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The demand for long-term scientific capabilities concerming the
resources of the land and its freshwaters is rising sharply as the
power of man to change his environment 1s growing, and with
1t the scale of his impact. Comprehensive research facilities
{laboratories, field studies, computer modelling, instrumentation,
remote sensing) are needed to provide solutions to the
challenging problems of the modern world in its concern for
approprnate and sympathetic management of the fragile systems of
the land's surface:

The Terrestrial and Freshwater Sciences Directorate of the
Natural Environment Research Council bnings together an
exceptionally wide range of appropnate disciplines (chemustry,
biology, engineering, physics, geolegy, geography, mathematics
and computer sciences) comprising one of the world's largest
bodies of established environmental expertise. A staff of 550,
largely graduale and professional, from four Institutes at eleven
laboratones and field stations and two University units provide
the specialised knowledge and experience to meet national and
international needs in three major areas:

*

Land Use and Natural Resources

*

Envirenmental Quality and Pollution

*

Ecology and Conservation
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1. Introduction

The present value of the future benefit of a flood alleviation scheme is
conventionally determined by assuming that the average benefit is achieved
cach year. In practice, the benefit enjoyed depends on the exact timing of
floed occurrences, and although on average the present value after, say, 50
years that calculated assuming the average bencfit is achieved each year, the
present value of benefit in one 50 year period may be very different to that
in another. Since the future pattern of flooding at a site is not known,
computer simulation techniques must be used to estimate the probability that a
desired benefit is achieved within a fixed time penod.

A computer program has been written and applied to data from Maidenhead.
Under some limiting assumptions, it has been found that although the present
value of benefits as conventionally estimated is less than currently estimated
scheme costs, there is a 34% chance that the benefit will actually exceed costs
over the next 50 years. There is a 21% chance that costs will be covered
within 25 years, but therc is also a 59% probability that costs will never be
covered. For comparative purposes, if costs arc such that the benefit-cost- ratio
is exactly 1, there is still only a 44% chance that the scheme would actually
achieve a benefit greater than costs.  Some sensitivity analyses have been
performed to assist with the understanding of the robusiness -of the estimates.

2. Backg'round

Flood ,alleviation schemes arc assesscd by comparing the costs of the scheme
with the benefits of that scheme, where the benefits are the losses the scheme
prevents. Benefits are conventionally calculated by deriving a notional ‘average
annual benefit’, which can be scen as the benefit achicved over a very long
period distributed equally between years (although in practice average annual
benefit is evaluated ’theorctically’ using a damage-probability relationship rather
than simple averaging). The current worth of the future stream of benefits is
then determined by discounting each annual benefit to present values,
assuming, for example, that the average benefit is attained each year for the
next 50 years.

However, the “average” damage and benefit does not occur each year: in
some years there are no floods, and hence no benefit from the alleviation
scheme, but in others there are floods of greatly varying magnitudes. In
general, the sooner a flood occurs, the greater the benefit of protecting
against that flood. Because of discounting, the current value of protecting
against a big flood that happens next year is much greater than the value of
the benefit from protecting against the same flood occurring in 50 years time.
The scheme planner can therefore ask two questions:

1) what benefit will actually have been artained in 50 years time?

2) if the current value of the benefit attained by then has not reached




some critical target value - such as.scheme costs - how long would it be
before it will?

The answer 1o these questions depends on the future timing of floods, which
cannot of course be predicted.

It is therefore possible to appraise a flood alleviation investment as having
returns which will depend on the future pattern of flooding - which is
unknown - and this investment can be seen as very similar to a commercial
investment. made under conditions of commercial uncertainty. An investor will
be prepared to anvest in a wventure if the investment is expected to Le
recouped. The decision to invest will be Dased on either a Dbest guess of the
probability that the desired returns will be attained in a specilied period, or
on an estimate of the time it will take to recover the investment (and will be
influenced by the investor's degree of risk aversion).

Although the hydrologist does not know the future pattern of flooding at any
site, enough is usually known of flood characteristics to make estimates of
conceivable future patterns. The number of such patterns will be infinitely large
(since floods can take on a continuum of magnitudes), and categorisation of
floods and benefit into discrete classes still gives a very large number of
alternative scenarios: even if benefit fell into one of only two classes - none
and some, for example - there would be 2°° (or 1.1 x 10*°) different, equally
likely, possible future 50 year time serics.

The most practical approach to modelling the future is therefore based on
computer simulation experiments. With such experiments it is possible to
generate many synthetic time series and build up distributions of the current
value of the benefit attained after a fixed period N years and the time it
takes for the current value of benefit to reach a predetermined fixed figure
(such 3s the current value of scheme costs). It is then possible to estimate
the probability that the benefit after N years is greater than - or alternatively
less than - certain key values, and the probability that the desired benefit is
achieved within specified time periods.

3. Methodology

A computer program has been written to perform the analyses, and has the
general structure shown in Figure 3.1. In essence, the program generates a
time senes of floods, determines the losses that are incurred each year with
and without the proposed scheme, and converts the annual benefit to present
values using

Benefit]

Present value PVy = . oD
I
(1+01

where ‘Benefit]’ is the benefit in year 1 and r is the discount rate. A running
total of the present value of benefit attained is kept, and both the sum after
N years and the number of years necessary for the sum to reach a specified
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target figure C are recorded.

Figure 3.1  Structure of benefit estimation program

Set up input characteristics:
flood frequency relationship
damage-magnitude/duration relationship
discount rate
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Figure 3.2 illustrates the procedure using 4 different synthetic time series of
length 50. After many repetitions frequency distributions of the present value
of benefit after N yecars and the time nceded for the present value to reach




C can be built up. From thesc distributions it is possible to determine the
probability that benefit in the next N years will be greater than some specified
figure (or cxample the current value of scheme costs), or the probability that
the desired benefit will be artained within a specified time period.

It is important to note that the mean of all the possible estimates (the
'sampling distribution’) of the present value of benefit after N years is equal
to the present value of the average annual benefit, discounted over N years.
This is shown below:

E(PV in N years) = E(PV, + PV, + .. + PV} .. (2)
= E(PVy) + E(PVy) + . + E(PVY) )
E(beny) + Clbens )+ .. E(benyy) |
= .. (4)
(1+r) (1+1)? (t+)

where PV| is the present value in year | and beny is the actual benefit in
year 1. Since the expected damage in each year 1S constant {assuming no
change in damage potential over time), equation (4) can be rewritten as

E(PV in N years) = E(ben) { + ! oL+ L | S )
b+ (1+1)? (t+r)N
1 N ,
= E(ben) { 1 - (—)" ¥r . (6)

I+r

The br:ackct in equation (6) is the conversion used to determine present value
from aterage annual benefit.

The conventional approach therefore gives an unbiased estimate of the present
value of future benefit (assuming the flood frequency reiationship i1s perfectly
known), even though it does not provide any information on the probability of
attaining this benefit.

4. Application to Maidenhead

41 CONDITIONS AND ASSUMPTIONS

The computer model was applied to Maidenhead, with the following conditions
and assumptions:

1) The flood frequency relationship was taken from Institute of Hydrology
(1988), and is based on probability distributions fitted to data from
several gauging stations on the Thames It is assumed that the
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Figure 3.2 Four synthetic 50 year time series
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2)

estimated flood frequency rclationship describes perfectly the true
frequency relationship at Maidenhead.

The relationship between flood magnitude and flood damage as defined
by Middlesex Polytechnic, and as given in Table 4.1, was used. This
relationship includes only damage to property: indirect and transport
losses are excluded.

Table 4.1  Damage-flood magnitude relationship used in study

Return period Discharge Damage

{years) (m? sec’t) (£)
2 23 0
5 320 542,882
9 360 1,568,680
25 440 11,012,424
56 500 19,799,397
101 550 28,947,680
204 610 38,145,128

Average annual damage: £ 1,325,358

Present value: . £24.28 million
discount rate = 5%
time period = 50 years

3) A discount rate of (.05 and time horizons of 25, 50 and 75 ycars were
used.

4) The desired benefits were fixed to be the present value of the scheme
costs, £26.68 millions.

5) It is assumed théi all costs occur as a lump sum at the beginning of
the specified time horizon: therc are no further costs. It is further
assumed that the scheme is implemented ’instantancously’.

6) The scheme prevents all losses up to a discharge of 610 m® sec™!
(with a return period of approximately 200 years), with no protection
thereafter. This is consistent with the assumption used to calculate the
discounted scheme benefit to be £24.28 miliions (Table 4.1).

7 There is no change in flood risk over time, and exposure to loss
remains constant.

8) Only one flood can cause damage in any one year. This is acceptable

because, whilst some damage is incurred in floods which may occur
several times a year, significant damage begins only in much rarer
events.
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9)  The simulation experiments involved 1000 repetitions.

Each of these assumptions can be relaxed as more information becomes
available.

4.2 RESULTS: PRESENT VALUE OF BENEFITS AFTER
50 YEARS

The conventional estimate of the present value of benefit atier 50 years s
£2428 millions (Table 4.1), which is calculated from the average annual
damage and is equivalent (o the mean of all possible estimates of the .present
value of benefit over 50 years (Section 3). Over the 1000 synthetic 50 year
time scnies, the present value of benefit ranged from just 14% of this wvalue
to approximately 400%. Figure 4.1 shows the histogram of the 1000 estimates
of present value, and indicates the skew in the estimates: the mean is
significantly influenced by a few large wvalues. The cumulative frequency
distribution is more useful, however, and Figure 4.2 shows the probability of
attaining a benefit in 50 years less than any given value. There is thus a 66%
chance that benefit will be less than the scheme costs of £26.68 millions, but
also therefore, conversely, a 34% probability that the scheme costs will be
recovered as flood damages saved over the next 50 years.

Figure 4.2 also shows the distribution of present values after 25 and 75 years.
As the time horizon increases, the distribution of present values changes less:
there is only a slightly higher probability of achieving a "benefit of £26.68
millions 1n 75 years than in 50 years, and this is because damages occurring
at such distances into the future have low present values,

To place these values in context it is interesting to calculate the probability of
a schemhe which is deemed to be only just cost effective (with a benefit-cost
ratio of 1) actually yiclding a benefit greater than costs in the pext 50 years.
Figure 4.2 shows that there is a 56% chance that benefits in the next 50
years wil be less than the mean benefit of £24.48 millions, and therefore
there is only a 44% chance that a scheme assumed to be just efficient will
actually be so.

43 RESULTS: TIME NECESSARY TO ACHIEVE DESIRED
BENEFITS

The desired benefit is fixed to be the present value of scheme costs (£26.68
millions}. In 59% of the 1000 synthetic time series the present value of
benefit never totalled £26.68 million. Figure 4.3, which shows the cumulative
frequency distribution of 'time to profit’ indicates that there is approximately a
34% chance that the desired benefit will be attained within 50 years
{consistent with the result given in 4.2). There is a slightly higher chance
(40%) that the desired benefit will be achieved within 100 years, and a 21%
probability that the benefit will be reached within 25 years.



Figure 4.1  Histogram of the present value of scheme benefit after
50 years
20
15
0N
Q.
2104 [ _
o
5
5]
Q
o
=
¥ 5 4
0 T T T T T T i ] | —
0 10 20 30 40 S50 60 70 80 90 100

Present value of benelit after 50 years (Em]|




L 2 BN BN BN BN BN BN BN BN BN NN BN BN BN BN BN NN N BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN

Figure 4.2 Distribution of present value of scheme benefit after 25,
50 and 75 years
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Figure 4.3 Distribution of time needed to reach benefit of
£26.68 millions
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5. Sensitivity Analysis

5.1  THESIZE OF THE DESIRED BENEFIT

The time taken to achieve the desired benefit obviously depends on the
magnitude - of this benefit, but the effect of changes in the target is less
immediately clear. Accordingly, simulations were run using the Maidenhead
damage function with desired benefits of £20 millions, €25 millions, £30
millions and £35 millions. The distributions of the resultant ‘time to profit’ are
shown in Figure 5.1, and the probabilities of achieving the targer benefit by 25
and 50 years - or never - are given in Table 5.1. For cxample, the probability
of achieving the desired benefits within 50 years varies between 18% and 50%
as the desired benefit reduces from £35 millions to £20 millions. If the
desired target is changed by a given percentage the probability of achieving
that value within a specified time period changes by a greater amount, and a
decrease in desired benefit has a greater effect than an increase.

Table 5.1  Probability of achieving different desired benefits in 25 or
50 years or never '

% chance of % chance of 95 chance
Desired . achieving achieving of never
benefit : benefit in benefit in achieving

25 years 50 years . benefit
£20m 36 50 34
£dsm 25 33 56
£26.68m 21 34 59
£30m 17 24 68
£35m 1 18 3 76

It is possible to interpolate in Figure 5.1 to determine the probabilities of
achieving other values of benefit within a given time period.

5.2 THE EFFECTS OF RESIDUAL DAMAGES

[t has been assumed so far that the scheme provides complete protection (o
610 m3sec’, or a return period of approximately 200 years. The real design
standard of any scheme at Maidenhead is likely to be somewhat less than this,
and an attempt was therefore made to assess the consequences of lowering
the threshold at which residual damages begin.
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Figure 5.1 Distribution of times necded to achieve different
desired benefit
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The computer program was run for several different standards of protection,
assuming that therc was complete protection against events less than the
design standard and partial protection against larger events, as indicated in
Figure 52. This is recognised to be an approximation, and the analysis could
be further refined once more detailed information on the magnitude of
residual damage becomes available. Figure 5.3 shows the distributions of the
present values of benefit over 50 years for protection to the 56 year (the
1947 flood) and 100 year events, in comparison with the distribution assuming
complete  protection to 610 mdsec™®. It is clear that allowing for residual
damages has an effcct on the estimated risk of not achieving specified rtarget
benefits within 50 years: for example, the probability of the benefit after 50
years being less than scheme costs increases from (6% to approximately 74%
if it is assumed that the scheme only gives complete protection to the 56 year
flood rather than 610 m3sec’*. When a scheme design standard of 100 years
is considered, the probability of getting a benefit less than scheme costs s
however, little changed at 68%.

53 THE CHARACTERISTICS OF THE FILOOD
GENERATING PROCESS

The form of the flood frequency relationship has been assumed to be known
with certainty, but in reality it is an estimate from one of many conceivable
samples of flood data on the River Thames. The sensitivities of the shape of
the distributions of present values and 'time to profit’ to the underlying flood
frequency relationship were assessed by both increasing and decreasing the
discharge estimates for given return periods by 5%. The new 'perturbed’
frequency curves are shown in Figure 54, and are within the defined
confidence fimits (Institute of Hydrology, 1988). It must be emphasised,
however, that it is not possible to assign a probability or confidence value to
the madified curves: it is sufficient to note that the modified curves could
feasibly ‘represent the true underlying form of the flood data at Maidenhead.

Figure 5.5 shows the distribution of the present value of benefit after 50 years
for the original frequency relationship and the refationships with a 5% increase
or decrease in discharge at each return period. Increasing the discharge at a
givent return period - and hence increasing the frequency of a given discharge
- has a greater effect on the probability of attaining a specified benefit than
reducing the estimated frequency of fixed discharges. For example, if discharges
are increased by 5% the probability of getting a benefit [ess than £26.68
millions in 50 years decreases from 66% to 44%: if discharges are reduced by
5% the probability of not achieving this benefit rises to 77%. The same effect
is itllustrated in Figure 5.6, which shows the probability of the desired bencfit
(£26.68 millions) being achieved in a given number of years: the estimated
economic viability of the scheme is therefore strongly influenced by the
estimated characteristics of the flood generating process

13




Figure 5.2 Form of damage-probability  functions used when
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Figure 5.3 Distribution of present -value of benefit with different
standards of protection
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Figure 5.4 Perturbed frequency curves used in sensitivity analysis
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Figure 5.5 Distribution of present value of benefit with different
frequency curves
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Figure 5.6 Distribution of times needed to reach target benefit of
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6. Conclusions

This report presents the results of an investigation into the cffect of the
timing of future floods on the present value of flood alleviation scheme
benefit, and in particular on the probability that rcalised benefit will be greater
than specified desired values or that the time taken to achieve a desired
benefit will be less than a defined number of years. A general methodology
has been developed.

The procedure was applied to data from Maidenhead, with assumptions as
specified in Section 4.1, The estimated present valwe of scheme benefit of
£24.28 millions represents the mean benefit achieved over all possible future
patterns of flooding in the next 50 ycars and is less than currently estimated
scheme costs of £26.68 millions. The computer simulation experiments, however,
showed that in 34% of the possible patterns of future flood timing the actual
benefit enjoyed would exceed costs: in othcr words, there is a 34% probability
that the present value of bencfit over the next S0 years will actvally exceed
scheme costs.

The experiments also show that there is a 219 chance that actual benefit will
exceed scheme costs within 25 yecars, but a 59% chance that benefits will
never exceed costs. It is also interesting to note, for comparative purposes,
that there is only a 44% chance that a scheme which is just efficient (a
benefit-cost ratio of exactly 1} would actually give a benefit greater than costs
in 50 years.

The estimated time necessary to achieve desired of benefit is sensitive to the
actual value of the target, and a given percentage change in target results in
a greater percentage change in the probability of that benefit being achieved
within  a specified time. Altering the frequency of particular events also
significintly influences the estimated probability of achieving the desired benefit,
with increases in frequency having the greatest effect.

Further studies are needed to consider the following issues:

(1) wuse of a more realistic damage-probability function which caters for
residual damages beyond scheme design standards;

(2) incorporation of expenditure on maintenance during scheme life;

(3) consideration of the effect of uncertaintics in the flood frequency
relationship on estimates of the probability of achieving desired
benefit in a specified time period. This would be done by repeating
the simulation experiments with different parent flood frequency
generators, and thus building up a distribution of “probability of
achieving desired benefit".

The last issue requires many more simulation experiments and would in

practice be very time consuming, bui the first two issues are much more
readily addressed.
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