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Buckling failure of wind turbines in typhoon prone-areas is an important issue that needs to be
addressed by both designers and wind farm owners. In this paper the authors propose a
technical —financial approach to obtain an acceptable target probability of buckling failure that
satisfies a financial criterion acceptable to the owner. To obtain the probability of buckling
failure reliability analysis is used. On the other hand the cash flow of the wind farm is
analyzed using stochastic capital budgeting. The criteria used to assess the cash flow values are
the net present value and the internal rate of return methods.

Key Words: Buckling, target probability of failure, typhoons, stochastic capital budgeting,

net present value, internal rate of return

1. Introduction

The Philippines is slowly integrating wind energy into its
energy mix because of its good potential for wind power
development”. Unfortunately some of the ideal sites for wind
farms in the country are also prone to strong typhoons. Due to
this phenomenon wind farm owners are faced with a potential
but uncertain risk of failure of wind turbines. Although modern
wind turbines are designed according to the highest international
and national standards, these codes where not intended to cover
wind climates where strong typhoons occur?. As such
application of these codes for wind turbine design in the
Philippines may result in a higher risk. Technically speaking it is
possible to design a wind turbine that can survive the most
severe wind climate. However this special design implies high
cost to wind farm owners and affects the viability of the project.
As we all know wind farm projects are cost sensitive so that it is
necessary that all costs should be minimized. The scenario
would have been different if the “power source” can be
controlled such that the annual income can be increased to offset
the initial investment cost in mitigating typhoons. On the other
hand one way to deal with the above problem is to accept the
risk but be ready to obtain the necessary financial resources if
the wind turbine towers will fail during a typhoon. This
strategy however might lead to financial ruin when failures do
occur. In view of the above it is therefore necessary that

designers and owners jointly address important problems on
possible failure modes of wind turbines in typhoon-prone areas.
The failures include blade fracture, foundation overturning or
tower buckling. In this paper the authors tackle the issue on
tower buckling from the technical as well as from a financial
point of view.

On the technical side only the buckling failure mode of the
tower is considered since the failure cost is critical compared to
blade failure. On the other hand it is intended that the foundation
is stronger than the tower so that buckling of the tower occurs
first before foundation overtumns.  In this case it has very small
probability so this will not be considered. On the financial side
the cash flow of a wind farm considering buckling failure is
analyzed using stochastic capital budgeting analysis. The criteria
used to assess the cash flow values are the net present value
(NPV) or internal rate of retumn (IRR). The purpose of this
technical-financial approach is to obtain an acceptable target
probability of failure that satisfies a financial criterion that is
acceptable to the owner. This approach allows the owner to
make a conscious choice on the company’s acceptable level of
financial exposure corresponding to an acceptable target
probability of buckling failure.

2. The probability of buckling failure of a wind turbine

The probability of buckling failure of a wind turbine tower

-165-



due to typhoon loads in the Philippines has been previously
analyzed by the same authors. In this paper discussions on this
topic are limited to the essential items needed in the cash flow
analysis of a wind farm and interested readers are urged to refer
to the details in the said paper.

Basically the probability of buckling failure or a wind turbine
can be determined using the equation below

pr =PR(v) <S(V)] @)
where P is the probability of buckling failure, while

R(v) and S(V) are the resistance and the IEC* wind load in

terms of wind speeds, respectively. The statistics of the
distributions in Eq. 1 have already been determined (as

mentioned earlier) and are as follows: i) = 89.22, o7y,

= 1236 s, g,y = 5347 and O'g(,y = 7.28 while P, =

6.4 x 10, If the wind load includes typhoons and if the same

quality of the wind turbine tower is required meaning P is

maintained, then Eq. 1 will be modified into
Pi =PIR(V) e <S(V)] @

where R(V) ., is the new resistance and S(V') is the

new

typhoon load. It is necessary to introduce a new buckling
resistance of the tower since we want to assure the same
performance of the wind turbine tower. We assume that a

distribution R(V) ., exists which satisfies Eq. 2. To simplify

new

the analysis we assumed that it has the same distribution as

R (V) and the coefficient of variation O, is equal to 5, -

Essentially this means that the probability density function of the

resistance, denoted as fR(v) , is shifted to the right with new

mean g, (seeFig. 1).

Anacther way of looking at this figure is that if the strategy is
to accept the typhoon risk and “do nothing”, then owner installs
a tower with dimensions available commercially, e.g., diameter
is 3.0 m with a thickness of 71 mm. This strategy is denoted as
strategy 1 (see Table 1). However if owner wants to mitigate the
typhoon risk by increasing the tower dimensions but
maintaining the same probability of failure, then owner specifies
a special design, e.g., diameter is 3.0 m with a thickness of 85
mm. This strategy is denoted as strategy 4. This strategy requires
an added initial investment cost. If this added cost insignificantly
affects the financial viability of the wind farm project then the
owner may adopt this strategy.
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Fig.1 Load and resistance distribution
Table 1. Probability of buckling failure results
Strategy  dia. thick  mean standard Ps
(m  (mm) deviation
1 3.0 71 89.22 1236 53x10°
2 30 76 9967 1381 26x10°
3 30 82 1108 1535 12x10°
4 30 85 11844 1641  64x10°

On the contrary if it significantly affects the economics of the
project, then the owner may possibly look for other options
(strategies 2 to 3) in favor of his financial viewpoint but with a
lower probability of failure than strategy 1.

In this case how will the owner select the best strengthening
strategy”?  Since the options depend on the financial standing
of the company this question will be answered later after looking
into the economics of a wind farm.

3. Stochastic Capital Budgeting

When a power company decides to undertake new projects,
it estimates how much capital is needed for the planned projects.
The process by which a company decides which long-term
investments add most value to the company is capital budgeting.
The decision to reject a capital budgeting project depends on the
analysis of the projected cash flows generated by the project

throughout its service life. The cash flow (CF ) is essentially

the cycle of income (| ) and expenses ( E ) of a project over its
entire life.

CF=I1-E (©)

A cash flow projection model simply shows how much cash is
expected to flow in and out of the proposed project for the entire
plant life. In the succeeding sections the income and expenses of
a wind farm are derived which will be utilized in the cash flow
analysis.
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To assess the project’s cash flow value three major methods
are used; the payback method, the net present value (NPV) and
the internal rate of return (IRR) method. However because of the
superiority of the last two methods over the first in terms of the
accept-reject criterion, these two are adopted in this paper.
Further both these methods use a discounted cash flow (DCF)
analysis to rank a project or alternative by NPV or IRR.

3.1 Income

There is a great deal of variation in the annual income of a
wind farm. This quantity is dependent on the energy production
of the individual units in the park that in tumn is dependent on the
wind speeds from year to year. However for cash flow analysis
we can estimate the income generated by one turbine and

multiply it with the K units to be installed at the site as shown

below.
| =kx AEPxC_ x A- xE, @

The variable AEP is the annual energy production of one

turbine in kKWh, C. is the capacity factor, A. is the

availability factor and E is the electricity price in monetary
units per kwh. The AEP can be estimated using the
long-term distribution of the 10-minute wind speeds (U, ) at
the site and the power curve of the turbine. A Weibull
distribution can best describe® the distribution of (U, ) as

shown below

Fu,, (U) =1—exp[—(u/sc)™] )

where SC is the scale parameter and Sh is the shape

parameter. On the other hand, the power curve that indicates
the electrical power outputs of a turbine at different wind speeds
and shown in the equation below.

0
_ 4 3 2
PC = 10.0031214U ' ~1.5964U +41.855U ...
850
O<u <4
10
—25577U  +487.06 4<U <15 (6)
10 10
U >15
10

Eq. (6) was modeled from an 850 kW wind turbine provided
by a European wind turbine manufacturer. Therefore by
simulating hourly wind speeds from Eq. (5) for one year
substituting it to Eq. (6) the annual energy production can be
estimated. Subsequently the annual income of the wind farm
can be determined from Eq. (3).

3. 2 Numerical simulation of income

To describe the long-term distribution of U, wind data

taken from a wind mast with cup anemometers are utilized.
Wind data recorded at 52 meters were selected because this
almost corresponds to the height of the proposed wind turbine
rotor axis. There were about 106,590 records with a mean
wind speed of 8.69 m/s as shown in Fig. 2. These data are fitted
to a Weibull distribution and the parameters determined using
maximum likelihood method. The cumulative distribution and
the probability density function of the Weibull fitting are shown

in Fig. 3 and Fig. 4. Then by Monte Carlo simulation, U,

samples are simulated from the Weibull pdf. These samples
are then used as input into Eq. 6 to obtain realizations of the
power output.
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Fig.2 10-minute wind speeds taken at the site
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Fig.3 Cumulative density function of 10-minute wind speeds
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Fig.4 Probability density function of 10-minute wind speeds
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Fig.5 The pdf of the power output of a single wind turbine
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Fig.6 The pdf of the income of a single wind turbine

These samples are then used to estimate the pdf of the power
output of a single turbine (see Fig. 5). Subsequently the pdf of
the income can be estimated using Eq. 4 (see Fig. 6). The values

of Co, Ar and E, usedin the analysis are 0.30,0.99 and
0.036 US$/KWh, respectively.

Table2. Assumed cost values

Type of Cost Value Remarks
Co 1479 US$KkW Function of the
installed capacity
Cosm 0.024 US$/KWh Function of electric
generation
Cx* 182214 US$ t=71mm
C? 194740 US$ t=76mm
Cs 209824 US$ t=82mm
Cg' 217387 US$ t=85mm
3. 2 Expenses

The expenses of a wind farm consist basically of the
following:

a.  The initial investment cost C, , which includes the wind
turbine, infrastructure, capital costs, additional costs etc.
b.  The operation and maintenance cost C g, of the wind

farm for each year

c. The failure cost due to typhoon

as PF/; (Cp +0.51;) . PF/; is the probability

loss given

that | turbines will fail (if strategy i is employed) on

any T year during the service life of the wind

farm, C is the reconstruction cost of the tower and

0.5l is the half year income of the turbine. It is

assumed that it will take six months to reconstruct the wind
turbine to full operational status.

Table 2 shows the value of each cost as used in the numerical
analysis. In the reconstruction of the tower a markup of 20
percent was added to the full tower cost to cover installation and
other added costs. The reconstruction cost is increasing since the
basic cost of the tower increases due to changes in dimension to
mitigate typhoon loss.

It is possible that a strong typhoon may occur on any year
during the economic life of a wind farm.  However to make the
analysis realistic it is assumed that no more than one strong
typhoon, that will cause buckling failure, will occur during the
service period”. When this catastrophic event happens and
there are four wind turbines in the farm then the following
events are expected: E, = no turbine fails, E; = turbine no. 1 fails,
E, = turbine no. 2 fails, E; = turbine no. 3 fails and E4 = turbine
no. 4 fails. Fig. 7 clarifies the above statements and how the
probabilities of failure are applied for each year assuming a plant
life of N years.
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Fig.7 The application of the probabilities of failure for each year

Table 3. Probabilities of failure for each strategy

Strat PR PF, PF, PF, PF,
1 78x107 21x10' 17x10° 15x10* 7.9x10°
2 89x107 10x10' 41x10° 7.1x10° 46x107
3 95x10 46x10% 80x10* 6.1x10° 1.8x10°
4 97x10t 27x10% 25x10* 11x10° 1.7x10°

To determine the values of PF jl'T consider the probability

of buckling failure for a single turbine given as 5.3 x 102
(Strategy 1) in Table 2. The authors assumed that the failure
events are independent since the turbines are located at far
distances from each other such that the failure of one turbine
does not affect the other turbines. The combination of the failure
of the turbines is however considered. With these conditions in
mind, the probabilities of failure are calculated as shown below.
The results for the other strategies are shown in Table 3.

1. Probability the 1 turbine will fail: PF.’; =2.12x 10"

P(Ey) =5.3x10?
P(E;) =5.3x10?
P(E5) =5.3x10?
P(E,) =5.3x10?

2. Probability the 2 turbines fail: PF,; =169 x 102

P(E.E,) =281 x 102
P(E, Es) =281 x 10
P(E, E,) =281 x 102
P(E; E5) =2.81 x 10
P(E, E,) =281 x 10
P(E; E;) =2.81x 107

3. Probability the 3 turbines fail: PF,; =149x10*
P(E, E; E5) = 1.49x 107

P(E: E, E;) =149 x 10°
P(E: Es E;) =149 x 10°
P(E, Es E;) =1.49x 102

4. Probability the 4 turbine fail: PF,; =7.89x10°
P(E. E, E;E,) =7.89x10°
5. Probability the no turbine fails: PFy; =0.77099

3. 3 Cash flow, Net present value and Internal rate of return

The stochastic income and costs have been developed in the
preceding sections. These details of these costs are substituted
into Eq. 3 so that the cash flow equation becomes

t t
CF :Z I -C, _ZCO&Mt
i=L i=1
t . . .
~3 PR j(CL+051) @
i=L

The NPV is simply the summation of the present values of
future incomes and expenditures®. It is quite easy to determlne
the NPV and requires three simple and nontrivial steps”. The
first step is to determine the cash flow which is already given in
Eq. 7. The second is to determine the discount rate I of the
investment and the third is to calculate the NPV by discounting
the cash flow using I to present values as shown in Eg. 8. If the
NPV is positive then the company is making more money on
the investment that it is spending on the cost of capital. However
if the NPV is negative then the project is paying more in interest
on the borrowed money than it making from the project.

NPV = Z(1+r) - 2(1”;

Zt: PF/; j(Cr +0.51;)

i-1 @+n'

Using identical discounting techniques, it is possible to
calculate other financial indicators like the IRR which is the
value of the discount rate that gives an NPV of zero® as shown
below.

L |

NPV =0=> ———— oM
Z_l:(1+IRR) Z(1+|RR)
—i PF/; j(Cr +0.51;) 9
= 1+ IRR)"
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Fig. 8 Accept-reject criterion of project’s cash flow
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Fig. 9 Cash flow with no turbine failure

The IRR is an important index because it is the growth rate
an investment project is expected to generate™. It can also be
used to compare against the prevailing rates of return in the
securities market or a company’s overall required rate of return
or the weighted average cost of capital (WACC)™ on new
investments. If the IRR exceeds this threshold rate then the
investment is a good one otherwise the investment is not
attractive. This reject-accept criterion is aptly shown in Fig. 8.

3. 4 Numerical simulation

To obtain results for the cash flow six sets of 20-year
incomes were simulated. The expenses defined in the earlier
section for different strategies were also calculated. For each
strategy 600 cash flow results were obtained. Some of the results
for Strategy 1 are shown in the succeeding figures. In Fig. 9 the
cash flow is shown with no turbine failure. This figure shows
how the cash flow fluctuates annually depending on the wind. In
Fig. 10 there is a big drop in the cash flow after one turbine fails
on the 5" year due to a strong typhoon. However as assumed
earlier no more strong typhoons occur after this year so that no
more failures occur after this event.

In Figs. 11, 12 and 13 it is a scenario wherein a strong
typhoon hits a farm and two, three or four turbines fail. For each
case these figures show the cash flow on that year, respectively.
These figures also show the vulnerability of the cash flow of a

wind farm in typhoon-prone areas.
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Fig. 10 Cash flow with one turbine failure on the 5" year
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Fig. 11 Cash flow with two turbine failures on the 5" year
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Fig. 12 Cash flow with three turbine failures on the 5™ year
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Fig. 13 Cash flow with three turbine failures on the 5™ year
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Table 4. IRR result for each strategy

Strategy Ps IRR
1 53x107? 8.54%,
2 26x10? 8.43%
3 1.2 x 10? 8.31%
4 6.4x10° 8.24%

To assess the value of the cash flow results for each strategy
Eq. 8 is applied with discount rates from 5 to 10%. Since there
were 600 cash flow results for each strategy a total of a 6 x 600
NPV results were obtained. Subsequently the NPV results with
the same discount rate are then grouped and averaged. The
resulting averaged NPV values reduced to a 4 x 6 matrix,
meaning 6 NPV values for each strategy. These results are then
shown in Fig. 14. This figure shows that the NPV of the
strategies are positive if the discount rate is less than 8.6%. It
also shows that the NPV of Strategy 1 is highest but risks are
higher if typhoon occurs. Strategy 4 has the lowest NPV among
the four. This is quite logically since owner spends more to
mitigate the risks of typhoons.

The IRR of the cash flows for each strategy were also
calculated using Eq. 9. From the same 600 cash flow results a
total of 4 x 600 IRR results were obtained. For each strategy the
IRR was averaged and the results are shown in Table 4. The
IRR of the strategies become meaningful if it is compared with
an assumed WACC of a company. Assuming the WACC is
84% then Strategy 2 exceeds this rate and is financially
attractive (see Fig. 13). In contrast, strategies 3 and 4 are lower
that the WACC so these options are rejected.

From these results we can say that strategy 2 is the most
favorable strengthening option with a target probability of failure
equal 2.6 x 102 On the financial side this strategy is also
favorable to the owner since it satisfies the financial criteria of
the company.

4. Conclusions

Buckling of wind turbine towers in typhoon prone areas in
the Philippines is an issue that must be addressed by both
designer and owners. Due to this the authors proposed an
approach that satisfies technical as well as financial criteria. For
the former a reliability analysis was used to obtain the target
probability of buckling failure of the tower. This target value
satisfies the reject-accept criterion of stochastic capital budgeting
and is therefore financially favorable to the owner.

This proposed approach provides useful information for
wind farm owners and designers to mitigate the buckling risks
of wind turbines in wind farms due to typhoons.
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