s
. _ —(r— —t) b\q,
wp(t;q) = —/ e (r=p)(s=t) ZZ XD ) 4o
’ t dq
and

sty OLg(q, 8)
cq) = (r—p)(s—t) Y2 9\
vg(t; q) /t e 9 ds.

If the upgrade policy is welfare maximising, then V' satisfies

V(t,p,z;:9) > (pos(t; q) + (1 — p)vg(t; q)) & — ¢

and
DV (t,p,z;q) —rV(t,p,x;q) <0

everywhere. The first condition holds with equality in the investment region and the second
condition holds with equality in the waiting region.

Table B.2 reports the baseline values of the model’s parameters. A detailed description
of how they are derived can be found in Guthrie (2023b).

B.3 One-off investments with scale and timing flexibility

This section describes the model in Chapter 6. A more detailed description can be found
in Guthrie (2023a). A decision-maker has the opportunity to upgrade an existing sea wall,
which initially has height ¢. Investment, which can begin at any time and can occur only
once, is instantaneous and irreversible. Lump-sum expenditure of f + ¢ - Aq is needed to
permanently increase the sea wall’s height by Agq, where f and ¢ are positive constants
and Agq is chosen by the decision-maker. Her objective is to minimise the present value of
all relevant costs, including inundation costs and investment expenditure. The level of the
social discount rate, r, is constant.

The expected value of the costs associated with sea-wall breaches over the next incre-
ment of time equals E[max{0, s; + Z — ¢; }]z: dt, where s; is the average annual maximum
sea level at the current date, Z ~ N(0,1?) for some constant 1, g; is the height of the sea
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wall at date ¢, and z; is the contemporaneous level of an economic factor.! The average
annual maximum sea level is initially sy and increases at the unknown constant rate R, so
that the average annual maximum sea level is s; = so + Rt at date t. The economic factor
evolves according to the geometric Brownian motion

dxy = pxy dt + oy d€y,

for some constants g and o, where the Weiner process & is independent of the noise
contained in the decision-maker’s signal of the average annual maximum sea level.

The decision-maker knows the values of all the model’s constant parameters except
for R. At date 0, she believes that R is normally distributed with mean a¢ and standard
deviation bg. After this date, her beliefs evolve according to the process described in
Appendix A.2. The properties of the rectified normal distribution imply that

Et[max{st +z— q/, O}] = g(ta Qg q/)7

where

/ ¢ — (s + agt)
glt,ad) = (b +4%)' % <(bgtz+0¢2)1t/z>

—(d' — (s0 + art)) (1 -2 (M)) ’

¢ is the probability density function of the standard normal distribution, and ® is the
cumulative distribution function of this distribution.

Let V (t, at, x¢) denote the present value of the investment option at date ¢. In Guthrie
(2023a), I show that V satisfies the partial differential equation

DV (t,a,x) —rV(t,a,x) =0

in the waiting region, where

2
D_Q—I—l L%t 872+10-2$2672+ 1»3
ot 2\evigs) 9227 a2 T M o

In the investment region, V satisfies
V(t,a,) = sup { G(t,a; Aq)w — (f + ¢ Aq)|Ag > 0}

where

oo
G(t,a;Aq) = / ef(rf”)(tlft)Et[g(t/, ay;q) — g(t', ap; q + Aq)] dt’.
t
If the investment policy is welfare-maximising, then the function V satisfies

Vit,a,z) — sup{G(t, a; Aq)x — (f + ch)‘Aq > 0} >0

Tt can be helpful to informally interpret s; + # as the actual annual maximum sea level, with actual
flooding costs being proportional to the extent by which the annual maximum sea level exceeds the height
of the sea wall. As time is assumed to be continuous and seasonal variations in weather conditions are
ignored, this interpretation can only be informal. Nevertheless, it is a useful way to motivate the form of
the cost function.
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Table B.3: Baseline parameter values for the model in Chapter 6

Economic factor

Drift, p 0.02
Volatility, o 0.10
Estimated rate of sea-level rise

Initial mean, ao 0.007
Initial standard deviation, bg 0.003
Noise, 0 0.2165
Distribution of the annual maximum sea level

Initial average level, so 1.2414
Standard deviation, v 0.0704
Miscellaneous

Height of existing sea wall, ¢ 1.36
Marginal cost of increasing sea wall’s height,c 1
Fixed cost of increasing sea wall’s height, f 0.5
Social discount rate, r 0.05

and
DV (t,a,x) —rV(t,a,x) <0

everywhere. The first condition holds with equality in the investment region and the second
condition holds with equality in the waiting region.

Table B.3 reports the baseline values of the model’s parameters. A detailed description
of how they are derived can be found in Guthrie (2023a).
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