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Abstract

When a natural disaster destroys public capital, these direct
losses are exacerbated by indirect losses arising from reduced
output while reconstruction takes place. These indirect
losses may be much larger, relative to the direct ones, in low-
income countries, because they lack the finance for rapid
reconstruction. This paper uses a dynamic general equilib-
rium model to examine sovereign disaster risk insurance,

increased taxation, and budget reallocation as alternative
financing mechanisms for countries where increased borrow-
ing is impractical. The analysis suggests that insurance may
or may not be helpful, depending on detailed circumstances,
and that budget reallocation is potentially very damaging.
Raised taxation, if feasible, may be an attractive option.
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1 Introduction

When natural disasters strike, attention tends to focus on the loss of lives and livelihoods, the
loss of output and the destruction of private dwellings and factories. Public policy responses
will often prioritize the securing of basic livelihoods in the short run and consider how private
capital is restored over the medium term. But natural disasters do not discriminate and are
liable to destroy public infrastructure capital just as readily as they do private capital. The
key feature of public capital is that it is complementary to private factors of production; the
destruction of public capital, therefore, not only lowers current private output but also lowers the
ex ante return to private capital and labor, so that the loss of public capital blunts the private
sector’s incentives to rebuild. Both effects are magnified the more important are the network
properties of public capital. By the same token, the speed with which the public capital stock
is restored post-disaster plays a decisive role in determining the recovery in private output and
consumption. The speed of rebuild is only one element of the reconstruction, however. The
other is how reconstruction is financed. In practice, small disaster-prone countries may find
it difficult to access external debt markets in the wake of natural disasters, which means that
unless development assistance (in the form of donor grants) is forthcoming, the choice reduces
to three options. The first is to rely on domestic financing. This may involve some level of
domestic debt financing in the short-run, but ultimately it means relying on domestic taxation,
the impact of which depends on how distortionary the tax system is. The second option is to
finance reconstruction by re-allocating public expenditure from other uses, including from the
operations and maintenance expenditures on the surviving public capital stock. The third option
is for the country to take out disaster risk insurance. With insurance in place, the direct costs
of the rebuild are met without the need to raise taxes or reallocate expenditures. In addition,
market-based insurance may be bundled with forms of technical expertise so that the rebuild rate
can be faster than when tax-financed. Against this must be set the cost of carrying insurance
which needs to be financed from the (distortionary) domestic tax system.

In this paper we examine the consequences of natural disasters and the post-disaster re-
construction of public capital for the macroeconomic dynamics of a small open economy, and
how these may be modified when government has access to disaster risk insurance. We first
construct a dynamic general equilibrium model capable of describing the dynamic adjustment of
an economy following a natural disaster, and then implement a ’quasi-Monte Carlo’ numerical
simulation approach to examine the behavior of the model economy under a small range of
policy settings in the face of a set of draws from an empirical distribution of disasters. The
model we develop is calibrated to recent national accounts data for Jamaica and combined
with a recent natural disaster risk profile developed for the country. To focus on the principal
mechanisms of interest, as well as to keep the analysis manageable, we limit our attention to

the specific risks posed by tropical cyclones and assume that the destruction brought about is



entirely concentrated on the public infrastructure capital stock. There is no direct destruction of
the private capital stock, either residential or commercial, nor are any lives or indeed any current
output lost as a result of this hazard. The entire impact on private output and consumption
comes solely through the loss of complementary public infrastructure capital. For example, we
may think of this hypothetical cyclone destroying roads or key bridges, port infrastructure, or
bringing down power transmission lines. Within this modeling framework, it would, of course, be
straightforward to model the disaster in a more complex manner, allowing for direct destruction
of private capital as well as for other temporary interruptions to current production. However,
the purpose of the paper is to illustrate how this modeling framework can be used to think
about the dynamics of destruction and reconstruction and of the role of disaster risk insurance;
we believe that the characterization used here is sufficient to identify the key considerations
relevant to doing so.

The remainder of the paper is as follows. Section 2 describes the basic structure of the general
equilibrium model, with more detail being provided in the Appendix. Section 3 shows how the
profile of natural disasters that confronts the economy is characterized. Ideally, this profile would
be described by a continuous distribution, and a full-blown Monte Carlo simulation would take a
large number of draws from this distribution, then feed these into the model. This is impractical,
given the complexity of the model, and the impracticality - and perhaps undesirability - of
endogenizing all the policy responses. The section spells out a simpler approach which seems to
be reasonably well related to this ideal. Section 4 then discusses a range of policy responses to
these risks, and ways of formulating counterfactuals to these responses. These responses include
four cases, of which three involve a proactive response: in the first of these, the public investment
re-financing program has to be entirely tax-financed; in the second, it is financed entirely by
budget reallocation, specifically from the O&M component of the budget; in the third, disaster
risk insurance is in place.lﬂ These three active responses are contrasted with a “do nothing”
approach under which reconstruction takes place more slowly without recourse to additional
finance. Under realistic assumptions, reconstruction is more rapid with insurance in place and is
achieved with higher private consumption and lower domestic taxation than would otherwise be
the case. But high-damage hurricanes are rare events and so whether it is worthwhile taking out
insurance depends on the nature of the insurance contract, the economic consequences of the loss
of public capital and the expected frequency of high-damage events. Insurers typically charge
a high premium, so that insurance is not actuarially fair. In Section 5, we describe the results
to the corresponding simulations, and examine the expected welfare payoff to these different
responses. There is a range of metrics available to us in computing what response is best, and
whether insurance is worthwhile. These include discounted and undiscounted utilities, but for

transparency we have opted to use the annuitized change in private consumption. Besides the

LAll the simulations examine the case where the disaster occurs (if at all) in the first year, and there is no
repeat event within the simulated horizon.



advantage of being easily understood, it turns out that the qualitative conclusions are insensitive
to the metric adopted. We also report internal rates of return to more rapid reconstruction and
the opportunity costs of different financing mechanisms.The broad conclusion of these exercises
is that whether the advantages of insurance - notably a more rapid rebuild - are sufficient to
justify paying the high premium that insurers demand is moot, depending on the details of the
case. Section 6 concludes with some implications for policy, including the possible use of this
modeling approach to generate numbers that can be used in simpler models that can be more

easily applied in a policy context.

2 The Model

Our model is an adaptation of one developed recently by the IMF Research Department and
subsequently modified to improve its public finance attributes.ﬂ The broad characteristics of the
model are described in our interim paper (Bevan and Adam, 2014) and the principal equations
of the model are listed in Appendix I.

The model is of a small open economy model, with two sectors, tradables and non-tradables.
It is a real model with no nominal assets, no nominal rigidities and hence no role for monetary
policy. Production in each sector is a function of public and private capital and of labor, and
is carried out by competitive, price-taking firms. There are constant returns to the private
factors, and increasing returns to all three factors taken together. There is steady trend growth
in productivity, uniform across sectors. Public debt may be domestic, external concessional, or
external non-concessional. Interest payable on the last of these may include a risk premium that
rises with the government’s indebtedness. Some households have access to financial markets,
while others are credit constrained and consume their current income. The former maximize an
additive intertemporal utility function; for all households, instantaneous utility is a function of
both consumption and leisure.

Taxes are levied on capital and labor incomes (at a common rate) and on consumption.
Given the characterization of firms and households, these taxes are distortionary and impose
deadweight losses on the private sector; getting a dollar into the hands of the government inflicts
more than a dollar of cost on the private sector. In addition, not all of the revenue that a given
tax rate would raise, given the tax base, actually accrues to government as spendable resources.
This leakage may reflect a range of things, including the costs of tax administration, the existence
of tax exemptions, tax avoidance and tax evasion, and indeed some degree of corruption. Taxes
are used to make transfers to citizens, to service debt, and to finance public investment.

A conventional specification of complementarity defines production in each sector as

Gt = aj(2-1)"7 (k1) (Lje) '~ (2.1)

*Buffie et al (2012) and Adam and Bevan (2014).




where 2z;_1 is public capital and 1; > 0 measures the extent of increasing returns generated by
public infrastructure. To reflect the network nature of public capital we modify this conventional
treatment of the complementarity of public and private capital in two ways. First, it is assumed
that there is a threshold effect for public capital, embodied in Z, before it becomes productive.
One could think of a network, such as a road system, where odd bits of road make very little

contribution to output, but a connected system does. This modifies (2.1) to:

Gt = aj(z—1 — 2) % (k1) (Ljg)' ™% (2.2)

Second, we suppose that there are two components of public capital, z; and zy, which are

combined to form the aggregate z; the aggregation is done via a CES function, so

1/ ¢ 1-1/6\ /(1=1/€)
5 = (71/6,2% 1 +(1—’y)1/ Z; 1/) (2.3)

where ¢ is the elasticity of substitution between the two components. The composite z
now enters the production function in place of a unitary z and all other features of the
previous analysis go through, contingent on the reinterpretation. If € tends to infinity, the two
components are perfect substitutes, and the composition of public investment is irrelevant; if
e = 1, the aggregator is itself Cobb-Douglas and the two components enter equation [2.2] with
exponents ¢y and ¥ (1 — ) respectively; if € = 0, they are perfect complements, and the level
of effective public capital is entirely determined by the one that is in shorter supply, relative to
the efficient ratio of z1/20 = 7/(1 — 7). Equation can then be used in conjunction with
equation to explore how a given percentage loss in the public capital stock translates into
some percentage loss in total output, with the scale of the impact depending on the efficient mix
of the components (determined by 7 ), on the elasticity of substitution, and on how the loss is
distributed between them, as well as on the scale of any threshold effect.

Appendix Table I illustrates these interactions given the baseline parameterization of the
simulation model. When the elasticity of substitution between the components is arbitrarily
high and there is no threshold, (Z= 0), neither the initial composition of capital nor the incidence
of the loss affects the elasticity of output with respect to the capital stock, which is 0.27. When
there is a threshold, the elasticity of output increases, from 0.27 to 0.37 as long as the elasticity
of substitution remains arbitrarily high. If, however, the elasticity of substitution is low, an
unbalanced shock increases the elasticity of output, very dramatically so when the shock affects
the relatively scarce component of the composite capital stock. For the cases illustrated in
the table, the output elasticity could rise as high as 0.95. In other words, in this relatively
extreme case a 10 percent loss of installed capital concentrated on the scarce component of the
capital aggregate would lead to a decline in the effective aggregate capital of 20.2 percent and a

corresponding fall in steady state output of around 9.5 percent.



The costs of public investment are not restricted to the upfront capital cost and associated
financing; they also include ongoing recurrent costs for operations and maintenance, and since,
even when adequately maintained, capital still depreciates, there will also be the cost of future
replacement. The scale of recurrent costs per dollar of investment varies very significantly with
the type of investment, tending to be much higher for social than for economic infrastructure
(Heller, 1991). In addition, for reasons ranging from the technical to the political, government
is typically unable or unwilling fully to recover these recurrent costs through user charges. In
consequence, public investment creates fiscal burdens for which finance must be found. As will
be discussed below, when disaster risk insurance is taken out, it covers only the capital cost of
new investment.

Government is not modeled as an optimizer; it makes exogenous decisions, or follows rules
of thumb. Its capital program may be inefficient, both in the quality of public investment
and in implementing the additional operations and maintenance expenditures that the program
requires. These inefficiencies mean respectively that an additional dollar of public investment
may not lead to an additional dollar of public capital being installed; that what capital is
installed may not deliver its full level of services; and that installed capital depreciates faster
than it should. Unless great care is taken, these inefficiencies may all worsen during a phase
of accelerated investment, whether this is occasioned by an ambitious investment program or
the need to replace destroyed assets. There may also be adjustment costs during this phase,
associated with capacity limitations in the private and public sectors, which raise the unit cost
of investment.

As noted in the introduction, the damage inflicted by public capital destruction may include
reduced incentives to replace destroyed private capital. The model is designed to track four
types of loss. The first two are the direct damage to public and private capital assets. The third
type covers temporary output losses additional to those reflecting the asset losses themselves.
These might, for example, reflect damage to a third asset class, land, which is not included in
the model speciﬁcation.ﬂ The fourth type are the output losses, often termed “indirect” losses,
which arise because reconstruction is slow. This paper focuses primarily on how this fourth type
of loss can be mitigated by various financing mechanismsﬁ It is well known that a substantial
part of post-disaster public financing comes from budget reallocation. As currently constituted,
the model is suited to study only one type of reallocation, albeit a very important and possibly
very costly one. This is the diversion of funds and personnel from operations and maintenance
to reconstruction and rehabilitation. The diversion may be driven by budgetary constraints

- the difficulty of raising additional revenue or undertaking additional borrowing - or by real

30r indeed damage to a fourth asset class, temporary disruption of social capital.
10f course, appropriate regulations and good design may also reduce the first three types of loss, but these
are beyond the scope of the present analysis.



resource constraints - the machinery and skilled labor that can reconstruct damaged bridges, for
example, has to be drawn from the same pool as supplies bridge maintenance services.

Finally, we note some limitations. First, the model is a calibrated policy simulation frame-
work designed to explore the properties of alternative scenarios and so cannot be used for
forecasting. Second, as noted, it is not a monetary model, so it does not examine inflation or
nominal exchange rate dynamics. Third, it is a value-added model, meaning that it cannot
examine intermediate input linkages, and it is an aggregated macroeconomic model, so it cannot
be used to examine sectoral composition (aside from that between tradable and non-tradables).
Fourth, apart from aggregate public investment and the related operations and maintenance
expenditures, other public expenditure is not modeled other than as a transfer to private

consumers.

3 Calibration, Disaster Risk, and Design of the Simulations

To explore the role of disaster risk insurance, we run a small set of runs describing the macroe-
conomic consequences of a stylized natural disaster of varying intensity/likelihood that results
in the catastrophic loss of public capital, using data for Jamaica to illustrate the procedure.
As noted above, it would be a simple step to allow the disaster to wreak broader damage, on
output and on private capital stocks, but here we limit our attention to the case where private
capital escapes damage and where, if the government chooses to take out disaster risk insurance,
it does so to cover only the risk to public capital. The model is currently calibrated to Financial
Year 2013/14 based on national accounts data from the Statistical Institute of Jamaica and the
IMF’s 2014 Article IV Consultation.lﬂ The main characteristics of the calibration are reported
in Appendix Table II.

3.1 Hazard risks and shock calibration

The risk profile is developed from the data and analysis contained in “Catastrophe Risk Profile:
Jamaica” produced by Ewvaluacion de Riesgos Naturales - America Latina, ERN (2009). This
report combines estimates of exposure values for private and public capital stocks with hazard
models for hurricane and earthquake damage to produce estimates of the probable maximum loss
under alternative return periods. We modify these estimates in order to calibrate appropriately-
scaled shocks for the model economy. First, we extrapolate the ERN probable maximum loss
(PML) functions to allow us to examine shocks that have a higher probability/ lower return
period than considered in the ERN analysis. Second, focusing just on tropical cyclone risks, we
recompute the losses and corresponding insurance premia for the case examined in the model,

namely that cyclone damage affects only public capital (which accounts for approximately 25

SIMF (2014)



percent of the total capital stock of the economy) and that government can insure just the public
capital. Finally, we re-scale the relevant estimated values to 2013/14 US dollars to be consistent
with the national accounts data to which the model is calibrated [

In principle, we can run the model for any value drawn from the PML curve, under any
chosen insurance contract, and under a wide range of model settings determining, amongst
other things, the specific incidence of the disaster and the public policy response to it. This
capacity gives us the opportunity to design a full-blown Monte Carlo analysis across the entire
hazard distribution. Given the variations in disaster incidence, financing and economic structure
we are interested in exploring, a full analysis of this type would entail an enormous amount of
computing and an unwieldy volume of output. In this paper we therefore restrict ourselves to
a more modest, deterministic, analysis in which we run the model for just five specific points
on the PML curve: (i) no cyclone; (ii) a one-in-10 year intensity cyclone; (iii) a one-in-25 year
cyclone; (iv) a one-in-100 year cyclone; and finally, (v) a one-in-500 year intensity cyclone. For

each simulated disaster we explore the model economy’s responses under the following variations:

e Disaster incidence. We consider two characterizations of the public capital stock and how

the cyclone affects it. First we construct a balanced shock scenario where the aggregate

public capital stock is a composite of two equally-sized components |z; and z3|, which
are highly substitutable (the elasticity of substitution, € in ([2.3)) is arbitrarily large), and

where the cyclone damages both components equally.m By contrast, a concentrated shock

is one where the public capital stocks are different in size and are imperfect substitutes
for each other, i.e. the elasticity of substitution between z; and 23 is low (¢ = 0.25, say,
in . Then it will matter whether the relatively scarce or abundant component is more
severely damaged. In both cases, a given overall loss of public capital will have a more
adverse effect than in the balanced case, but this effect will be more severe if the scarcer
type is disproportionately damaged. The latter type of concentrated shock is considered
in the simulations reported below. Moreover, as shown in , we assume in these cases
a threshold effect for the public capital aggregate before it becomes productive; this is set
to 25% of the baseline aggregate stock. This combination of settings in the concentrated
shock case leverages the impact of any given destruction of public capital on the rest of the
economy.ﬁ The reason for wishing to explore this type of combination is that, given the
Cobb Douglas structure utilized here, the balanced case almost certainly underestimates
the output losses caused by damage to public capital. For example, if the elasticity of
output with respect to public capital is 0.2, as a number of empirical estimates suggest, a

ten percent loss of public capital would only lower output by a little over 2 percent in the

5We are grateful to Richard Poulter for guidance on computing simulated losses and corresponding insurance
premia for the different disaster risks.

"To a close approximation, this is equivalent to having a single public capital good.

8The final modification we consider here is to assume that when the shock is ’concentrated’ in this fashion,
the private sector also faces higher adjustment costs when rebuilding its capital.



balanced case. The concentrated shock goes some way to rectifying this underestimation,
since the reduction in effective public capital is greater than the reduction in installed
capital. Of course, the insurer is concerned with the reduction in installed capital, and it
is this that determines the premium that has to be paid. The benefit from the insurance (or
indeed any other means of achieving the rebuild) is however determined by the (possibly

greater) loss of effective capital.

e Insurance coverage. The government can choose the level of insurance coverage to purchase
from an offshore provider. We consider two alternatives, a no-insurance case and an
insurance contract that covers the full direct incremental cost of public investment at and
in excess of the attachment level (voluntary excess) following any disaster. The contract
is for a 1:10 attachment pointﬂ Payment is by means of grants to government which
are increased dollar-for-dollar by the increase in public investment, at the initial value of
the real exchange rate. The annual insurance premium is met from higher (distortionary)
baseline domestic taxation. The tax distortion means that in the no-shock environment
the economy operates with lower steady state private capital, output and consumption. As
defined here, this is a very simple indemnity insurance contract. There is no basis risk, all
public assets are insurable and the contract pays out immediately rebuilding expenditures
are incurred. It would be straightfoward to extend the model to relax any and all of these
assumptions to allow for the sort of basis risk that characterizes parametric insurance,
for payouts not to be synchronized with expenditures, and for insurance coverage to be

incomplete.

o Accelerated re-build We assume there are absorptive capacity constraints that limit the
physical pace at which government can re-build the public capital stock following a natural
disaster (independent of its ability to finance higher public investment). These constraints
are assumed to limit the feasible increase in gross public investment to 2.0% of GDP per
annum. (Baseline aggregate public investment is just over 5% of GDP so this represents
a 40 percent increase in the investment rate, post-disaster.) Insurance in this model not
only provides resources but allows for a faster pace of public reconstruction, so that this
physical limitation becomes the binding constraint. We assume that difficulties in raising
tax rates or reallocating recurrent expenditure in the short to medium run mean that this
physical limit is out of reach when the rebuild is financed in either of these ways, so that
the binding constraint comes from financing, and this limits the rebuilding rate to roughly
1.0% of GDP. In other words, a major advantage in being insured is that the rebuild can

be accelerated.

9We have explored alternative specifications of the insurance contract, such as a 1:25 attachment point, but
the main findings of the paper are not sensitive to these choices.



3.2 Characterization of disaster risk

Central to the analysis of whether, and in what circumstances, the sovereign should insure
against natural disasters is some characterization of the probability distribution of the scale
of the disaster. In this exercise, we have relied on the (modified) PML curve discussed above
which gives estimates of the scale of the disaster at four hypothetical points corresponding to
1-in-10, 1-in-25, 1-in-100, and 1-in-500 return periods. For the present application, this presents
three challenges. The first is to construct a tractable continuous distribution to provide a
reasonable approximate fit to these numbers. The second and third arise from the fact that
the macroeconomic model we use to analyze responses to shocks is complicated. Setting up
and running a very large number of Monte Carlo simulations, which would be able to span
this distribution adequately, is prohibitive. This means that a small number of specific cases
need to be chosen for analysis, and the results aggregated in some appropriate probabilistic
fashion. It seems natural to focus on the scale of disasters picked up by the four original “data
points”. However, it will be necessary to augment the associated probabilities of these events so
as to capture the overall risk in an appropriate way. This is the second challenge. The third
challenge is that while the underlying risk for year 1, say, has been resolved at the end of that
year, the same distribution of risk is faced in year 2, and subsequent years, given the reasonable
assumption that these sequential risks are independent. Hence, if the country is unlucky enough
to be hit by a 1-in-500 event in year 1, it still faces a 1-in-500 risk of being hit by such an event
in year 2, and so on. These sequential possibilities again multiply the possible cases beyond
what can readily be implemented. There is no optimal way of handling any of these challenges,
and all three have to be handled in a relatively arbitrary way. Our choices are spelled out below;
it is obvious that other approaches would be possible, but some experimentation suggests that

the outcomes may not be very sensitive to these choices.

3.2.1 Choosing a distribution

Two obvious candidates are the negative exponential and some version of a power law (Pareto
distribution). For the data provided, the negative exponential appears to offer a much better

fit, and that is what is used herem The standard form of negative exponential has
P(D) = Xe P

where P(D) is the probability of an event of scale D. This integrates to 1, and has mean
value D = 1/\. In the present case, D represents the value of the damage. However, P(D)

0This is a mild surprise, since power law distributions, with relatively thick tails, often seem to describe
data better. It is also helpful, since a Pareto distribution has to have a positive lower bound, and there is no
obvious reason for determining where this bound should be, but it is critical in determining the properties of the
distribution, notably the mean expected damage.



is the probability of damage D conditional on there being any damage at all. There is also,
say, a probability 6 that no disaster occurs, in which case there is no damage at all. Hence the

probability that there will be positive damage of D is now
P(D) = (1—-6)xe P (3.1)
Overall mean damage is now
60+ (1—0) /OOOD)\e_ADdD =(1-0)/X

The numbers that follow are all in percent of GDP. The data from the modified PML curve
suggest that the reduction in the installed capital stock would be 0.39%, 1.83%, 4.11%, and
8.22% at the 1-in-10, 1-in-25, 1-in-100, and 1-in-500 probabilities respectively. It is with these
numbers that we work below. Rather than trying to get a “best fit” to them, we simply fit the
negative exponential to the end points (0.39% and 8.22%), which requires that A = 0.4999, as
the solution to 0.1/0.002 = eM8:22-039) - Qubstituting this value into equation for either end
point then yields § = 0.7567. This crude procedure yields somewhat higher values of 2.22% and
5.00% for the intermediate cases, as opposed to the benchmark values of 1.83% and 4.11%@
So, on this calibration, some sort of event (disaster) will occur 24.33% of the time, and the mean
value of damage will equal (1 — 6)/\ = 0.4866 as a percent of GDP.

3.2.2 Augmenting the probabilities

It would, in principle, be possible to carry out a Monte Carlo simulation by taking some large
number, N, of draws from the distribution described by equation [3.I} For example, if N =
10,000, the aggregate probability across these draws that some sort of event would be recorded
would be very close to 0.2433 (close to 2,433 of the 10,000 draws would record positive damage)
and the mean damage, averaged over these draws, would be very close to the value 0.4866. By
choosing N sufficiently large, these discrepancies could be made arbitrarily small.

As noted earlier, it is impractical to run the model for a large number of different events.
Instead we do so only for the four “observed” data points, plus the case where there is no
event. However, summing the four probabilities yields a total probability of some event of only
0.152 (0.1 4+ 0.04 4+ 0.01 4 0.002)), and the average damage is only 0.1697 (0.1 % 0.39 + 0.04
1.83 + 0.01 * 4.11 + 0.002 * 8.22). Hence, simply summing over the four types only produces
62.5% (0.152/0.2433) of the aggregate probability and only 34.9% (0.1697/0.4866) of the mean
damage. Simple summation under-represents the true probability, but does so more severely

in respect of the low probability, high damage end of the spectrum. The simplest correction is

1T a practical application of this method, it would be straightforward to utilize a more accurate fitting
procedure , but the purpose here is purely illustrative.

10



to augment the probabilities, with the rate of augmentation increasing as the probability falls.
There would be many ways of doing this. The simple device, adopted here, is to make the
rate of augmentation a polynomial. Then the probabilities are transformed as 0.1 --» 0.1h,
0.04 --» 0.04hn, 0.01 --» 0.01~n2, and 0.002 --» 0.002hn>.
We require that:
h(0.1 4 0.04n + 0.01n% 4+ 0.002n3) = 0.2433

and
R(0.1 % 0.39 + 0.04n % 1.83 4 0.01n? * 4.11 + 0.002n> * 8.22) = 0.4866

Solving these two equations yields values of n = 1.9594 and h = 1.0494, so that the
augmentation in probabilities is 0.1 --» 0.1049, 0.04 --» 0.0822, 0.01 --» 0.0403, and 0.002 --»
0.0158. The enhancement ratio, which has to sum to 0.2433/0.152 = 1.60 is distributed as 1.05,
2.06, 4.03, and 7.90. By design, these augmented probabilities not only sum to the same value
that a full Monte Carlo simulation would yield, but also generate the same average loss.They

are used in the simulations described in Section 5.

3.2.3 Repeated exposure

To keep the simulations tractable, we assume that the economy is exposed to the chosen risk
distribution in the first year, but not in subsequent years. Either it escapes any initial disaster,
and continues to follow the calibrated balanced growth path; or it suffers an initial shock of
some magnitude, and follows some strategy of response to this, with the economy following
a trajectory determined by these two factors. In either case, there are no subsequent shocks
to handle. This contrasts with the perfectly appropriate approach in the insurance literature,
where the country is modeled as drawing repeated samples from the underlying distribution, or,
equivalently, as being able to buy annual insurance reflecting the annual risk distribution, with
that distribution being replicated year on year.

In our modeling framework, allowing a probabilistic sequence of shocks to materialize over
some long horizon, would again multiply the number of simulations to impractical levels. Trun-
cating the risk in the way adopted here has the obvious effect of reducing the overall exposure
to risk that the country faces, but it also reduces the insurance premium that would have to be
paid. One way of testing whether this joint reduction is likely to bias the analysis is to raise
the scale of the initial damage in the one-off case to something like the expected value of the
repeated draws from the annual distribution. We explore this option in the subsequent analysis;

the results presented below suggest that conclusions are relatively insensitive to this issue.
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4 Public Policy Responses and Counterfactuals

In practice, the government will typically respond to the disaster by rebuilding the destroyed
capital. In the simulations we report below it temporarily raises its gross investment rate and
seeks to restore the installed capital stock as quickly as possible given the imposed physical
re-build limits discussed in the previous section[”?] The timing convention in the model is that
if a cyclone hits it does so only once and in period 1, reducing private output and consumption
in period 2. The public investment response occurs in period 2 and adds to the installed capital
stock with a one period lag. In practice, for a 1:25 cyclone this would see the public capital
rebuilt at the end of the third year following the disaster in the case there is no insurance
coverage, and a year earlier if insurance is in place. The accelerated rebuild benefits of insurance
are greater in response to a 1:500 scale cyclone where insurance cuts the rebuild time from ten
to five years. For simplicity, we assume no deterioration in the efficiency of public investment
over the rebuild phase and similarly we discount any adjustment costs. Both factors are likely
to be relevant in practice, when the pressure for a rapid rebuild drives up the cost of investment
and drives down its efficiency.

The government will typically have recourse to a range of financing mechanisms: domestic
tax financing; borrowing on non-concessional terms from private capital markets; re-allocation
of public spending, including away from operations and maintenance of the existing capital
stock; and disaster-risk insurance. In practice, these various financing alternatives are likely to
be blended. Here we simplify the analysis by confronting government with a simple financing
choice in which government either chooses not to take out disaster risk insurance, in which
case all financing must be sourced from increased domestic taxation or budget reallocation, or
it does take on insurance with full cover above the attachment point being purchased.lﬂ In
the latter case, the insurance contract pays out only against the direct reconstruction costs;
domestic taxation remains the residual financing instrument meeting any indirect costs arising
from other general equilibrium changes in public expenditure occurring over the reconstruction

and recovery phase.

4.1 Alternative fiscal strategies

One of the aims of this paper is to outline a procedure that enables us to compute the expected
net cost of alternative public finance responses to natural disasters and to decompose these into

the gross benefit from the rebuilding of the public capital stock and the gross cost of mobilizing

12We define the investment response in gross terms. This is for convenience only. What matters is the net
investment, but the model’s properties are invariant to whether the depreciation costs required to maintain the
(rebuilt) additional capital are built in to the investment response or are met directly from the budget. We adopt
the latter approach.

13Tn our interim report (Bevan and Adam, 2014) we explored a fuller range of financing.
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the required fiscal resources. As noted earlier, costs and benefits are measured in terms of real
household consumption and the results are reported in Tables 1 to 3.

We examine four alternative fiscal strategies as follows:

e Do nothing. In this run tax rates, transfers and the value of gross public investment are
all held fixed at their baseline levels and O&M expenditures remain at their efficient levels
throughout E Prior to the natural disaster, gross investment is just sufficient to stabilize
the public capital stock at its baseline steady state level so that net public investment is
zero (relative to the underlying trend growth rate of the economy).lE When the cyclone
destroys part of the public capital stock, depreciation and efficient O&M requirements
fall. The original (baseline) gross public investment plus the O&M ’savings’ now finance
positive net investment which generates an endogenous re-build of the public capital stock
along an asymptotically convergent path.This passive response means that it takes a very

long time for the rebuild to be substantial.

o Taz-financed rebuild. Here transfers are again held fixed and O&M expenditures are
maintained at their fully-efficient levels (relative to the evolving capital stock). Public
investment is increased to rebuild the public capital stock subject to the restriction that
gross public investment can be no more than 1% of initial GDP per annum higher than in
the baseline. This constraint defines a rebuild profile for each draw from the distribution
of cyclone intensities.lﬂ The additional cost of the enhanced public investment program,
including associated O&M expenditures, is financed solely through increased domestic
taxation [[7]

o O6M expenditure reallocation. Tax rates and transfers are again held at their baseline
levels. As in the previous run, the 1% of GDP ceiling on additional post-disaster investment
continues to bind, but here the cost of the additional investment is met by re-allocating
equal amounts of recurrent spending away from operations and maintenance expenditures.
The reduction in O&M expenditures relative to their efficient levels accelerates the depre-
ciation of the public capital stock (due to deficient 'M’) and lowers the flow of productive
public capital services generated by the installed public capital (due to deficient 'O’).
Crucially, deficient O&M affects both the marginal and infra-marginal capital stocks.

o Insurance-financed rapid rebuild. In this run the government has taken out disaster-risk

insurance which meets the full capital cost (but not the associated O&M costs) of restoring

YEfficient O&M requirements are defined relative to the stock of installed public capital. In the calibration
used here fully efficient O&M expenditures account for 2.5% of the capital stock each which corresponds to
approximately 4.2% of GDP in the no-shock baseline.

'5Tn the current calibration trend growth is set to g = 1.5%p.a., corresponding to recent per capita GDP
growth in Jamaica.

5 Each period additional gross public investment is set equal to the minimum of the feasible investment rate
and the amount that returns the installed capital to its pre-disaster level (relative to trend).

17"Consumption and factor taxes are increased in proportion to their baseline shares of tax revenue.
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the public capital stock to its pre-disaster level, paying out as and when additional
investment expenditures are incurred. The contract is defined for a 1-in-10 attachment
point with no maximum, paying out in the wake of all disasters of 1-in-10 year intensity
or worse. Additionally, with insurance in place, government is able to rebuild the public
capital more rapidly than before: specifically, public investment can increase by up to 2%

of initial GDP per annum above baseline investment.

For each of these cases, the model is run to generate private consumption paths under each of
five draws from the distribution of cyclone intensities (no shock; 1-in-10; 1-in-25; 1-in-100; and
1-in-500 year shocks). The present value of the consumption path for each draw from the shock
distribution is then weighted by the probability weight for each shock, as described in Section
3, to give the expected value of consumption for each strategy@ Consumption is discounted at
the model-calibrated subjective discount rate for the representative household (in the current
calibration this discount rate is 5.91%). Expected consumption paths are compared to a baseline
scenario — discussed below — by expressing the present value of the consumption gain or loss as a
stationary annuity value, also calculated at the representative agent’s discount rate. Finally, by
comparing these values to the expected value of the initial loss of public capital due to cyclone
damage, we report the internal rate of return (IRR) of each strategy. This last step is not

straightforward, and is discussed in the subsection 4.3.

4.2 The insurance premium

It remains to calculate the insurance premium that is likely to be required by the insurer. As

we understand it, this typically takes the form:
Prem = E[Loss| 4+ 0.125 « SD[Loss]

where Prem is the required premium, E[Loss]| is the expected value of the loss that will be
borne by the insurer, and SD[Loss]| is the standard deviation of the losses borne by the insurer.
The extent to which insurance is actuarially unfair is the captured by the insurance multiple,
Mult, where:
Mult = Prem/E[Loss]

From the distribution fitted to data for cyclone damage in Jamaica, for a 1-in-10 attachment
point, and no exhaustion point, the estimated value of the multiple is 1.62. Given that we are
forced to adopt a rather recondite sampling process to model the losses, the standard deviation
in the model would typically come in at a lower value than this. Since this is an aretefact of the
modeling procedure (which focuses on replicating the expected loss, not its standard deviation),

we have chosen to maintain a premium at 1.62 times the expected loss in all cases.

'8For each run, the model computes a 1000 period consumption path.
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4.3 The counterfactual, gross costs and gross benefits

There is no perfect counterfactual for this exercise. Omne option, of course, is a simple 'no-
disaster’ scenario but this is unappealing since it implies a wholly different and unrealistic
meta-environment for the analysis. An alternative, which does admit the risk environment,
is where the authorities treat the natural disaster in a fatalistic manner and simply seek to
stabilize the economy at whatever level of public capital that remains undamaged. This too is
an unattractive counterfactual: while we have not assumed the authorities to have optimized the
level of public capital, we do assume that some choice underpins the level of public investment
and capital stock in the baseline steady state so that a strategy that simply accepts whatever the
reduced capital stock turns out to be is implausible. A more plausible counterfactual, and the
one used in the analysis here is the ’do nothing’ strategy. Government holds its gross investment
rate and its pre-disaster level so that capital returns slowly to its original level following a
natural disaster by maintaining existing spending levels, not through any purposive change in
fiscal direction by the authorities.

We use the model to decompose the net effect of each strategy into the gross cost associated
with mobilizing fiscal resources for reconstruction and the gross benefit of the actual capital
reconstruction itself. The net effect is generated directly from the various model runs. We then
compute the gross benefit of reconstruction by imagining a ’'reverse cyclone’ which instead of
destroying capital has the property that it reconstructs capital at no cost but according to one or
other of the rebuild scenarios described above. The annuity value of the consumption gain from
this (relative to ’do nothing’) can then be compared to the dollar cost of the original damage to
compute an internal rate of return. In effect, this procedure calculates the IRR associated with
the rebuild if the cost of a dollar of funds was indeed a dollar. With this in hand we then derive
the gross cost of mobilizing fiscal resources by subtracting the net benefit (which may of course
be negative) from this gross benefit. The reason for adopting this residual approach rather
than computing the gross cost directly is that there are complex general equilibrium effects at
work, which are mostly attributable to the financing mechanisms. The residual approach is
appropriate because it attributes these effects to the gross cost calculation. In general, it means

that the financing cost is greater than its face value, and possibly substantially greater.

5 Simulation Results

In this section, we report a small number of the simulation runs we have conducted. We begin
by illustrating, in Figures 1 and 2, the sort of evolution following a specific (large) shock that
the model generates, given the different policy responses outlined above. We then tabulate,
in Tables 1, 2 and 3, summary results for three different situations, given these responses,
using the augmented probabilities constructed in Section 3. Table 1 concerns our baseline, the

concentrated case using the scale of shocks discussed in that section; Table 2 repeats the exercise
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for the balanced case; and Table 3 revisits the concentrated case, but now considers much larger
levels of damage at the same probabilities. At each probability, the damage is 3.5 times that

examined in Table 1.

5.1 Evolution of the economy - an illustration

Before examining the detailed results, we briefly describe the evolution of the model economy
in response to a specific disaster.

Figures 1 and 2 provide some intuition as to the properties of the simulation runs. Both
illustrate the extreme case of a 1-in-500 cyclone, so movements are dramatically more pronounced
than for less severe shocks. The case considered is for the concentrated version of the shock,
with the scarcer component of public capital more heavily damaged. Specifically, it is assumed
that the scarce capital stock initially comprises 40% of the total, but bears the entire brunt of
the losses induced by the disaster. The same characterization is used in the Tables 1 and 3
below.

Figure 1 displays the paths of investment, capital stocks, GDP, and aggregate private
consumption as well as the returns on capital and required tax revenue when the rebuild is
entirely tax financed. In this case, the reconstruction process takes a full decade, with an
increase in tax required of the order 1.5%-2% of GDP over that period. Even though private
capital escapes the disaster, the investment rate and hence the private capital stock still fall,
reflecting the fall in the private return to capital induced by complementarity with the reduced
public capital. Both GDP and consumption fall sharply, and are slow to recover.

For the same shock, Figure 2 compares what happens under the four scenarios discussed
above, “do nothing”, expenditure reallocation, tax financing, and insurance. It restricts itself to
graphing the paths of effective public capital and private consumption under these scenarios. As
noted, insurance is assumed to permit a more rapid rebuild than tax finance, and, a fortior:i, than
“do nothing”. It also yields a higher consumption path than the tax financed path; however, this
is a reflection of the fact that the value of insurance is highest when the worst case materializes.
It would be reversed if the paths for higher probability, lower damage events were plotted. The
net effects, across the range of events, are examined in Tables 1, 2 and 3 below.

The more dramatic feature of Figure 2 is the catastrophic consequences of expenditure
reallocation when this involves sharp reductions in O&M spending. Both effective public capital
and consumption fall very sharply, remain very depressed for a decade, and have still not fully
recovered after 30 years. Of course, it might be possible to find other components of government
recurrent expenditure which could be compressed at much lower cost, but experience suggests
that this is not easy, and the present results suggest a high degree of caution in relying on
reallocation as a financing mechanism. Once again, more light is thrown on these issues in the
tables.
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5.2 More detailed results

In Tables 1 to 3 three different illustrations of these calculations are given.

The layout of each table is the same. The first row gives the augmented probabilities of each
level of cyclone intensity, with these probabilities being common across the three tables. For
each intensity, the table then gives the annuity impact on consumption for each type of response,
distinguishing between the gross and net effects according to the procedures outlined in Section
4.3. These event specific outcomes are then aggregated, using the augmented probabilities, into
expected annuity values, for the net and gross cases. Finally, at the right hand side of the tables,
these are converted into IRRs, using the original capital loss as the denominator. In effect, this
procedure says that, if a dollar of funds could be raised with no other implications, what would
be the IRR from deploying them in the specified way? And symmetrically, if a dollar of funds
had to be put into the government’s hands using a specified financing technique, what would
the opportunity cost of those funds be, expressed as an annuitized cost of capital?

The first case, which may be taken as the base case, is illustrated in Table 1; it calculates
the costs and benefits when the shock is scaled by the underlying distribution, but as a one-off,
and the public capital losses are concentrated. Table 2 repeats the exercise for the balanced
shock case, with the same initial destruction, while Table 3 repeats the exercise of Table 1, but
this time scales up the shock so that the initial one off hit has a similar expected destructive
consequence as implied by the full multi-year risk profile. For each of the four fiscal responses
(do nothing (Case I), raise tax (Case II), reallocate O&M (Case III), take out insurance (Case
IV)), these tables show the annuity consumption effects for each of the five events considered.
They also show the net expected value across these events. Following the earlier discussion,
they partition this net effect into its gross benefit and, residually, its gross cost components,
relative to the “do nothing” counterfactual. In each case, the insurance premium is taken to be
a multiple of the insurer’s expected cost as given by the actuarial formula relating this premium
to the expected loss and its standard deviation. For the data given in the Jamaica case, for a
ten year return contract, this multiple would be 1.62. The associated IRRs are also given. These
results are illustrative and reflect the specific calibration, of both the risk environment and the
general equilibrium behavior, we have employed here. The method itself, however, is amenable

to changes in either or both aspects of the calibration.

5.2.1 Table 1

Table 1 summarizes the results for the base case. The expected value of the capital loss is 0.487%
of GDP, equivalent to an annuity value at a 5.91% discount rate of 0.029%. The key figures are
in the final columns where we report the net and gross annuity value in percentage points of
current GDP and corresponding IRRs associated with alternative sources of financing and the

gain in consumption from the rebuild. The first row in the table gives a sense of the overall
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expected burden associated with the cyclone risk profile faced by Jamaica, as characterized by
our model where, as we noted in our earlier paper, the overall effects are modest in part because
cyclone damage is assumed to destroy public infrastructure capital only. Relative to the ’do
nothing’ counterfactual, the complete absence of risk events affecting the public capital stock
would lead to a permanent 0.079% increase in consumption. If it were possible to pay sums that
would prevent the losses from happening, dollar for dollar, these payments would have an IRR
of 16.3%

The results for Case II gives a clearer insight into the analysis. What these say is that
tax financing the reconstruction of public capital, subject to the ceiling on the maximum
feasible volume of additional public investment, generates an annuity consumption gain of
0.031% of baseline GDP per annum relative to the counterfactual of doing nothing. This net
gain is composed of a gross consumption gain to the (more-rapid-than-counterfactual) capital
reconstruction, equivalent to a permanent 0.067% of baseline GDP, and a permanent loss of
consumption arising from higher taxation equivalent to 0.037% of GDP. Based on the disaster
risk profile, the expected value of the loss of public capital arising from cyclones of differing
intensities is computed to be 0.487% of baseline GDP. Using this, the IRR for Case II is 6.3%.
The corresponding gross benefit and cost IRRs are 13.9% and -7.6% respectively.

Case III examines the outcome where the capital rebuild is financed by reallocating recurrent
expenditures away from O&M. The gross benefit from the rebuild is exactly as in Case II but
in this instance the gross cost is almost six times higher (the annuity value of lost consumption
is more than 0.21% of initial GDP). In net terms this strategy is very unattractive generating
an IRR of -30.2%. The reason is simple; economizing on O&M accelerates the depreciation and
reduces the effectiveness of public capital across the board, reducing not just the contribution
of the rebuilt capital to private output but also the contribution of public capital that survives
the cyclone unscathed.

Finally, Case 1V leads to a somewhat ambiguous result. The expected gross benefit from the
accelerated rebuild is higher than before — the IRR of rebuilding is now 14.8% and is particularly
favorable in the face of large disasters — but so is the expected gross cost. In this case the cost
burden arises primarily from the cost of carrying the insurance premium in the absence of large
disasters. The opportunity cost of insurance is 13.0%, leaving the net gain from this policy at

1.8% - very marginal.

5.2.2 Table 2

This replicates Table 1 in respect of the size of the shock, but this is now distributed uniformly,
or alternatively, across public capital stocks which are very good substitutes for each other.
As expected, this reduces the pay-off to accelerated rebuild. Using the IRR metric, relative to
Table 1, the net gains from the tax option fall from 6.3% to 4.5%, those for the insurance option

are changed from 1.8% to -1.0%, while those for the reallocation case moderate from -30.2% to
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-26.5%. The reallocation option remains deeply unattractive, while the insurance option moves
from being marginally favorable to marginally unfavorable. The insurance cost is the same in
each case but since the asset being destroyed and rebuilt is initially more abundant and hence
less valuable, the benefit of the accelerated rebuild falls by more than the gross cost of the
insurance contract. This illustrates the sensitivity of the insurance calculation to the relative

productivity of components of the public capital stock.

5.2.3 Table 3

This replicates the set-up as in Table 1, that is for the concentrated shock, but now raises the
expected value of the scale of the losses by a factor of 3.5. This brings it reasonably close (at
0.101% of GDP) to the expected value in the original data, which is equal to an annual 0.149% of
GDP. While these values for the losses are scaled up, so are the annuity losses and the premium.
(Nothing in the scaling-up process has altered the distributional characteristics, other than the
mean - in particular, the standard deviation as used in the insurance formula, is scaled with the
mean i.e. the coefficient of variation is unaffected.) In consequence, the insurance premium rises
proportionately with the expected value of the loss, the multiple remaining at 1.62. It would
not be possible to impose much greater shocks than this in the present framework, since, at the
1-in-500 case, this comes close to eliminating the scarce component of public capital altogether.
Despite this very large change in scale, the results are rather stable. Compared to those in Table
1, and again using the IRR metric, the net gains from the tax option rise from 6.3% to 6.7%,
those for the insurance option are changed from 1.8% to 2.0%, while those for the reallocation
case moderate from -30.2% to -25.5%. The broad conclusion is that, at least over this very

considerable range, the present results are very insensitive to scale.

6 Summary and Conclusions

6.1 The current exercise

Quite apart from the immediate and ongoing humanitarian issues they pose, natural disasters
have widespread economic impacts, not least to capital assets. These impacts, in turn, pose
a variety of challenges to public policy in general and to choices over the public finances in
particular. This paper sets out to show how a model developed in another context may help
to throw some light on these choices. The model is a real open economy general equilibrium
model, but also has extensive public finance and public expenditure components which permit
treatment of the complementarity between public and private capital and between components
of public infrastructure capital; the distortionary nature of domestic taxation; the efficiency, or
lack thereof, of public investment programs; and the central role of recurrent expenditures in

maintaining and operating public capital. The framework also incorporates adjustment costs in
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(public and private) capital formation so that attempts to accelerate post-disaster reconstruction
confront investors with rising marginal costs / falling marginal efficiency of investment.

The model is well-adapted to examining quite complicated events, including damage to public
and private capital, as well as other mechanisms leading to temporary losses of current output. It
is capable of comparing quite varied financing packages, including domestic taxation, domestic
borrowing, external concessional and non-concessional borrowing, external grants, and public
expenditure reallocation, with or without accompanying insurance contracts. However, while
all these options are available and could be used to examine explicit proposals in a particular
country context, the range of possibilities is too wide for it to be possible meaningfully to explore
them at a general level.

In consequence, this paper has pursued a more limited set of choices.The model has been
calibrated to recent national accounts data for Jamaica, and the paper draws on a recent risk
profile for that country. Only part of that profile is utilized, pertaining to public capital damage
only, with the associated problem of rebuilding this damaged capital, and how that is to be
financed. The financing choice is restricted: the government may choose to rely entirely on
temporary increases in taxation; it may choose to reallocate existing recurrent expenditure,
specifically away from O&M spending; or it may choose to take out insurance for 100% of the
damage, above a certain “attachment point” - in effect, the government has to choose what level
of excess to bear before the insurance kicks in. In the event of a disaster, insurance may permit
a more rapid rebuild, given limits on how high domestic taxes can rise, and limits on how much
reallocation is feasible. However, there are physical limits to the rate at which rebuilding can
take place, however much finance is available. The benefit of faster rebuilding is to reduce so
called “indirect losses”, which are the losses of output which are caused by the reduced capital
stock prior to the completion of rebuilding. The gain from this accelerated rebuild must be offset
against the two facts that, first, the insurance premium still has to be paid, even in the (most
likely) case that no disaster occurs during the insured period, and, second, that the insurance is

available only on actuarially unfair terms.

6.2 Inputs to other modeling approaches

Models like this are complicated and quite difficult to manage. Experience suggests that it
is difficult to devolve the necessary technical capability to central banks, ministries of finance
and planning, or university departments of economics in low-income countries. Hence a second
objective of the paper is to explore whether it can be used by a more central agency to provide
inputs into some more tractable model designed to assess what options government should
pursue. Some of these simpler models require reduced form summary statistics, such as estimates
of the opportunity cost of various funding mechanisms, and internal rates of return to various
rebuild scenarios. This paper suggests that this sort of model interaction is feasible, and may

be a fruitful avenue to pursue.
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Subject to all the preceding caveats, the conclusions are as follows.

(1) It is indeed possible, as previously discussed, to use the model to generate estimates of
the opportunity costs of funds and rates of return to more rapid rebuilds required by simpler
models.

(2) Since the present model can only generate results for some package involving both a
rebuild program and an associated financing device, it delivers a net result representing that
particular combination.

(3) To disaggregate this net figure into its gross components, some strategy has to be adopted.
The strategy adopted here seems the cleanest and most appropriate way of doing this, namely
to assume that the benefits of faster rebuild can be estimated assuming funds are available at
face value in ways that have no other repercussions, and to estimate the costs of a particular
financing mechanism as a residual.

(4) The TRR of a faster rebuild appears, for the cases considered, to be in the range 11%-17%.
The opportunity cost of funds is highly variable; if a tax financing regime were feasible, this
might be only around 6%-9%, but if re-allocations from O&M were used, this might be as high
as 37%-44%. The opportunity costs of insurance, on the other hand, might fall in the range
12%-15%, higher than the tax alternative, but much lower than the reallocation fro O&M.

(5) In consequence, for the cases considered, a faster rebuild is not worth attempting if it has
to be financed by reallocation from O&M. It would always be worth undertaking if tax finance
was feasible, and might, or might not, be worth undertaking via insurance, depending on details.

Of course, as stressed previously, other forms of reallocation might be much less costly.

6.3 The bottom line

The main conclusions of the analysis are as follows. Even though the model allows for the
distortionary effects of tax financing, in the absence of donor grants this remains the best
method of financing the rebuild, and is always preferable to insurance in an either-or choice.
However, this presupposes that increased taxation on the required scale is feasible. Meanwhile,
any diversion of recurrent spending from O&M is likely to be very costly, and worse than a
do-nothing approach. If increased taxation is infeasible, whether an insurance contract should
be taken out is quite dependent on the details of the situation. It may be helpful, in the
concentrated case, but not in the balanced one. Local knowledge should be decisive in these
cases. More complex options, which combine tax and insurance, have not been considered in
the analysis. One possibility is to use available tax capacity to self-insure against relatively high
frequency events, and to supplement this with external insurance for low-frequency, high damage

events. Exploring this type of option is left for subsequent work.
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7 Appendix I: The Model

The model describes a two-sector small open economy producing a traded good ¢, and a non-
traded good ¢, from private capital, labor, and government-supplied infrastructure. Households
consume domestically-produced goods along with imported consumption goods ¢,,. Capital
goods (machines) m,,, are also imported and combined with the non-traded good to produce
private capital and infrastructure (public capital). All quantity variables except labor are de-
trended by (1 + g)!, where g is the exogenous long-run growth rate of real GDP and ¢ is the
time index. The model abstracts from money and all nominal rigidities, but includes taxation
and a lump-sum transfer from government to private agents, as well as grants, remittances and

a variety of forms of public and private debt.

7.1 Firms
7.1.1 Technology

The present model is an adaptation of a model designed to permit an integrated analysis of public
investment, taxation, debt sustainability and growth.lﬂ We begin by sketching the technology
assumptions in the original model and then introduce two adaptations. In each productive sector
Jj = n,x, the representative firm uses a Cobb-Douglas technology to convert labor L;;, private
capital k;;—1, and “effectively productive” infrastructure z; ;, which is a non-excludable public

good, into output:

Gjo = a; (25 1) (kju—1)™ (Ljg)' ™ (7.1)

where the a; are sector-specific productivities. There are constant returns to private factors,

with capital shares o, but increasing returns in the presence of public infrastructure as measured
by ;.

Public and private capital is built by combining imported machines and a non-traded input
(e.g., construction) in fixed proportions, determined by aj and a, respectively. The supply prices

of private capital and infrastructure are thus:

Pt =1 —ag)Pni+ apPry (7.2)

Pz,t = (1 - az)Pm,t + azpn,t (73)

where P, is the price of the non-traded good and P, the price of imported machinery.

9The original model is Buffie et al 2012. A version with a much richer treatment of public finance is Adam
and Bevan 2014. The present model is an adaptation of the latter.
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While this specification serves quite well in the context for which it was designed, it is
not well suited to studying the impact of catastrophic damage to the public capital stock.
Cobb-Douglas production functions are very convenient, but, in the normal set-up, have two
major drawbacks. First, a given percentage reduction in the public capital stock causes a
rather attenuated reduction in output; for example, with the sort of elasticity of output to
public capital that is commonly assumed, such as 0.2, a 20% reduction in public capital would
only lower output by 4.4%. Second, this attenuated percentage output reduction is uniform,
regardless of how inadequate or indeed excessive was the level of the initial public capital stock.
Switching to a somewhat more general formulation, such as a constant elasticity of substitution
(CES) function with respect to the factors makes the solutions very complicated, with changes
in public capital entering all the first order conditions in very complicated ways. The approach
here is different, retaining the Cobb Douglas specification, but modifying it in two ways.

First, it is assumed that there is a threshold effect for public capital, embodied in z, before
it becomes productive. One could think of a network, such as a road system, where odd bits of

road make very little contribution to output, but a connected system does.

G = aj (21 — 2)% (kjuo1)® (L)' ~% (7.4)

We also suppose that there are two components of public capital, z; and 2z, which are

combined to form the aggregate z; the aggregation is done via a CES function, so

—1/e _1/¢\ 1/ (1-1/¢)
2= (Ve TV - (7.5)

where € is the elasticity of substitution between the two components. The composite z now
enters the production function [7-I] or [7.4]in place of the previous unitary z and all other features
of the previous analysis go through, contingent on the reinterpretation. If € tends to infinity, the
two components are perfect substitutes, and the composition of public investment is irrelevant;
if e =1, the aggregator is itself Cobb-Douglas and the two components enter equation [7.4] with
exponents 1y and (1 — ) respectively; if € = 0, they are perfect complements, and the level
of effective public capital is entirely determined by the one that is in shorter supply, relative
to the efficient ratio of z1/29 = v/(1 — 7). Equation can then be used in conjunction with
equation [7.4] to explore how a given percentage loss in the public capital stock translates into
some percentage loss in total output, with the scale of the impact depending on the efficient mix
of the components (determined by 7 ), on the elasticity of substitution, and on how the loss is

distributed between them, as well as on the scale of any threshold effect.

7.1.2 Factor demands

Competitive profit-maximizing firms equate the (private) marginal value product of each input

to its factor price,
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qjt

Pji(1— Oéj)iL = (14 Oy ) wy (7.6)
j’t
Q5
Pieay = (L+054)r (7.7)
.]7t71

for j = x,n where w is the net of tax wage, r; is the net rental earned by capital in sector
j and f,and 6; are tax rates on labor and (sector-specific) capital income respectively. Labor
is intersectorally mobile, so the same wage appears in for j = z and j = n. Capital
is sector-specific but at equilibrium the allocation of k, and k, ensures net-of-tax rentals are
equalized. Critically, taxes on factors drive wedges between private and social values. In the
presence of a tax on labor, the real wage is reduced below the marginal product of labor. For
private capital, faced with a given steady state r, which is determined in the model by savers’
preference parameters over the infinite horizon, the output to capital ratio must rise by (1 +6;).
This, in turn, means private capital stocks are lower than would have been the case in the
absence of capital taxes, for example had all government revenue been raised from a lump sum
tax. Notice, also, that the lower capital stock in equilibrium lowers the marginal product of

labor (and the real wage).

7.2 Households

There are two types of private households, savers and non-savers, distinguished by the super-
scripts ¢ = s, h respectively. The ratio of non-saver to saver households is given by a. Households

are infinitely-lived with utility, for both savers and non-savers, defined by the following function:

141700

) o0 i\1—1/7° (T
Ut = Zﬁt (Ct)l ! — Kl (Lt) (78)
t=0

1-1/7 1+1/

where (5 is the discount factor; 7 is the inter-temporal elasticity of substitution in consump-
tion and ¢ the 'Frisch’ elasticity of labor supply. Aggregate consumption, ¢, is defined as a

constant elasticity of substitution (CES) aggregate defined over the domestic traded good cﬁc’t,
the foreign traded good cfmt, and the domestic non-traded good Clﬁ,t for ¢ = s, h, thus:

€
€e— e—1 | -1

. 1 . 1 1 . e—1 % .
¢ = |p(chr) © +pmlcme) @ +pnlchy) (7.9)

for ¢ = s, h where pg, pm, and p, are CES distribution parameters with p; +pm+pn = 1, and
€ is the elasticity of substitution between the commodities. These parameters are common across

the two households. The true consumer price index associated with the (common) consumption
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basket ((7.9) is:

Pey = [ P;Bt +pmpmt+pnpclnte] o

Pclt e Ci
=Pl Pc t

for | = xz,m,n and i = s, h. Consumer prices are defined as

with demand functions for each good:

Pay= (14 h)P,
where h; denotes the consumption tax rate on commodity c;.

7.2.1 Household budget constraints and first order conditions

The representative saving household spends on final consumption, ¢}, invests quantities ¢, and
in in private capital that depreciates at the rate §, pays user fees charged for infrastructure
services according to uz?, and buys domestic bonds bf. Domestic bonds, which cannot be held
by foreigners, pay a real interest rate r. This household maximizes its utility for i = s

subject to the budget constraint:

Abj = Z(l + (L =15)050)756k5 11 + ———[(1+ (1 — tw)Owt)wi(Lnt + Lat) + Tt + Ry

(7.10)

1+a

+ Z ta)hi i Precie — pziq) + re-abi_y — Prg (i3, + 5 4) — Pevcf

where Abj = bj —b;_;and the equations of motion for capital in the tradable and non-tradable

sectors respectively are

(1 + g) ;,t - ijyt + (]. - 6)k;,t71 (711)

for j = x,n. The household receives a flow of remittances from overseas, R; and transfers
from government, 7T;. The household also pays taxes. The terms t.;,tem,ten,tw,tz,tn represents
the proportion of the tax revenue levied on consumption and on factors that finds its way to
government (with 1—t4 the proportion retained by households for each tax,s). These tax wedges
are discussed in more detail below, but essentially the terms in ¢ in capture tax revenue
that does not get remitted to government. Remittances, transfers and the 'retained’ taxes paid
on wages and user charges for infrastructure are proportional to the agent’s share in aggregate
employment.

The first order conditions describing the solution to the saving household’s optimization

problem are:
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i1 _ <51+7“t Py )T (7.12)

c; 1+g Pciya
LS — (Cs)fl/‘rs 1) we : (7.13)
t t kS ) Pey '
j P
Tjt+1 +1-6= (1 + Tt) k.t (7.14)
k,it+1 Pk,t+1

Equation is an Euler equation in which the slope of the consumption path depends
on the bond interest rate adjusted for trend growth (g) and on changes in the (tax inclusive)
consumer price index. Equation is the saving household’s labor supply equation, and
the arbitrage conditions, requiring the rate of return on capital in each sector j = z,n to
equal the interest rate.

Non-savers maximize the same utility function as that of savers . The labor supply by
this household is analogous to and is given by

- () =] 719

With no access to capital markets, however, non-saving households have no claims on either
fixed capital or on bonds so that their income consists of wages, remittances, transfers and their
share of the labor and consumption taxes not remitted to government less their share of user
fees for the use of public capital. The consumption of non-saving households is therefore defined

directly from their budget constraint :

a .
Pege) = m[(l + (1= tw) 0w )we(Lng + Ley) + Ty + Re+ Y (1= ta)higPrycy — pzj ) (7.16)
I

These hand-to-mouth consumers are a realistic feature of the data and their inclusion breaks
Ricardian equivalence. Households are aggregated over i = s, h, so that z; = xj + af for
x4 = ¢ty Ly, by, 14, kj ¢, and the sub-indices [ = x,n, m and j = x,n. By definition, for non-saving

households b} = "

— .h -
it =Fkjy=0for j=ua,n

7.3 The Government

Government provides public infrastructure and makes transfers to both households. To finance
these activities it raises taxes on domestic economic activity, borrows from domestic and external
creditors and receives concessional aid and grants from development partners. Government may
also levy user charges on households for the use of public capital. We describe these elements

in turn:
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7.3.1 Infrastructure, public investment and efficiency

The model allows for inefficiencies in the construction and use of public capital. This requires
us to distinguish between three different notions of public capital: notional capital (z); installed
capital (2%); and effective (or effectively productive) capital (2¢). The distinction between no-
tional and installed capital reflects problems in the public investment process. Public investment

i, produces additional units of notional infrastructure z according to:
(L+g)ae = (1= 06)ze—1 + iz (7.17)

but with corruption and/or other inefficiencies the capital actually installed in the economy
evolves according to :
2 =574 s(z — 2) (7.18)

where §,s € [0,1] are parameters of efficiency at and off steady state, and Z is the notional
public capital at the (initial) steady state. Assuming inefficiencies in capital formation, one unit
of additional notional capital investment generates s < 1 units of installed capital. Combining
equations and yields the following equation of motion for installed capital:

(1+9)zf = (1 —0)zf_y +8(isy — 1) + 5is. (7.19)

In addition to inefficiencies in construction we allow for additional adjustment costs associated
with increasing public investment. These are costs, such as the additional costs of coordination
or the pure costs of corruption (i.e. corruption is not a transfer) that drive a wedge between
the cost of acquiring infrastructure in the market and the final cost to government;this wedge
is increasing in the extent to which public investment exceeds its steady state value. We follow
Buffie et al (2012) in assuming that the marginal cost of public investment to the fiscal authorities
is defined as II; P, ; where P, ; is the cost of public capital as defined in and

I, = (( C(le 5 gy ) Jins (7.20)

Zt—1

[j =0+ g, II; = 1. Hence the

Note that in the initial steady state, where i, ; = i, so that o=

adjustment costs accrue only on marginal public investment.

7.3.2 Operations and maintenance expenditures

Operations and maintenance expenditures affect public capital through two channels in the
model. On the one hand, deficient maintenance expenditure leads to an increase in the rate
at which the public capital stock depreciates through time. On the other, deficient operations
expenditure reduces the flow of output produced by the current stock of public capital. Both
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effects can be temporary so that a return to ’full’ maintenance and operations expenditures
restores the (technical minimum) depreciation rate and the full flow of output respectively@
To operationalize these ideas we assume that installed public capital depreciates at a rate
determined by the level of maintenance expenditure. The depreciation rate of (installed) public
capital is defined as
5 = 6. [+ (1= )3 (7.21)

where 0 < 7, < 1 is the ratio of actual to efficient maintenance expenditure and G5 >
0 is a measure of excess depreciation. Thus the rate of depreciation is bounded between 4§,
when maintenance is at its efficient level and §,(1 + 85) when maintenance is neglected entirely.
The accelerated loss of installed capital during a period when maintenance is inadequate is
permanent; however, if maintenance expenditure is subsequently improved, following such an
episode, the depreciation rate on the remaining capital falls back to a lower level.

Finally, effective capital is defined as 2¢ = 7,2 where 0 < v, < 1 is the ratio of actual to
efficient operations expenditure. For simplicity, these operations and maintenance requirements
are treated as being kinked at the efficient level; while there is an immediate loss involved when
either v is allowed to fall below 1, there is no corresponding gain if either is set greater than 1.
Such excess expenditure would just be wasted.

Both operations and maintenance expenditures are modeled as the use of traded and non
traded goods, where we assume that the composition of traded and non-traded goods is fixed and
is the same as the initial composition of domestic absorption. The composite price of O&M is
Pyt = (1—ap) Pyt +an P, where ay, is the non-tradable share in absorption, so that an increase
in the level of O&M as a share of total absorption leaves the initial price vectors undisturbed.
The quantities of this composite good are then defined respectively as qp7tz§:_1and qm7tz§_1where
dpt = Vptdp and Gt = Ymtqy, With ¢, and ¢, measures of ’efficient’ O&M goods expenditures
per unit of installed capital@

Estimates of the scale of ’efficient’” O&M costs are extremely sparse. In this model we
calibrate to values that are broadly consistent with Heller’s (1991) 'r-coefficient’ estimates. These
are estimates of the required annual recurrent expenditure in dollars per dollar of installed capital
(see Heller, 1991). His estimates are, however, highly dependent on the type of public capital
involved, with the coefficients covering a huge range between 1% and 72%; the lower values are
characteristic of economic infrastructure, the higher ones of social infrastructure. Concentrating
on maintenance only, for economic infrastructure, Fay and Yepes (2003) estimate values of 2%

for electricity generation, rail and road; 3% for water and sanitation; and 8% for mobile and

20This is a simplifying assumption: in practice, the capital stock may be so degraded as a result of deficient
maintenance expenditures that it is simply not possible to restore it to 'full’ efficiency without rebuilding afresh.

21Tt might seem natural to consider operations expenditures as intermediate goods, necessary in providing the
final services of public capital. However, the present model is a pure value-added model, with no provision for
intermediates; and since conventional national accounting tends to value these activities at cost we treat them
as part of GDP.
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landline telephones. They stress that these are estimates of the minimum expenditure to ensure
the integrity of the system, not of the higher levels that would be efficient. Even so, these
magnitudes imply that required expenditures on maintenance of existing capital are typically
slightly larger than expenditures on new investment.

We are aware of no quantitative evidence on the scale of the losses inflicted by inadequate
O&M, so the assumptions made here are necessarily speculative. However, we believe that these
are quite conservative. In the simulations reported below, the measure of excess depreciation, (3,
is set equal to one. This implies that the depreciation rate would only double, for example from
5% to 10%, even if maintenance were abandoned entirely. As regards operational expenditures,
our proportionality assumption again seems on the conservative sideg

Importantly, it is not assumed that the prior or indeed final equilibrium of the economy is
characterized by efficient O&M. As a consequence of inadequate budget planning and imple-
mentation, exacerbated by the separation of responsibilities for investment decisions and for
O&M, there often is a substantial deficit in the latter from efficient levels.|§| The problem may
of course be temporarily worsened during an investment surge if that leads to fiscal difficulties;
on the other hand, a program of reforms to public financial management may yield a sustained
improvement in the relationship. The present model is designed to permit all these possibilities
to be explored.

Adding in depreciation and debt-financing costs the full cost of public investment is given as

[Pomt(@pt + Gmt) + (6, + 1) Po/s] 2y (7.22)

The first two terms are the recurrent cash costs of operations and maintenance; the third
and fourth terms correspond to the depreciation and financing costs per unit of installed capital,
where r{ is the marginal cost of government (non-concessional) borrowing, recognizing that a
unit of installed capital costs P,/s to replace.@

Finally, we define the user-cost recovery rate as:

tt = [Pomt(fptpt + frmtGm,t) + (fd,té,i,t + frirt) Pt /5] 7y (7.23)

22In practice, operations expenditures tend to be composites, the components of which are likely to be required
in fixed proportions. Since inadequate spending is itself inefficient, it seems most unlikely that the reduction
would be allocated optimally between these components. For example, a health clinic may receive inadequate
supplies of medicines, even when it is adequately staffed with medical personnel. This is likely to reduce services
more than proportionally to the reduction in the operational budget. It would be straightforward to model this
relationship by treating operations as a Leontief relationship between labor inputs and goods expenditures.

*3Rioja (2003) “Filling potholes: macroeconomic effects of maintenance versus new investments in public
infrastructure” Journal of Public Economics, models the issue, and suggests that it would often be efficient to
divert available finance from new investment to increased maintenance of the existing stock. There appears to
be less hard numerical evidence in respect of operations expenditures, but anecdotal evidence as to its common
inadequacy abounds.

24The rationale for treating the financing cost as equivalent to the cost of borrowing is discussed in Appendix
IT of Adam and Bevan (2014).
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where 0 < f, < 1 for n = p,m,d,r are the recovery rates for each financing component.
The reason for distinguishing these rates is that the financing components have very different
perceptual properties, and are most unlikely to be treated as an aggregate in budget decisions.
In the calculations reported below, it is assumed that there may be some cost recovery (on an
equal basis) for O&M expenditure, but not for the other two categories of cost. That reflects

the likely budget operations in many public finance systems.

7.3.3 Tax leakage

To allow for inefficiencies or corruption or other forms of leakage in revenue collection we
introduce a wedge which determines what proportion of the tax levied on a particular base
actually finds its way onto the government budget. We define 0 < t;< 1 as the share of the tax
collected on tax base s that is remitted to government with (1 — t4) of the revenue retained by
the owner of the tax base. Crucially, firms and households always face the nominal tax rates
when making choices over factor allocations and consumption decisions: tax revenues that are
'retained’ are treated as if they were lump-sum transfers from government. What this means is
that when t5 < 1 a given given government revenue requirement entails a structure of nominal

tax rates that is higher and thus more distortionary that in the absence of any leakages.

7.3.4 Public sector budget constraint

Combining these elements we derive the government’s budget constraint. The government spends
on debt service, infrastructure investment, associated operations and maintenance, and transfers
to the private sector. It collects tax revenue from consumption taxes and from taxes on capital
and labor, in all cases net of 'leakages’ to the private sector. Additional revenue accrues from
grants from development partners, and from user fees for infrastructure services . When revenues
fall short of expenditures, the resulting deficit is financed through domestic borrowing Ab, =
by — b1, external concessional borrowing Ad; = dy — dy—1, external commercial borrowing
Adey = dey — deg—1, or by drawing down net international reserves Aniry = nir; — nire_.

Hence:

Tt—1 — ¢ Tdt—1 — 9 Tdegt—1 — 9
717 1+ ’761 1+ e I
T t—1 1+g t—1 1+g
+Pomt(qmt + @pt)zi_q + Ty + dT} — 1f

Aby + Adey + Ady — Aniry = det—1+ P, illyis ¢

g .
niry_1

— Z ti054754k5 11 — twbOwrwe(Lnt + Lat) — Z tahiPreciy — Gy — 1z
j 1
(7.24)

for j = x,n and | = x,m,n where G denotes grants. The world risk free rate is ¢ , the
interest rate on concessional loans is assumed to be constant ry; = rq, while the interest rate

on external commercial debt incorporates a risk premium that depends on the deviations of the
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external public debt to GDP ratio ed; = W from its (initial) steady state value where
Yt = Py 1qet + Pr.tqny is GDP. That is,

Tdet = Tf + vge”g(Edt_EH). (7.25)

If vy > 0 and 1, = 0, this specification provides for an exogenous risk premium that does
not depend on the level of public debt; if both are positive, the premium is increasing in the
external debt to GDP ratio.

7.4 Fiscal adjustment and policy rules

Given the exogenously determined paths for public infrastructure investment, concessional and
non-concessional sovereign external borrowing, and the sovereign wealth fund, the residual fiscal
adjustment falls on domestic taxes and domestic debt. To illustrate, we start with a measure of

the fiscal gap before adjustment (£2;):

‘ 4 1+7g 1 = Tger—
Q= Poyllyiz g + Pomt(qpt + Gmt)2i—1 + +1; +dT, + 1+g oy = it ﬁdq_l
T -1 — T — g .
—de; + tigbt_l _ nirg_1 — th9jo7“j,tk§,t—1

149 14+g

J

_tw9w0wt(Ln,t + Lw,t) - Z tclthB,tclt -Gy — /,thi_l.
l
(7.26)

Q) corresponds to expenditures (including interest payments) less revenues and concessional
borrowing, when taxes are kept at their initial levels {0.0, 050, 0w0, Pez0s Remos Reno}. Using this
definition, the government budget constraint ([7.24]) can be rewritten as:

O = Abﬁz tcl(hz,t—hlo)f’z,tCz,t+Z ti(05.6—050)jek’ 11 +tw(Ore—0O0)wi(Lnt+Lay). (7.27)
l J

In other words, given the investment program, this gap can be covered by some mixture of
domestic borrowing and tax adjustments. Debt sustainability necessarily requires that domestic
debt is bounded (for example, we may assume that the domestic debt is constrained to converge
to a constant share of trend GDP) which means that taxes eventually adjust to cover the entire
gap, conditional on the long-run domestic debt ratio. Policymakers divide the long-run burden

of adjustment across different taxes as follows:

Q
Rt = tahg + Mg = {z,m,n 7.28
it thio + Mg { } (7.28)
target Qt .
Hjt = tjejo + )\kj " ] = {:U,n} (7.29)
Tjthj.e
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gtarget
wy(Lnt + Lat)

where 0 < Ay, Apj, Ay < 1 are policy parameters that split the long-run fiscal adjustment
between different taxes and domestic debt. When ) A = 1domestic debt is held constant (as a
share of trend GDP) in the long run. When > A < 1 the new steady-state entails a rise in the
domestic debt ratio and vice versa when > A > 1.

Finally, we assume that taxes cannot adjust instantaneously to their new target levels so
that over the adjustment path domestic debt may overshoot its steady-state level. The actual
path for taxes is defined as follows (with the evolution of domestic debt determined implicitly
from the substitution of these dynamic equation into the government budget constraint :

taihie = tens1hie 1 + MNq (W™ —ta s 1hie 1) I ={x,m,n} (7.31)
tj,:050 = tjs—10j0-1 + Ny (0579 —tj0-10501) = {x,n} (7.32)
tw,tew,t = tw,tflew,tfl + )\?U(‘gqi?trget - tw,tfl‘gw,tfl) (733)

with A, AL G > 0.

7.5 Market-clearing conditions

Flexible wages and prices ensure that demand continuously equals supply in the labor market:
Lyy+ Lny =L+ L. (7.34)

Aggregating over both types of consumers, and taking into account private and public

investment and O&M expenditures, equilibrium in the non-tradable sector is:

P\ ° . . . ;

n,t = P ( JZ’ ) ¢t + apizt +ing) + azliiz g + an(gme + apt) 2t (7.35)
t

Finally, consolidating public and private sector budget constraints yields the accounting

identity that growth in the country’s foreign debt net of the sovereign wealth fund equals the

difference between national spending and national income:

e Tded—1 — rr—g . .
Ady + Adey — Aniry = d gdtfl + ngdc,t—l - g””’t*l + P, 4Ilyiy
1+g 1+g I+g (7.36)

+ Pyt (iat + ingt) + Pom,i(apt + @myit) + Pece — Pping — Prtdes — R — Gy
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Table 1: Rates of Return to Alternative Disaster Financing Policies

Shock hits scarce component of public capital composite

Cyclone Intensity

none 1:10 1:25 1:100 1:500
Probability Weights[1] 0.7567 0.1049 0.0822 0.0403 0.0158
Original capital loss: 0.487%
Discount rate: 5.911%
Expected Value
Annuity value of consumption gain / loss at each intensity [% of initial GDP] Annuity IRR
Net Gross Net Gross

Net benefit, gross cost and gross benefit [relative to 'do nothing' benchmark]
No-shock 0.00% 0.06% 0.27% 0.66% 1.55% 0.079% 16.3%
Case |I: Do nothing 0.00% 0.00% 0.00% 0.00% 0.00% 0.000% 0.0%
Case II: Tax financed rebuild [@ max 1% p.a.] 0.00% 0.02% 0.11% 0.26% 0.54% 0.031% 6.3%

Gross cost of tax increase [residual] 0.00% -0.03% -0.13% -0.31% -0.67% -0.037% -7.6%

Gross benefit of rebuild 0.00% 0.05% 0.25% 0.56% 1.21% 0.067% 13.9%
Case lIl: O&M Reallocation to finance rebuild [@ max 1% p.a.] 0.00% -0.13% -0.62% -1.24% -2.06% -0.147% -30.2%

Gross cost of reallocation [residual] 0.00% -0.18% -0.86% -1.81% -3.27% -0.214% -44.0%

Gross benefit of rebuild 0.00% 0.05% 0.25% 0.56% 1.21% 0.067% 13.9%
Case IV: Insurance-financed rebuild [@ max 2% p.a., 1:10 attachment point] -0.05% -0.01% 0.16% 0.42% 0.94% 0.009% 1.8%

Gross cost of insurance contract [residual] -0.05% -0.06% -0.10% -0.18% -0.40% -0.063% -13.0%

Gross benefit of rebuild 0.00% 0.05% 0.26% 0.60% 1.33% 0.072% 14.8%
Memo: Cost of insurance payout to insurer [3] 0.00% 0.02% 0.11% 0.24% 0.49% 0.029%

Notes: [1] See text for calculation of probability weights; [2] Insurance premium = 0.0466% of intial GDP; [3] Insurance payout made in full when cyclone hits.




Table 2: Rates of Return to Alternative Disaster Financing Policies

Balanced shock

Cyclone Intensity

none 1:10 1:25 1:100 1:500
Probability Weights[1] 0.7567 0.1049 0.0822 0.0403 0.0158
Original capital loss: 0.487%
Discount rate: 5.911%
Expected Value
Annuity value of consumption gain / loss at each intensity [% of initial GDP] Annuity IRR
Net Gross Net Gross

Net benefit, gross cost and gross benefit [relative to 'do nothing' benchmark]
No-shock 0.00% 0.05% 0.22% 0.50% 1.02% 0.059% 12.1%
Case |I: Do nothing 0.00% 0.00% 0.00% 0.00% 0.00% 0.000% 0.0%
Case II: Tax financed rebuild [@ max 1% p.a.] 0.00% 0.02% 0.09% 0.19% 0.32% 0.022% 4.5%

Gross cost of tax increase [residual] 0.00% -0.02% -0.11% -0.25% -0.51% -0.030% -6.1%

Gross benefit of rebuild 0.00% 0.04% 0.20% 0.43% 0.83% 0.052% 10.6%
Case lIl: O&M Reallocation to finance rebuild [@ max 1% p.a.] 0.00% -0.11% -0.52% -1.10% -1.95% -0.129% -26.5%

Gross cost of reallocation [residual] 0.00% -0.15% -0.72% -1.53% -2.78% -0.181% -37.1%

Gross benefit of rebuild 0.00% 0.04% 0.20% 0.43% 0.83% 0.052% 10.6%
Case IV: Insurance-financed rebuild [@ max 2% p.a., 1:10 attachment point] -0.05% -0.01% 0.12% 0.31% 0.62% -0.005% -1.0%

Gross cost of insurance contract [residual] -0.05% -0.06% -0.08% -0.14% -0.27% -0.059% -12.0%

Gross benefit of rebuild 0.00% 0.04% 0.20% 0.45% 0.89% 0.054% 11.0%
Memo: Cost of insurance payout to insurer [3] 0.00% 0.02% 0.11% 0.24% 0.49% 0.029%

Notes: [1] See text for calculation of probability weights; [2] Insurance premium = 0.0466% of intial GDP; [3] Insurance payout made in full when cyclone hits.




Table 3: Rates of Return to Alternative Disaster Financing Policies

Scaled-up shock hits scarce component of public capital stock

Cyclone Intensity

none 1:10 1:25 1:100 1:500
Probability Weights[1] 0.7567 0.1049 0.0822 0.0403 0.0158
Original capital loss: 1.703%
Discount rate: 5.911%
Expected Value
Annuity value of consumption gain / loss at each intensity [% of initial GDP] Annuity IRR
Net Gross Net Gross

Net benefit, gross cost and gross benefit [relative to 'do nothing' benchmark]
No-shock 0.00% 0.17% 0.92% 2.69% 10.73% 0.371% 21.8%
Case |I: Do nothing 0.00% 0.00% 0.00% 0.00% 0.00% 0.000% 0.0%
Case II: Tax financed rebuild [@ max 1% p.a.] 0.00% 0.07% 0.35% 0.88% 2.63% 0.113% 6.7%

Gross cost of tax increase [residual] 0.00% -0.08% -0.41% -1.11% -4.58% -0.160% -9.4%

Gross benefit of rebuild 0.00% 0.16% 0.76% 1.98% 7.21% 0.273% 16.0%
Case lIl: O&M Reallocation to finance rebuild [@ max 1% p.a.] 0.00% -0.40% -1.53% -2.58% -10.36% [4] -0.435% -25.5%

Gross cost of reallocation [residual] 0.00% -0.55% -2.29% -4.57% -17.57% -0.708% -41.6%

Gross benefit of rebuild 0.00% 0.16% 0.76% 1.98% 7.21% 0.273% 16.0%
Case IV: Insurance-financed rebuild [@ max 2% p.a., 1:10 attachment point] -0.17% -0.04% 0.47% 1.40% 4.34% 0.034% 2.0%

Gross cost of insurance contract [residual] -0.17% -0.19% -0.34% -0.78% -3.54% -0.262% -15.4%

Gross benefit of rebuild 0.00% 0.16% 0.81% 2.18% 7.88% 0.295% 17.3%
Memo: Cost of insurance payout to insurer [3] 0.00% 0.08% 0.38% 0.85% 1.70% 0.101%

Notes: [1] See text for calculation of probability weights; [2] Insurance premium = 0.1631% of intial GDP; [3] Insurance payout made in full when cyclone hits; [4] T!
the shock. This has the effect of reducing the damage caused by full O&M reallocation.

run will only compute for 1:100 and 1:500 shocks when a temporary tax increase is permitted in years 2 to 4 following




Appendix Table |
Elasticity of steady state output with respect to public capital stock

Composition of

. ] Elasticity of Elasticity with respect to change in
ublic capital (z1:22 i3] . [4]
p ?1] ( ) Substitution 2 Threshold Incidence installed capital

Public capital GDP
50:50 1000 0 Balanced 1.00 0.27
50:50 1000 0.25 Balanced 1.00 0.37
50:50 0.25 0 Balanced 1.00 0.27
50:50 0.25 0.25 Balanced 1.00 0.37
40:60 1000 0 Balanced 1.00 0.27
40:60 1000 0 z1 1.00 0.27
40:60 1000 0 72 1.00 0.27
40:60 1000 0.25 Balanced 1.00 0.37
40:60 1000 0.25 z1 1.00 0.37
40:60 1000 0.25 72 1.00 0.37
40:60 0.25 0 Balanced 1.00 0.27
40:60 0.25 0 z1 2.02 0.62
40:60 0.25 0 z2 1.35 0.38
40:60 0.25 0.25 Balanced 1.00 0.37
40:60 0.25 0.25 z1 2.02 0.95
40:60 0.25 0.25 z2 1.35 0.54

Notes: [1] Composition of initial aggregate public capital stock between components z1 and z2; [2] elasticity of
substitution between components of composite public capital; [3] threshold in public capital above which installed
public capital becomes effective; [4] incidence of shock to components of composite public capital. See text for details.




Appendix Table Il
Jamaica: Baseline Calibration [2012/13]
(as % of GDP at factor cost)

GDP 100.00 Balance of Trade -9.64
Tradable 53.50 Interest on Debt 3.89
Non-Tradable 46.50 Current Account -13.53

Financing:
Absorption 109.64 Aid 2.50
Remittances 10.00
Consumption 83.20 Debt financing 1.03
Tradable 49.92 Debt Stocks 120.00
Non-tradable 33.28 Concessional 36.00
Non-Concessional 34.00
Investment 22.21 Domestic 50.00

Private 16.71 Fiscal Balance
Public 5.50 Revenue 25.73
Cons 16.64
Government 24.51 Labour 5.88
Capital 3.21
O&M 4.23
Transfers 12.69 Expenditures 30.01
Interest 7.59

Deficit -4.28

Financing:
Grants 2.50
Debt 1.78

Sources: Statistical Institute of Jamaica; IMF
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