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EXECUTIVE SUMMARY

As part of the Wind Generation Investigation Project this study develops predictions for
assessing the effect of wind generation development on the power system and electricity
market. Of interest is the cumulative affect of wind generation development on power system
ramp rates and power system forecasting errors.

Four scenarios for the development of wind generation in New Zealand are investigated.
These scenarios were developed by the Electricity Commission and represent medium
concentrated wind generation development, medium diversified development, a high level of
development, and a low level of development.

Variability

To model the aggregate New Zealand wind power variability under the four scenarios the first
step involved modelling wind power ramp rates for each projected wind farm using 10 minute
wind data from a number of sites coupled with generic wind farm power curves. The
cumulative wind power ramp rates were then calculated using two methodologies, the first
assuming no diversity among wind farms within each region, the second assuming a nominal
100 MW wind farm size enabling some intra-regional diversity to be accounted for.

Next the measured output of the Te Apiti wind farm was used to transform the 10 minute
wind power ramp rates (for each site included in the scenarios) to 10 second, 1 minute, 5
minute, and 10 minute time bases. The Monte Carlo method was then used to generate wind
power ramp rates for each of the four scenarios for these time frames. As with the first step,
two methodologies were used to generate the cumulative wind power ramp rates (with and
without intra-regional diversity).

Load ramp rates were then calculated from historical data and the aggregate wind power and
load ramp rates determined. Subject to some data limitations (discussed below), which should
not be treated lightly, key outcomes are:

e The development of wind power will have a low impact on total power system ramp
rates for the development scenarios and timeframes considered.

e The cumulative ramp rates are less for diversified development scenarios than for
scenarios with less diversification.

e Modelling wind generation assuming a nominal 100 MW wind farm size (with intra-
regional diversity) results in ramp rates approximately half those when assuming a
single wind farm in each region (no intra-regional diversity).

In order to improve the statistical significance of the results, it is recommended that the
analysis be repeated in the future using larger input data sets, including variability data from
more wind farms (as these are built and more data becomes available).

Unpredictability

Forecasting errors from the Te Apiti wind farm for the 2005 calendar year at 2hr, 3hr, 6hr,
12hr, and 23 hr time horizons were used in conjunction with inter-regional wind correlation
coefficients to derive cumulative forecast errors for each of the four wind generation
development scenarios. Persistence and meteorological based forecasting methods that were
in place for the Te Apiti wind farm in 2005 were used.

The forecast errors for the system load were calculated and aggregated with the forecast errors
predicted for each of the wind generation development scenarios. Subject to data limitations
key outcomes are:

e Wind power forecast errors are significant in comparison with load forecast errors.

o A locationally diversified wind generation portfolio results in lower forecast errors.
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e The wind forecast errors for longer horizons are comparably greater with respect to
the load forecast error.

For purposes of comparison, the GH Forecaster program was applied, to assess the aggregate
forecasting errors for the 2005 production at Te Apiti using “state of the art” forecasting
techniques. The GH Forecaster wind generation forecast errors were typically 30% less than
the errors in Meridian’s 23 hour ahead forecasts (for a daily return period)'. The resulting
aggregate wind and load forecast errors are typically 20 — 25% less than using the Meridian
forecasts for 23 hours ahead. As the time horizon decreases the benefit of GH Forecaster
relative to the 2005 Meridian model diminishes.

It should be noted that since 2005, Meridian have improved the forecast methodology for the
Te Apiti wind farm. The effects of these improvements are not captured in this analysis,
although persistence modelling is still used for the 2 hr and 3 hr ahead timeframes. Also, the
forecast accuracy at Te Apiti is affected by events such as runbacks that may not be
representative of future wind farms.

It is recommended that in the future the analysis be repeated with additional datasets as more
wind farms are built and data becomes available to improve statistical reliability, incorporate
improvements in forecasting technology, and better account for the diversity in forecast
errors.

Data and Modelling Limitations

Since the modelling undertaken in this report is based on the numerical analysis of measured
wind and load data the results and inferences thereof can not be better than limitations placed
by the quality and quantity of that input data. For the analyses in this report it is considered
that there is sufficient input data to draw “statistically reliable” results for events with return
periods of up to 1 month but not greater.

The reliance on data from the Te Apiti wind farm means that assumptions must be made
concerning the representativeness (or otherwise) of the Te Apiti wind farm, i.e. it is assumed
that the wind power ramp rates and forecast errors as measured at Te Apiti are representative
of all wind farms. While the data has been processed as far as is possible, e.g. to remove the
effects of runbacks, it is not possible to completely mitigate events specific to the operational
constraints of Te Apiti from the data. Also, operational constraints aside, it cannot be known
how representative Te Apiti is of other wind farms.

Further work

Consideration may need to be given to investigating the requirements for wind energy
forecasts for various functions in the electricity market. For example, some functions may be
best served by the existing best estimate forecasts (P50), whereas other functions (such as
security) may be better served by considering a higher exceedance level forecast (e.g. P10 or
P90).

In order that better results may be obtained and ramp rates and forecast errors for longer time
horizons be modelled, it is recommended that the analysis be repeated with larger input data
sets. This could include variability and forecast data from more wind farms as they are built
and the data becomes available, which would allow; better accounting of the diversity

L A return period error refers to the largest error expected with a particular frequency, for
example, a daily return period error is the largest forecast error expected to occur on a daily
basis.
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between wind farms with respect to variability and forecast errors, and improvements in
forecasting technologies to be incorporated.
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1. INTRODUCTION

The Electricity Commission (EC) is conducting strategic and tactical projects to assess the
likely impact of wind generation development on the New Zealand power system. Garrad
Hassan (GH) has previously been commissioned by the EC to investigate the correlation of
wind speed and theoretical wind power outputs of the primary wind farm regions of New
Zealand. The reason for this is to assess the degree of diversity of wind farm power output
from the different regions.

This report comprises Phase 2 of the project; and covers predictions for the aggregate change
in output (ramp rate) of the wind generation portfolio (for each development scenario),
analysis of present load ramp rates, prediction of aggregate wind and load ramp rates,
predicted errors in forecasts for the wind power portfolio, analysis of the present demand
forecast errors, and prediction of the aggregate wind generation and demand forecast errors
(each over a variety of timeframes).

Phase 1 [1], carried out in 2005, covered the prediction of wind farm power output time series
and the correlation in output within and between ten regions. Phase 1 also included a
preliminary study into changes in output or ramp rates and the correlation of ramp rates
within and between regions. This study was based only on 10 minute wind data measured at
potential wind farm sites. While the wind farm power output was predicted this was based on
the assumption that there is no temporal diversity between wind turbines within the wind
farm, and did not attempt to include wind farm operational dynamics (turbine shutdowns for
faults or maintenance, curtailment, electrical system faults, etc). As such Phase 1 is useful for
gualitative assessments, this study attempts to build on Phase 1 and develop results that are
more useful for further analysis by the power system operator.

Four wind generation scenarios have been provided by the Electricity Commission. Ramp
rates and forecast analyses are produced for each scenario and are split regionally into the
North Island, South Island, and New Zealand as a whole. The scenarios are presented in the
following table:

Region Scenario A Scenario B Scenario C Scenario D
Northland 100 MW 150 MW

Auckland 100 MW 300 MW 30 MW
Waikato 100 MW 50 MW 100 Mw 30 MW
Hawkes Bay 300 MW 150 MW 300 MW 30 MW
Manuwatu 450 MW 350 MW 450 MW 250 MW
Gorge

Wairarapa 50 MW 30 MW
Wellington 300 MW 150 MW 300 MW

Marlborough 50 Mw 50 MW

Canterbury

Otago 150 MW 300 MW

Southland 100 MW 100 MW 300 MW 50 MW
Total 1250 MW 1250 MW 2250 MW 420 MW

Two methods for calculating the aggregate of regional wind power outputs are used, firstly
the wind power output for each region is modelled as a single wind farm (no diversity within
regions), secondly the wind power output is modelled as 100 MW wind farms that have a
correlation equal to the inter-correlation of the 10 minute wind data (i.e. are modelled with a
10 minute time shift between wind farms); this is so that some diversity between wind farms
is modelled. A time shift of 10 minutes was used as this is the minimum time shift possible
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using 10 minute average wind data. Anecdotally, weather fronts in New Zealand can travel
the length of the South Island in about 24 hours, which equates to approximately 12 m/s. Thus
a 10 minute time shift equates to the 100 MW wind farms being spaced approximately 7 km
apart, centre to centre in the direction of travel of the front. This is considered reasonable in
the New Zealand context, noting it is approximately 2 km from the centre to the edge of the
Te Apiti wind farm (90 MW).

The work in this report is separated into six studies. The first involves the calculation of
probability distribution functions (pdfs) of 10 minute rates of change in wind farm output
(ramp rates) for each of the four wind generation scenarios based on the 10 minute wind data
from a number of sites around New Zealand. This methodology extends the results of the
Phase 1 work, but does not allow for diversity within a wind farm, caused by random
variations in the wind. Ramp rates are derived using measured wind data and a generic wind
farm power curve as described in Phase 1.2

The second study uses measured output data from the Te Apiti wind farm to define transfer
functions that are then used to transpose the modelled power output time series generated in
the first study to 10 second, 1 minute, 5 minute, and 10 minute bases. This allows the shorter
time periods to be analysed, and accounts for diversity within a wind farm. This study relies
on an assumption that the distribution of ramp rates within 10 minutes experienced at Te Apiti
can be considered representative of the distribution of ramp rates at other sites.

Also within the second study probability density functions for load ramp rates, for the North
Island, South Island, and New Zealand as a whole, are derived from 10 second load data. The
aggregate ramp rates for wind and load are then calculated.

The third study analyses the error in wind power forecasts for Te Apiti. The half hourly
generation forecasts for 2 hrs, 3 hrs, 6 hrs, 12 hrs, and 23 hrs are compared with the metered
trading period data. Pdfs are generated for each of the time periods. Pseudo time series are
then developed using a Monte Carlo approach utilising the derived pdfs and taking into
account the correlation in half hourly wind power outputs between regions. Using these
pseudo time series the aggregate forecast errors for the North Island, South Island, and New
Zealand as a whole are derived. This study assumes that the distribution of forecast errors at
Te Apiti can be considered representative of forecast errors at other New Zealand sites.

The fourth study analyses demand forecasts using metered trading period data, and derives
pdfs for the forecast errors at 2 hrs, 3 hrs, 6 hrs, 12 hrs, and 23 hrs.

The fifth study uses the results of studies three and four to determine the aggregate forecast
errors for wind power and demand.

The sixth study analyses the benefit of applying “state of the art” forecasting techniques. The
GH Forecaster model is applied to historical information from the Te Apiti wind farm. Inputs
to GH Forecaster are meteorological forecast data, present (at the time the forecast is
generated) wind farm power output[?], and present site measured wind data. The aggregate
wind generation forecast errors for the four scenarios based on the GH Forecaster results,
using the methodology applied in study 4, are calculated. Lastly, the aggregate GH Forecaster
and load errors are calculated using the same methodology as study 5.

2 A generic wind farm power curve has been developed using knowledge of existing and
planned wind farm layouts for New Zealand.
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1.1. Statistical Processes and Data Quality

The results of particular interest within the scope of work are the magnitude of extreme
events, such as the expected magnitude of the once monthly ramp rate. Even those events that
occur more frequently, such as those with a return interval of once per day, have a low
probability of occurrence. The once per day event has the probability that one ten second
event will occur within an interval comprising 8,640 events, corresponding to a probability of
0.01%. Such infrequent events fall in the tails of the probability distributions, and it is these
that are of interest in this study.

It has been found that the tails of the probability distributions describing ramp rates at
Te Apiti conform approximately to a Gumbel distribution, however since the extreme values
have an absolute upper limit (being the size of the wind farm), it is not possible to use a
traditional extreme value type analysis. Further, since it is necessary to aggregate the ramp
rates modelled for each region, it is important to characterize the entire probability
distribution. For these reasons the approach in this study is to use piece wise linear probability
density functions where the nodes have been carefully selected to allow high definition in the
tails of the distributions. This methodology (describing the probability distributions using
piece-wise linear probability distribution functions) is applied to both ramp rates and forecast
errors for both load and wind farm generation. This methodology is not used in Study 1,
where results are based on the analysis of wind data time series alone, and conversion to a
probabilistic domain is not made.

Since the probability distributions can not be well defined analytically it is necessary to use a
numeric approach to aggregate regional ramp rates and forecast errors. The approach for
numerical aggregation used here is the Monte Carlo method, whereby randomly generated
events conforming to probability distributions describing each process (or region’s ramp rate)
are aggregated on mass so that the aggregate distribution is well described. To generate
sufficient accuracy in the tails (up to probabilities with return periods of once per month) for
the aggregate probability distribution, requires a very large number of iterations typically in
the order of one million.

Data limitations
Any statistical analysis is highly dependent on the quality and quantity of the data upon which
it is based. Poor data quality can result for many reasons including:

e The data does not adequately describe the process of interest,

e The monitoring system must be synchronized with the data retrieval system, the
systems must be consistent over the period of monitoring, and the monitoring and
retrieval systems must have adequate temporal and scale resolution,

e The data archiving and processing systems must not detrimentally corrupt or alter the
data; this may include filtering out suspect data, flagging missing data, or errors due
to temporal averaging.

A number of potential problems have been identified with the data used in the analyses. In
particular, large changes have been identified in the 10 second Te Apiti generation data and
the load data. The cause of these is not known, and could be the result of actual events, such
as runbacks or significant wind events, or incorrect data. Where obviously erroneous data has
been identified, this has been removed by GH before analysis, however it is likely that not all
erroneous data has been identified and removed, and this will have affected the analysis,
particularly at the tails of the distributions.

An assumption is made that the ramp rates and forecast errors derived from the Te Apiti data
are representative of other wind farms. This assumption was necessary, as Te Apiti is the only
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site for which 10 second data is available and wind farm output is offered into the electricity
market. To the extent that this assumption is incorrect, the results will be affected. It is not
possible to determine the potential magnitude of this effect, but is recognised that the runback
scheme operating at Te Apiti will affect the results. This issue could be addressed in future
studies providing data from additional wind farms is available for analysis.

For the types of analysis required in this report where the magnitudes of events with very low
probability are desired it is crucial to have enough data to accurately describe the tail of the
probability distribution. As a general “rule of thumb” it is best to have at least 10 times the
length of data to describe the extreme of a particular return period; thus to describe an event
with return period of once per week it is best to obtain at least 10 weeks of data.

For some data sets within this study the quantity of data are limited. As a result, events with
return periods greater than one month are not statistically reliable. Conclusions about longer
return period events, such as those that occur every year or five yearly cannot be drawn from
this analysis. The worst case for data quantity in this report is the 3 months of 10 second load
data used to describe the South Island load.

Consideration should be given to repeating this analysis once data is available to examine
longer return periods. To generate better understanding of the dynamics of the interactions of
wind farm output and the power system it would preferable to have accompanying
information on system events such as runback times and large load changes.

Presentation of results

Results are presented in the form of tables giving the change in output for probabilities
equivalent to reoccurrence intervals (return periods) of one month, one week, and one day for
10 second, 1 minute, 5 minute, and 10 minute based statistics. The exceedance probabilities
associated with each recurrence period are presented in Tables 1.1 and 1.2.

The data analysis in Section 2 of the report is based on 10 minute wind statistics, the data
analyses in Section 3 are based on 10 second statistics from the Te Apiti wind farm, and the
data analysis in Sections 4, 5, and 6 is based on 30 minute statistics, comprising metered data
and trading period offers.

The results are also displayed in the form of graphs. The graphs use a logarithmic y-axis
scale, which tends to emphasise the tails of the distributions. It should be remembered when
interpreting the graphs that each grid interval relies on 1/10" of the data of the interval above.
The shape of the graphs at the tails of the distributions rely on only a few points, so should be
taken as indicative only. However, it should be recognised that tails exist for longer return
periods corresponding to still larger events. Determining the tails with more confidence will
require that site data continues to be collected, with a view to analysing a larger data set in the
future.
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2. WIND POWER RAMP RATES BASED ON 10 MINUTE WIND DATA

Phase 1 [1] of the wind variability project required the modelling of wind farm power output
traces. The methodology used wind data time series coupled with generic wind farm power
curves to produce power output traces. Some 21 sites were used and grouped within 10
regions. These power output traces were used to determine the correlation in power output
and ramp rates between each wind farm. For details of how the power output traces were
developed refer to the Phase 1 report [1].

From the 21 sites, 9 sites are selected to ensure a sufficiently long overlapping period from
which aggregate power output traces for the North Island, South Island and New Zealand as a
whole can be formed. The nine wind data series are selected to be representative of the
regions defined by the Electricity Commission (ten regions have been defined, however the
lack of suitable data from the Wairarapa means that the Wairarapa is included within the
Wellington region).

The 10 minute wind data is converted to power output time-series using a generic wind farm
power curve for a 100MW wind farm. A power output time-series is developed for each of
the nine sites. From the power output time-series the ramp rates are obtained using the
difference between consecutive 10 minute power output values. A total of 244 days (35,000
points) of 10-minute wind data is used in the analysis.

Two methodologies for obtaining the aggregate power output are assessed; the first where
each region is modelled as a single wind farm, and hence there is no diversity within the
region. The second is where each region is assumed to have wind farms of 100 MW, and the
power output for each subsequent wind farm is developed by offsetting the time series by 10
minutes. For this part of the study transformation to the probability domain is not necessary as
the wind power time series can be aggregated directly.

The second methodology (a number of 100 MW wind farms in each region, to model intra-
regional diversity) is thought to be the most realistic for likely developments in New Zealand.
However if developments are concentrated and installed in a line (for example on a ridgeline),
and a weather system is travelling perpendicular to the line, then it is possible that
installations larger than 100 MW could respond faster than modelled by the second
methodology. The first methodology is thought to be conservative in all cases as it assumes
that all wind farms within a region change output simultaneously (no intra-regional diversity).

The results for the aggregate outputs are presented in Tables 2.1 to 2.2, and Figures 2.1 to 2.6.
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3. WIND POWER RAMP RATES USING TRANSFORMATION
DERIVED FROM TE APITI 10 SECOND POWER OUTPUT

3.1. Te Apiti ramp rates

The ramp rates modelled using wind speed data and an assumed wind farm power curve as
derived in the Regional Wind Farm correlations report [1], and used in Section 2, tend to
overestimate the true ramp rates. This is because the methodology assumes all turbines “see”
the same meteorological conditions at the same time; hence there is no diversity among wind
turbines within the wind farm.

The ramp rates as calculated previously have been calculated on a 10 minute basis. However,
the system operator balances the power system continuously, and has a dispatch window of
5 minutes. Further, the wind data used previously are 10 minute average values, whereas
power output changes over periods of seconds (inversely proportional to system inertia) that
are important for some aspects of power system operation.

Further the wind farm power curve does not account for secondary affects such as run backs
and operational events such as plant trips which affect real wind farms.

Measured power output information was provided by Meridian from the Te Apiti wind farm,
which allows the performance of a real wind farm to be analysed. The measured output
incorporates effects such as diversity within the wind farm, and allows analysis of time
periods shorter than 10 minutes.

To account for diversity and different averaging periods the ramp rates are transformed using
a relationship formed between the modelled pdf for Te Apiti Wind Farm (derived from Te
Apiti 10 minute wind data and the generic wind farm power curve) and the pdf derived from
the measured power output of the Te Apiti Wind Farm.

One year of data from Te Apiti, with a sampling frequency of 10 seconds, has been provided
for the purpose of determining the ramp rate pdfs for the measured power output. Pdfs for 10
second, 1 minute, 5 minute, and 10 minute ramp rates have been derived and are presented in
Table 3.1 and Figure 3.1. These ramp rates pdfs represent a more realistic picture of
variability than the modelled pdfs, which do not account for operational events, diversity,
different averaging periods etc.

For each site, ramp rates have been calculated according to the following formula;

R, (TA)
R =| > "Ym | p
W), (RXUA)J W),
Where R, () is the ramp rate at probability x,
w is the wind farm for which the probability distribution is required,
TA is the Te Apiti wind farm, on a 100MW base,
0. is the ramp rate corrected using measured power output data,

(), isthe measured ramp rate,
()p is the modelled ramp rate derived in Section 1.1 (predicted using wind data
and the generic wind farm power curve).
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This means that the ramp rate predicted using the 10 minute wind data analysis at each site
and each probability is multiplied by the ratio of the measured ramp rate to the 10 minute
predicted ramp rate at Te Apiti for that probability. The implied assumption in this analysis is
that other wind farms will have similar ramp rate distributions to the Te Apiti wind farm.

It is likely that most wind farms will not have the same operational constraints as those that
apply to Te Apiti(due to transmission operation). Thus events where there has been a system
operator initiated run back have been removed from the data (where identified). Some
runback events will remain in the data, where these could not be specifically identified.

The aggregate power output for the South Island, North Island, and New Zealand are
calculated using a Monte Carlo approach. A single iteration of the Monte Carlo model is
described as follows:
e auniform random number is generated for each wind farm.
o these random numbers are transformed using the inverse probability distributions,
derived above, to obtain randomised ramp rates.
e The ramp rates are aggregated to find the ramp rate for the South Island, North Island
and New Zealand.

The individual iterations of the Monte Carlo simulation are repeated in the order of 1,000,000

times so that a stable solution is obtained. Results for the aggregate ramp rates for presented
in Figures 3.2 through 3.25 and Tables 3.2 through 3.9.

Page 7 of 114



Garrad Hassan Pacific Ltd Document: 2479/PR/02 Issue: F FINAL

3.2. Load ramp rates

So that the predicted wind power ramp rates can be assessed in some context, the ramp rates
due to present loads on the New Zealand electricity grid are derived. Transpower has
provided 10 second load data for the North Island and the South Island. Only 3 months and 6
months of 10 second data for the South Island and North Island respectively were available
for analysis.

In order to have a consistent data set for New Zealand, the data used in the analysis was
restricted to the 3 months for which concurrent data was available for both Islands. These
were the months of April, May and June 2006. Data from 12 June 2006 was removed from
the analysis. This was the day of the Otahuhu substation fault and contained load changes that
were not thought to be representative of a typical 3 month sample of data.

Pdfs from the load data have been derived and are presented in Figures 3.26 through 3.28 and
Table 3.10. The load ramp rates are calculated directly from the 10 second data for intervals
of 10 seconds, 1 minute, 5 minutes and 10 minutes. The limited data available for analysis
results in the tails of the probability distribution being dominated by single large events.
While there are large individual loads on the New Zealand electricity grid that will affect the
ramp rate probability distributions, it is reasonable to expect that if more data were used the
probability distribution would converge to a continuous function.

3.3.  Aggregate wind power and load ramp rates

The aggregate wind power and load ramp rates have been calculated using a Monte Carlo
approach. The Monte Carlo methodology is facilitated using the following assumptions:

e The wind power and load ramp rates are assumed to be uncorrelated.
e The probability distributions for the load ramp rates and wind power ramp rates, as
derived in Sections 3.1 and 3.2, can be represented using piecewise linear pdfs.

The Monte Carlo analysis is as described in Section 3.1, except that at each iteration a
randomised load is also generated (using a uniform random number transformed by the
inverse probability density function describing the load) and aggregated with the randomised
wind power ramp rates.

The aggregate wind power and load ramp rate calculations are based on the results of the
analysis of the wind and load ramp rate data. As such any errors that occur within the data
sets will be carried through to the prediction of composite ramp rates.

Aggregate wind generation/load pdfs have been derived and are presented in Figures 3.29
through 3.52 and Tables 3.11 through 3.18 .
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4. FORECAST ERROR

Wind energy generation can be subject to large changes in output within very short time
horizons, and there is limited ability to “smooth” the generation output of wind farms. Thus
there is great importance placed on accurate forecasting of wind generation both for the
operation of the grid so that appropriate generation dispatch can be allocated and for the
operations of individual wind farms (for maintenance scheduling and portfolio management).

This study uses the historical forecast data from the Te Apiti wind farm to determine typical
forecasting errors for time horizons from 2hrs to 23 hrs.

The production forecast data (i.e. Meridian’s offers into the electricity market) for Te Apiti
wind farm was provided by Transpower for this study. The data includes the 2hr, 3hr, 6hr,
12hr, and 23hr forecasts, from 1 November 2004 to 31 December 2005, along with actual
(metered) production data. The forecasts are made for the half-hourly trading periods.

Two forecasting methodologies are employed at Te Apiti; persistence forecasting is used for
short time horizons, and a meteorological based forecast is used for longer horizons. While
meteorological forecasts were originally used down to 3 hour forecasts, persistence
forecasting is now used for forecasts of up to 6 hours.

The meteorological based forecasts use the output of the Met Service meteorological model
(wind speed, direction, and air pressure) together with a power curve to forecast power
output. Feedback is now provided to the MetService regarding the real time meteorological
conditions, which can be compared to the forecast conditions in order to improve future
forecasts. The meteorological based forecasts were produced twice daily up until 15 March
2006, and have since been processed four times a day.

The forecast errors for Te Apiti have been processed for data from 13 January 2005 to
31 December 2005 using the forecast methods in place at that time. Probability distribution
functions derived from these forecast errors are presented in Figure 4.1 and Table 4.1.

Cumulative forecast errors are generated for the South Island, North Island and New Zealand
as a whole for the scenarios outlined in Section 1. A Monte Carlo approach is used whereby
randomised forecast errors are generated for each region assuming that there is no diversity in
forecast errors within regions. This may be a conservative assumption if different wind farm
operators use different methodologies and data sources for their forecasting.

To aggregate the errors between regions inter regional correlation coefficients are applied.
The inter regional correlation coefficients are calculated assuming persistence forecasting,
using the wind power output time-series modelled in [1]. These are presented in Tables 4.2
through 4.6. To generate the random numbers for the Monte Carlo simulation a statistical
toolbox is used to generate correlated uniformly distributed numbers that ensures the
aggregate distribution maintains a uniform distribution.

The modelled aggregate forecast errors are given in Tables 4.7 through 4.11 and Figures 4.2
through 4.16.

During discussions with the EC, System Operator, and Meridian concerns were raised about
the applicability of Te Apiti forecast errors to other wind farms in New Zealand. In particular

the concerns were:
e The Te Apiti wind farm is subject to a unique set of transmission constraints, which
can cause the need for runbacks to be operated and other curtailment of the wind
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farm. These events can have a “double whammy” effect on forecast errors, as they
cause an error when they are applied (reduction of wind farm output due to runback
or curtailment) and also when they are lifted.

e Meridian is constantly improving forecasting at the Te Apiti Wind Farm and use of
2005 forecast accuracy data does not capture recent improvements that have been
made.

e [Forecasting at Te Apiti may not be representative of forecasting at other locations due
to the unique geographical location of the Te Apiti Wind Farm.

In order to address some of these concerns GH has undertaken an alternative calculation of
the 2 hour ahead forecast errors applying the persistence model to the modelled wind farm
power output time-series as derived (using the 10 minute average wind speed and direction
data) in [1]. The result of this analysis is presented in Table 4.12. The results from the two
methods are broadly similar and agree to within approximately 10%. This indicates that the
majority of the forecast errors at the 2 hour ahead level are due to weather system changes.
The small difference between the calculations may be due to the “non-wind” driven changes
at Te Apiti, the fact that other wind farms may respond differently to Te Apiti, the different
methodologies used, or a combination of these reasons.
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5. DEMAND FORECASTS ERRORS

Transpower have provided load forecast data for 1 January 2005 to 31 December 2005. This
is based on half hourly trading periods and gives the System Operator’s centralised demand
forecasts for the North Island and South Island at 23 hrs, 12 hrs, 6 hrs, 3 hrs and 2 hrs, along
with the metered demand. Using this data, pdfs of the errors in the forecasts (i.e. the
difference between metered and forecast demand) have been derived for the North Island,
South Island and New Zealand as a whole; these are presented in Table 5.1 and Figures 5.1
through 5.3.

During the analysis several large forecast errors were identified. Transpower commented that,
due to the forecasting methodologies used, large forecast errors are known to occur on
national or regional public holidays and when system events occur. On close inspection some
large forecast errors could be accounted for using these explanations; however a significant
number were not able to be accounted for. The data used is as supplied by Transpower and
large errors have not been removed. Transpower also noted that as experienced human
intelligence is used to interpret the forecast information, “rogue” forecasts may be identified
and compensated for.
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6. COMPOSITE DEMAND AND WIND GENERATION FORECAST
ERRORS

The composite of the wind generation forecast errors and demand forecast errors are derived
using a Monte Carlo simulation. The simulation is based on the piece-wise linear pdfs derived
for the demand forecast errors and aggregate forecast error pdfs for each of the wind
generation scenarios as derived in the results from Section 4. It is assumed that the wind
forecast error is independent of the demand forecast error.

The aggregate wind power and demand forecast error calculations are based on the results of

the analysis of the wind and load forecast data. As such any errors that occur within the data
sets will be carried through to the prediction of composite forecasts.
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7. GH FORECASTER ERRORS AND COMPOSITE GH FORECASTER -
DEMAND ERRORS

GH Forecaster is proprietary software of Garrad Hassan that represents the “state of the art”
in forecasting methodology. The software uses meteorological inputs from the MetService,
wind data inputs from a meteorological mast positioned at the wind farm site, and information
derived from the wind farm SCADA system. Forecasts are generated for every hour up to 36
hours ahead.

The analysis described in Section 4 has been repeated using forecasts from GH Forecaster for
the Te Apiti wind farm, for the period from 13 January 2005 to 31 December 2005, excluding
the month of October which has been excluded due to lack of available meteorological data
from the MetService. The cumulative wind forecast errors for each of the wind generation
scenarios are presented in Tables 7.2 through 7.6 and Figures 7.2 through 7.16.

Likewise, the analysis of composite demand and wind generation forecast errors presented in

Chapter 6 has been repeated using the forecasts from GH Forecaster. The results are presented
in Tables 7.7 through 7.11 and Figures 7.17 through 7.31.
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8. DISCUSSION AND CONCLUSIONS

1. As expected the scenarios having greater diversification of wind generation result in
lower ramp rates and forecast errors (Scenario B [1000 MW] has lower ramp rates
than Scenario A [1000 MW]).

2. Accounting for the affect of diversity within regions, using the assumption that wind
farms will have a nominal 100 MW size (modelled with a 10 minute time shift
between wind farms), has a very significant affect on the predicted ramp rates. The
difference in ramp rates between the two methodologies (with and without intra-
regional diversity) is approximately a factor of 2.

Modelling the scenarios as a single wind farm in each region is likely to overestimate
the cumulative ramp rate (as it does not account for diversity among wind farms).
While the approach using a nominal 100MW seems reasonable in the context of
current wind farm development in New Zealand it is possible to envisage
development where very large individual wind farms are developed or where many
wind farms are developed along a single ridgeline and subject to the same
meteorological conditions. In this case there will be less diversity within the regional
wind generation portfolio (c.f. the nominal 100 MW wind farm size assumption) and
hence it could be expected that the ramp rates will be greater for these wind farms.

3. Inspection of the Te Apiti output data suggests that for most of the time the 10 minute
variability is less than that predicted using the 10 minute wind data and a generic
wind farm power curve. This suggests that diversity within the wind farm is
significant. However the results for low probability events (return periods of longer
than a week) are similar for both methodologies.

4. For the 5 minute timeframe — combined wind and load ramp rates are dominated by
load changes for all scenarios, particularly where wind farms have been modelled
using the nominal 100 MW size assumption (Table 3.16 c.f. Table 3.10). This implies
that variability due to wind generation should have minimal additional impact at the
dispatch interval (5 minute) timeframe.
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5. Forecast errors at wind farms are projected to have a significant effect on the
combined wind and load forecast error for most of the forecast horizons and scenarios
considered. The exceptions to this are short forecast horizons for scenario D (the
lowest wind penetration). While the results from GH Forecaster are significantly
improved compared to the forecasting methods used at Te Apiti in 2005, for horizons
greater than 6 hours, the forecast errors remain significant with respect to load
forecast errors.

The forecast error results imply one of several things:

a) The methodology used to calculate the combined forecast errors in this study
is not entirely accurate (such as the diversity of forecast errors within regions
is important)®.

b) A significant reduction in forecast errors is required in order to preserve the
present (aggregate wind generation and demand) forecast accuracy. As it is
difficult to significantly improve on persistence forecast models for short
time horizons the prospect of such improvements in forecast accuracy
appears unlikely in the short term. Further analysis is required to determine
the potential for improvements in longer time horizons.

c) The impact on the electricity market of the forecasting errors should be
examined.

GH recommends that the “real world” forecasting performance of wind farms be
examined as additional operational wind farm experience is gained. It may well be
that the forecast errors of wind farms within a region have a low correlation, or that
the output of wind farms other than Te Apiti is better able to be forecasted. Both of
these outcomes would lower the combined forecast errors.

Consideration could also be given to using different forecast quantities for different
functions within the electricity market. Some functions may continue to be best
served by the existing “best estimate” (P50) forecasts. However, it seems possible
that other functions may be better served using alternative forecast quantities. For
example, for security modelling, P10 and P90* (or other) forecast quantities may be of
interest.

6. The GH Forecaster software has been used to create forecasts for the Te Apiti wind
farm so that the improvement in forecast errors using “state of the art” forecasting
techniques relative to the methods in place at Te Apiti in 2005 can be examined. The
GH Forecaster model typically shows an improvement of approximately 30% for the
23hr ahead once per day forecast, and 10% for the 23hr ahead once per month
forecast, compared to the forecasts prepared by Meridian in 2005. The improvements

% If different wind farm operators are using similar methodologies and similar inputs for the
forecasting, it is likely that the forecast errors will have a high degree of correlation. As the
rules presently require persistence forecasting at least 2 hours ahead, all wind farms will be
using the same methodology for this timeframe. At present, it also seems likely that forecasts
for longer timeframes will be utilise weather forecast information, such as from the
MetService, and so errors in the weather forecasts are likely to be reflected in the resulting
wind energy forecast errors. If wind farm operators within a region begin using widely
varying methodologies for forecasting, the diversity of forecast errors within a region may
become significant.

* The P10 and P90 are statistical quantiles such that for P10; 10% of a distribution lies below
the statistic. And, for the P90, 10% of the distribution lies above the statistic.
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decrease significantly for short time horizons, where persistence forecasting methods
dominate.

For the combined GH Forecaster wind and load forecasts the errors decrease (relative
to the use historical Te Apiti forecast performance) such that they are in the order of
20-25% for the 23 hour ahead forecast, however the wind forecast errors are still
significant in comparison with the present load forecast errors.

7. It is observed within the results that the distributional shapes for the predicted ramp
rates and forecast errors are often not symmetric and have some offset. The input data
from Te Apiti have been closely examined and exhibit these symptoms, which are
somewhat amplified within the models. It is not known whether the real world
distributions will exhibit the same asymmetry.

8. The Monte Carlo simulations used in this report require a very large number of
iterations to produce stable results at the extreme tails of distributions. Even with the
very large number of iterations used in processing the Monte Carlo simulations there
will be some variation in results if reprocessed, particularly for events occurring once
per month. Return periods of longer than one month cannot be predicted with a high
degree of accuracy with the available data.
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Scenario A Scenario B Scenario C Scenario D
Return period NZ NI Si NZ NI Sl NZ NI Sl NZ NI Si
Once per month -173 -171 -40 -133 -129 -55 -205 -185 -140 -86 -85 -20
Once per week -139 -138 -32 -104 -100 -45 -167 -148 -107 -69 -68 -16
Once per day -97 -96 -19 -72 -68 -31 -121 -104 -73 -43 -43 -10
Once per month 216 216 47 160 157 64 233 214 154 109 110 24
Once per week 163 163 37 121 117 51 187 169 125 80 80 19
Once per day 104 103 21 76 72 33 132 113 78 45 45 10
Table 3.8 10 minute change in output for wind generation scenarios using Method 1 (single wind farm per region) [MW]
Scenario A Scenario B Scenario C Scenario D
Return period NZ NI Sl NZ NI Sl NZ NI Sl NZ NI Sl
Once per month -76 -73 -40 -71 -63 -48 -97 -82 -64 -48 -47 -20
Once per week -65 -63 -32 -61 -54 -38 -84 -70 -53 -36 -35 -16
Once per day -50 -47 -19 -46 -40 -26 -64 -53 -38 -25 -24 -10
Once per month 87 83 47 79 73 52 107 91 69 53 52 23
Once per week 73 70 37 67 60 42 91 78 58 41 40 18
Once per day 54 52 21 50 44 28 69 58 41 27 26 10

Table 3.9
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10 seconds 1 minute 5 minutes 10 minutes
Return period NZ NI Sl NZ NI Sl NZ NI Sl NZ NI Sl
Once per month -83 -73 -83 -126 -85 -123 -187 -112 -169 -226 -146 -177
Once per week =77 -62 -78 -105 -59 -105 -167 -99 -157 -185 -125 -150
Once per day -51 -41 -30 -62 -47 -53 -97 -75 -64 -132 -103 -55
Once per month 94 59 96 97 63 90 203 154 172 290 231 177
Once per week 88 50 90 78 56 78 159 121 139 258 197 151
Once per day 45 39 24 55 46 41 129 102 61 215 170 70

Table 3.10 Measured load ramp rates [MW]

Scenario A Scenario B Scenario C Scenario D
Return period NZ NI Sl NZ NI Sl NZ NI Sl NZ NI Sl
Once per month -94 -80 -83 -90 -79 -83 -99 -81 -88 -86 -79 -83
Once per week -82 -67 -78 -81 -65 -79 -84 -68 -80 -80 -63 -78
Once per day -57 -50 -29 -54 -46 -30 -61 -52 -35 -52 -43 -29
Once per month 98 66 93 94 61 92 103 68 96 92 54 93
Once per week 85 57 83 85 52 82 85 59 84 83 50 83
Once per day 52 46 24 48 41 24 57 48 30 45 39 24

Table 3.11 10 second combined wind and load MW changes using Method 1 (single wind farm per region) [MW]

Scenario A Scenario B Scenario C Scenario D
Return period NZ NI Sl NZ NI Sl NZ NI Sl NZ NI Sl
Once per month -86 -79 -83 -85 -79 -83 -89 -79 -84 -85 -80 -83
Once per week -80 -64 -78 -80 -63 -78 -80 -65 -79 -78 -62 -78
Once per day -53 -44 -29 -53 -43 -30 -54 -45 -31 -51 -42 -29
Once per month 93 57 93 92 55 92 94 58 93 91 53 93
Once per week 84 51 83 83 50 82 85 51 82 83 48 83
Once per day 46 40 24 46 40 24 47 40 25 44 39 24

Table 3.12 10 second combined wind and load MW changes using Method 2 (L00MW wind farm size) [MW]
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Scenario A Scenario B Scenario C Scenario D
Return period NZ NI Sl NZ NI Sl NZ NI Sl NZ NI Sl
Once per month -135 -94 -123 -131 -89 -124 -138 -95 -125 -129 -88 -123
Once per week -109 -78 -106 -107 -68 -107 -110 -80 -108 -104 -64 -105
Once per day -71 -61 -55 -67 -53 -55 =77 -64 -58 -64 -49 -55
Once per month 115 105 88 100 82 89 122 114 93 95 68 88
Once per week 93 84 76 83 67 76 100 89 78 77 59 76
Once per day 68 61 40 62 53 41 76 65 47 56 48 40
Table 3.13 1 minute combined wind and load MW changes using Method 1 (single wind farm per region) [MW]
Scenario A Scenario B Scenario C Scenario D
Return period NZ NI Sl NZ NI Sl NZ NI Sl NZ NI Sl
Once per month -130 -88 -123 -131 -88 -123 -131 -88 -124 -128 -87 -123
Once per week -105 -65 -106 -105 -64 -107 -106 -66 -108 -104 -61 -105
Once per day -65 -50 -55 -64 -49 -55 -66 -51 -56 -63 -48 -55
Once per month 95 68 88 95 65 89 97 69 90 94 63 88
Once per week 78 60 76 77 59 76 81 62 76 76 57 76
Once per day 58 50 40 57 48 41 61 51 41 55 46 40

Table 3.14
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Scenario A Scenario B Scenario C Scenario D
Return period NZ NI Sl NZ NI Sl NZ NI Sl NZ NI Si
Once per month -205 -164 -171 -197 -136 -173 -216 -168 -183 -191 -120 -170
Once per week -173 -134 -157 -167 -115 -157 -180 -139 -159 -165 -103 -157
Once per day -120 -102 -64 -110 -88 -65 -132 -107 -84 -101 -80 -64
Once per month 225 196 172 210 172 171 237 201 176 207 159 172
Once per week 189 160 141 177 142 141 202 166 146 167 130 141
Once per day 147 122 62 139 112 63 157 127 80 133 105 61
Table 3.15 5 minute combined wind and load MW changes using Method 1 (single wind farm per region) [MW]
Scenario A Scenario B Scenario C Scenario D
Return period NZ NI Sl NZ NI Sl NZ NI Sl NZ NI Sl
Once per month -193 -122 -171 -193 -120 -172 -197 -124 -175 -189 -115 -170
Once per week -165 -104 -157 -165 -102 -157 -165 -106 -157 -165 -100 -157
Once per day -103 -81 -64 -102 -79 -65 -107 -83 -66 -99 -76 -64
Once per month 208 160 172 208 160 171 209 161 172 206 157 172
Once per week 169 132 141 168 130 141 174 135 142 164 125 141
Once per day 135 108 62 134 106 62 139 110 64 131 103 61

Table 3.16

Page 32 of 114

5 minute combined wind and load MW changes using Method 2 (100MW wind farm size) [MW)]




Garrad Hassan Pacific Ltd Document: 2479/PR/02 Issue: F FINAL
Scenario A Scenario B Scenario C Scenario D
Return period NZ NI Sl NZ NI Sl NZ NI Sl NZ NI Sl
Once per month -257 -216 -178 -241 -182 -181 -276 -225 -193 -231 -158 -177
Once per week -215 -178 -151 -200 -153 -152 -232 -186 -160 -189 -135 -151
Once per day -160 -135 -57 -147 -119 -62 -175 -142 -94 -137 -108 -55
Once per month 332 284 177 308 253 179 352 290 192 294 236 177
Once per week 290 240 147 276 221 146 307 247 160 265 207 148
Once per day 233 188 72 225 178 75 244 193 102 218 172 70
Table 3.17 10 minute combined wind and load MW changes using Method 1 (single wind farm per region) [MW]
Scenario A Scenario B Scenario C Scenario D
Return period NZ NI Sl NZ NI Sl NZ NI Sl NZ NI Sl
Once per month -233 -160 -178 -232 -156 -180 -239 -164 -183 -228 -149 -177
Once per week -191 -139 -151 -190 -135 -152 -195 -143 -153 -185 -129 -151
Once per day -140 -111 -57 -139 -109 -59 -145 -113 -66 -134 -105 -55
Once per month 299 239 177 297 236 178 306 243 181 292 232 177
Once per week 269 213 147 268 210 146 276 216 146 262 202 148
Once per day 221 175 72 220 173 74 226 177 79 217 171 70

Table 3.18
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Return period 23H Error 12H Error 6H Error 3H Error 2H Error
Once per month -87 -81 -80 -81 -70
Once per week -85 =72 =72 -72 -61
Once per day -72 -57 -56 -55 -39
Once per month 88 75 74 75 70
Once per week 83 68 65 65 59
Once per day 64 49 47 46 39
Table 4.1 Te Apiti forecast errors [MW]
Auckland Waikato Hawkes Bay Manawatu Wellington Marlborough Central Otago Southland
Northland 0.47 0.14 0.00 0.01 0.00 0.00 0.01 0.01
Auckland 0.29 0.02 0.00 0.00 0.00 0.01 0.00
Waikato 0.05 0.01 0.00 0.00 0.01 0.00
Hawkes Bay 0.42 0.09 0.06 0.04 0.00
Manawatu 0.22 0.10 0.06 0.00
Wellington 0.31 0.05 0.00
Marlborough 0.06 0.00
Central Otago 0.05
Table 4.2 Intra-regional 23hr persistence forecast error correlation coefficients
Auckland Waikato Hawkes Bay Manawatu Wellington Marlborough Central Otago Southland
Northland 0.34 0.06 0.00 0.01 0.00 0.01 0.01 0.00
Auckland 0.05 0.00 0.01 0.00 0.00 0.00 0.00
Waikato 0.01 0.00 0.00 0.01 0.01 0.00
Hawkes Bay 0.26 0.03 0.03 0.01 0.00
Manawatu 0.12 0.03 0.02 0.00
Wellington 0.20 0.03 0.01
Marlborough 0.04 0.00
0.02

Central Otago

Table 4.3

Intra-regional 12hr persistence forecast error correlation coefficients
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Auckland Waikato Hawkes Bay Manawatu Wellington Marlborough Central Otago Southland
Northland 0.21 0.03 0.00 0.00 0.00 0.01 0.01 0.00
Auckland 0.09 0.00 0.00 0.00 0.00 0.00 0.00
Waikato 0.00 0.00 0.00 0.00 0.01 0.00
Hawkes Bay 0.12 0.01 0.01 0.00 0.00
Manawatu 0.05 0.01 0.01 0.00
Wellington 0.09 0.02 0.00
Marlborough 0.02 0.00
Central Otago 0.00
Table 4.4 Intra-regional 6hr persistence forecast error correlation coefficients
Auckland Waikato Hawkes Bay Manawatu Wellington Marlborough Central Otago Southland
Northland 0.08 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Auckland 0.03 0.00 0.00 0.00 0.00 0.00 0.00
Waikato 0.00 0.00 0.00 0.00 0.00 0.00
Hawkes Bay 0.03 0.00 0.00 0.00 0.00
Manawatu 0.01 0.00 0.00 0.00
Wellington 0.03 0.01 0.00
Marlborough 0.00 0.00
Central Otago 0.00
Table 4.5 Intra-regional 3hr persistence forecast error correlation coefficients
Auckland Waikato Hawkes Bay Manawatu Wellington Marlborough Central Otago Southland
Northland 0.03 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Auckland 0.01 0.00 0.00 0.00 0.00 0.00 0.00
Waikato 0.00 0.00 0.00 0.00 0.00 0.00
Hawkes Bay 0.01 0.00 0.00 0.00 0.00
Manawatu 0.00 0.00 0.00 0.00
Wellington 0.01 0.00 0.00
Marlborough 0.00 0.00
Central Otago 0.00

Table 4.6

Intra-regional 2hr persistence forecast error correlation coefficients
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Scenario A Scenario B Scenario C Scenario D
NZ NI SI NZ NI S NZ NI SI NZ NI S
Once per month -994 -1000 -97 -838 -751 -255 -1424 -1222 -553 -322 -316 -49
Once per week -907 -891 -95 -760 -643 -224 -1259 -1030 -501 -296 -292 -48
Once per day -718 -708 -80 -595 -507 -173 -995 -815 -393 -244 -238 -40
Once per month 942 930 96 770 642 227 1238 1043 523 313 296 48
Once per week 809 812 90 638 576 192 1054 904 430 272 275 45
Once per day 578 589 67 449 408 136 735 640 305 199 201 34
Table 4.7 23hr wind forecast errors [MW)]
Scenario A Scenario B Scenario C Scenario D
NZ NI Si NZ NI SI NZ NI Sl NZ NI Sl
Once per month -778 -783 -89 -625 -558 -214 -1050 -906 -465 -258 -260 -45
Once per week -691 -696 -80 -566 -493 -175 -942 -767 -398 -233 -230 -41
Once per day -537 -533 -66 -440 -384 -135 -738 -616 -303 -183 -180 -33
Once per month 729 730 80 535 517 172 835 800 412 244 239 40
Once per week 576 584 74 452 415 147 715 642 318 201 203 37
Once per day 401 409 53 297 280 100 477 427 224 141 146 26

Table 4.8

12hr wind forecast errors [MW)]
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Scenario A Scenario B Scenario C Scenario D
NZ NI Sl NZ NI Sl NZ NI Sl NZ NI Sl
Once per month -733 -751 -90 -588 -553 -189 -975 -903 -432 -258 -264 -45
Once per week -631 -624 -78 -525 -464 -163 -873 -722 -371 -228 -225 -40
Once per day -492 -481 -62 -400 -350 -125 -679 -559 -283 -177 -172 -31
Once per month 591 614 83 463 443 150 726 663 351 225 219 41
Once per week 514 517 71 368 344 127 593 529 286 186 187 36
Once per day 334 338 52 251 239 90 419 372 204 126 129 26
Table 4.9 6hr wind forecast errors [MW]
Scenario A Scenario B Scenario C Scenario D
NZ NI Sl NZ NI Sl NZ NI Sl NZ NI Sl
Once per month -677 -647 -91 -547 -471 -180 -999 -755 -420 -253 -245 -46
Once per week -597 -584 -79 -484 -418 -157 -831 -668 -361 -221 -213 -40
Once per day -457 -443 -62 -375 -332 -120 -640 -524 -270 -176 -170 -31
Once per month 536 537 80 403 393 148 679 600 357 217 211 40
Once per week 448 446 71 349 315 126 571 486 289 181 181 35
Once per day 317 317 51 232 215 84 381 337 194 127 128 25

Table 4.10

3hr wind forecast errors [MW]
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Scenario A Scenario B Scenario C Scenario D
NZ NI SI NZ NI S NZ NI SI NZ NI S
Once per month -497 -502 -75 -381 -356 -135 -627 -545 -306 -197 -190 -38
Once per week -411 -397 -65 -307 -288 -118 -510 -445 -254 -168 -164 -33
Once per day -282 -280 -43 -216 -200 -80 -358 -311 -177 -118 -116 -22
Once per month 498 497 79 358 337 131 570 535 305 192 189 39
Once per week 384 386 66 311 284 110 498 428 254 169 168 32
Once per day 266 265 42 210 192 78 348 300 179 115 113 21
Table 4.11 2hr wind forecast errors [MW]
Scenario A Scenario B Scenario C Scenario D
NZ NI Si NZ NI S NZ NI Si NZ NI Sl
Once per month -566 -573 -94 -437 -403 -164 -723 -598 -385 -233 -233 -47
Once per week -467 -463 -87 -354 -324 -136 -583 -501 -315 -196 -193 -43
Once per day -315 -308 -59 -237 -215 -91 -398 -334 -215 -127 -126 -30
Once per month 621 609 96 437 405 162 697 599 383 238 238 48
Once per week 473 468 88 345 328 131 561 490 302 197 197 44
Once per day 304 302 61 231 215 88 384 332 210 127 125 31

Table 4.12
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23 hour 12 hour 6 hour 3 hour 2 hour

Return period NZ NI Sl NZ NI Sl NZ NI Sl NZ NI Sl NZ NI Sl
Once per month -534 -403 -227 -697 -500 -329 -613 -452 -286 -578 -410 -235 -526 -387 -223
Once per week -456 -347 -171 -472 -360 -204 -412 -310 -187 -371 -265 -158 -352 -243 -143
Once per day -288 -204 -116 -273 -190 -115 -236 -167 -101 -204 -146 -87 -184 -132 -80
Once per month 606 422 220 529 386 191 523 375 176 398 323 143 363 289 131
Once per week 423 304 154 414 307 147 384 299 140 332 255 119 309 232 110
Once per day 266 195 110 247 184 101 226 175 90 198 154 75 177 140 68

Table 5.1

Load forecast errors [MW]
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Return period Scenario A Scenario B Scenario C Scenario D
NZ NI Sl NZ NI Sl NZ NI Sl NZ NI Sl
Once per month -1109 -1051 -431 -962 -811 -486 -1467 -1229 -676 -617 -531 -416
Once per week -977 -937 -362 -832 -704 -404 -1312 -1075 -571 -514 -435 -356
Once per day -759 -735 -220 -641 -538 -263 -1019 -836 -431 -363 -304 -211
Once per month 1035 981 428 858 723 452 1322 1103 608 579 477 426
Once per week 884 840 322 729 614 346 1104 935 498 468 384 314
Once per day 633 615 200 516 442 225 780 671 353 319 263 196
Table 6.1 Combined 23 hr wind and load forecast errors [MW]
Return period Scenario A Scenario B Scenario C Scenario D
NZ NI Sl NZ NI Sl NZ NI Sl NZ NI Sl
Once per month -917 -858 -513 -820 -707 -536 -1153 -966 -614 -632 -552 -506
Once per week -789 -749 -366 -692 -582 -392 -1006 -837 -500 -509 -426 -360
Once per day -588 -558 -202 -509 -422 -234 =773 -635 -355 -325 -262 -195
Once per month 817 769 390 684 576 402 948 822 500 521 426 388
Once per week 674 637 307 554 476 318 788 678 412 416 335 304
Once per day 466 439 189 379 324 199 533 461 280 281 220 186

Table 6.2

Combined 12 hr wind and load forecast errors [MW]
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Return period Scenario A Scenario B Scenario C Scenario D
NZ NI Sl NZ NI Sl NZ NI Sl NZ NI Sl
Once per month -846 -787 -459 -751 -644 -479 -1073 -927 -552 -587 -510 -456
Once per week -710 -677 -327 -619 -534 -351 -917 -776 -455 -453 -375 -317
Once per day -532 -506 -182 -457 -385 -212 -707 -582 -325 -291 -240 -174
Once per month 734 679 379 615 523 392 835 737 474 503 408 373
Once per week 602 559 296 501 424 297 691 590 384 402 320 298
Once per day 415 382 179 344 290 187 478 411 261 268 209 177
Table 6.3 Combined 6 hr wind and load forecast errors [MW)]
Return period Scenario A Scenario B Scenario C Scenario D
NZ NI Sl NZ NI Sl NZ NI Sl NZ NI Sl
Once per month -766 -718 -411 -681 -592 -423 -1019 -807 -520 -549 -454 -407
Once per week -658 -614 -279 -574 -475 -307 -879 -700 -426 -400 -337 -270
Once per day -489 -460 -160 -420 -355 -189 -659 -537 -303 -262 -219 -152
Once per month 632 584 331 526 455 331 752 641 420 429 349 327
Once per week 536 497 255 445 380 261 634 534 354 349 284 253
Once per day 376 348 157 310 261 166 436 369 242 242 191 155
Table 6.4 Combined 3 hr wind and load forecast errors [MW]
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Return period Scenario A Scenario B Scenario C Scenario D
NZ NI Sl NZ NI Sl NZ NI Sl NZ NI Sl

Once per month -596 -538 -387 -547 -442 -384 -673 -577 -438 -525 -401 -385
Once per week -471 -435 -247 -405 -339 -257 -552 -471 -319 -336 -267 -243
Once per day -319 -297 -139 -270 -231 -150 -386 -326 -212 -205 -167 -135
Once per month 574 529 288 484 397 299 664 562 373 391 311 286
Once per week 476 429 231 409 337 240 563 463 316 324 259 229
Once per day 337 304 145 292 239 158 409 332 224 226 177 142

Table 6.5

Combined 2 hr wind and load forecast errors [MW]
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Return period 23H Error  12H Error 6H Error 3H Error 2H Error
Once per month -80 -71 -72 -73 -69
Once per week -61 -67 -68 -64 -55
Once per day -52 -51 -48 -43 -39
Once per month 75 70 73 69 65
Once per week 66 63 63 57 54
Once per day 45 45 42 39 37

Table 7.1 GH Forecaster errors for Te Apiti [MW]

Scenario A Scenario B Scenario C Scenario D
NZ NI Sl NZ NI Si NZ NI Sl NZ NI Si

Once per month =197 -800 -90 -648 -566 -194 -1072 -921 -435 -266 -263 -45
Once per week -692 -691 -76 -561 -492 -168 -935 -788 -379 -230 -228 -38
Once per day -528 -522 -59 -429 -369 -126 -712 -592 -287 -178 -174 -30
Once per month 746 741 83 617 528 174 1030 838 395 255 250 41
Once per week 652 647 73 510 450 151 854 707 341 220 218 36
Once per day 454 456 50 364 319 109 600 510 244 153 152 25

Table 7.2

GH Forecaster 23 hr forecast errors [MW)]
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Scenario A Scenario B Scenario C Scenario D
NZ NI Sl NZ NI Si NZ NI Sl NZ NI Si
Once per month -683 -680 -79 -563 -490 -180 -927 -782 -399 -230 -226 -40
Once per week -609 -613 -73 -493 -432 -156 -804 -685 -353 -209 -208 -37
Once per day -467 -466 -58 -372 -330 -118 -613 -518 -263 -162 -160 -29
Once per month 655 662 76 520 445 162 851 712 369 219 216 38
Once per week 560 559 69 431 389 139 710 612 313 191 192 34
Once per day 400 403 51 310 282 102 507 439 228 141 142 25
Table 7.3 GH Forecaster 12 hr forecast errors [MW]
Scenario A Scenario B Scenario C Scenario D
NZ NI Sl NZ NI Sl NZ NI Sl NZ NI Sl
Once per month -638 -633 -81 -501 -456 -162 -824 =721 -373 -229 -227 -40
Once per week -550 -549 -72 -434 -389 -143 =717 -613 -319 -202 -200 -36
Once per day -399 -398 -54 -318 -286 -105 -528 -454 -235 -150 -148 -27
Once per month 574 578 81 462 425 153 758 662 346 216 216 40
Once per week 494 498 68 384 352 129 640 554 294 184 184 34
Once per day 344 344 48 272 248 91 454 391 204 130 130 24

Table 7.4

GH Forecaster 6 hr forecast errors [MW)]
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Scenario A Scenario B Scenario C Scenario D
NZ NI S NZ NI Sl NZ NI S NZ NI Si
Once per month -552 -547 -87 -433 -386 -148 -702 -599 -342 -224 -218 -44
Once per week -459 -454 -71 -359 -326 -126 -587 -506 -284 -187 -185 -36
Once per day -320 -317 -49 -253 -231 -88 -422 -360 -199 -129 -128 -25
Once per month 486 493 75 378 356 140 632 548 319 204 201 37
Once per week 411 410 63 324 296 116 538 462 259 165 163 31
Once per day 294 291 44 227 209 79 381 328 182 117 117 22
Table 7.5 GH Forecaster 3 hr forecast errors [MW)]
Scenario A Scenario B Scenario C Scenario D
NZ NI Sl NZ NI Sl NZ NI Sl NZ NI Sl
Once per month -491 -491 =77 -388 -362 -135 -622 -543 -300 -198 -196 -39
Once per week -404 -399 -64 -307 -289 -115 -514 -441 -257 -167 -164 -32
Once per day -284 -281 -44 -222 -204 -80 -372 -318 -179 -117 -116 -22
Once per month 460 459 71 346 323 126 551 508 284 181 179 35
Once per week 370 369 59 293 269 106 481 416 241 156 155 29
Once per day 262 260 41 205 188 74 343 292 170 109 109 20

Table 7.6

GH Forecaster 2 hr forecast errors [MW)]
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Return period Scenario A Scenario B Scenario C Scenario D
NZ NI Sl NZ NI Sl NZ NI Sl NZ NI Sl
Once per month -904 -828 -425 -790 -639 -459 -1131 -945 -574 -568 -476 -415
Once per week -769 -734 -355 -667 -556 -375 -986 -822 -472 -466 -388 -352
Once per day -584 -553 -213 -495 -412 -236 -749 -621 -341 -323 -260 -208
Once per month 842 809 433 739 636 439 1070 896 509 557 462 433
Once per week 727 684 312 617 519 332 911 750 423 447 364 310
Once per day 525 491 200 447 368 216 658 545 303 303 241 196
Table 7.7 Combined 23 hr GH forecaster and load errors [MW]
Return period Scenario A Scenario B Scenario C Scenario D
NZ NI Sl Nz NI Sl Nz NI Sl Nz NI SI
Once per month -841 -783 -512 -745 -646 -540 -1039 -859 -610 -658 -570 -504
Once per week -720 -662 -371 -636 -524 -377 -885 -735 -474 -486 -394 -368
Once per day -524 -497 -199 -447 -375 -223 -659 -548 -319 -302 -242 -195
Once per month 768 707 400 665 549 415 911 768 500 524 414 390
Once per week 649 604 309 552 459 318 782 649 409 421 339 308
Once per day 475 442 191 400 332 205 571 477 290 290 223 187
Table 7.8 Combined 12 hr GH forecaster and load errors [MW]
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Return period Scenario A Scenario B Scenario C Scenario D
Nz NI Sl NZ NI Sl Nz NI Sl NZ NI Si
Once per month -769 -689 -478 -679 -560 -491 -907 -763 -555 -597 -505 -470
Once per week -631 -585 -328 -550 -466 -341 -767 -648 -414 -437 -360 -325
Once per day -450 -421 -178 -384 -323 -195 -564 -471 -281 -272 -216 -173
Once per month 709 643 399 628 510 407 858 716 487 521 410 403
Once per week 607 546 298 527 431 306 730 595 385 420 319 296
Once per day 423 387 179 363 300 193 516 429 266 277 212 175
Table 7.9 Combined 6 hr GH forecaster and load errors [MW]
Return period Scenario A Scenario B Scenario C Scenario D
Nz NI Sl NZ NI Sl Nz NI Sl NZ NI Sl
Once per month -653 -595 -419 -571 -486 -420 -771 -638 -468 -501 -427 -414
Once per week -528 -502 -279 -465 -395 -292 -645 -543 -367 -372 -298 -274
Once per day -369 -344 -158 -316 -267 -172 -460 -386 -243 -235 -188 -155
Once per month 612 538 336 521 434 342 725 596 415 426 347 332
Once per week 505 451 262 441 357 271 608 494 343 350 278 261
Once per day 362 328 160 313 256 173 439 362 237 245 188 156

Table 7.10

Combined 3 hr GH forecaster and load errors [MW]
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Return period Scenario A Scenario B Scenario C Scenario D
NZ NI Sl NZ NI Sl NZ NI Sl NZ NI Sl

Once per month -622 -589 -364 -572 -497 -356 -720 -635 -408 -528 -431 -365
Once per week -469 -448 -241 -411 -352 -252 -565 -488 -313 -336 -274 -240
Once per day -320 -301 -140 -274 -234 -150 -399 -336 -214 -204 -167 -137
Once per month 538 485 288 474 388 302 634 533 364 395 309 286
Once per week 448 412 234 390 327 241 538 451 306 326 261 234
Once per day 332 296 145 288 234 156 401 327 217 223 175 141

Table 7.11

Combined 2 hr GH forecaster and load errors [MW]
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Figure 5.3 South Island load forecast errors
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Figure 6.1 New Zealand composite wind and load 23hr forecast errors
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Figure 6.2 North Island composite wind and load 23hr forecast errors
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S| Combined forecast errors -23hr
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Figure 6.3 South Island composite wind and load 23hr forecast errors
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Figure 6.4 New Zealand composite wind and load 12hr forecast errors
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NI Combined forecast errors -12hr
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Figure 6.5 North Island composite wind and load 12hr forecast errors
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Figure 6.6 South Island composite wind and load 12hr forecast errors
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NZ Combined forecast errors -6hr
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Figure 6.7 New Zealand composite wind and load 6hr forecast errors
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Figure 6.8 North Island composite wind and load 6hr forecast errors
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Figure 6.9 South Island composite wind and load 6hr forecast errors
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Figure 6.10 New Zealand composite wind and load 3hr forecast errors
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NI Combined forecast errors -3hr
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Figure 6.11 North Island composite wind and load 3hr forecast errors
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Figure 6.12 South Island composite wind and load 3hr forecast errors
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Figure 6.13 New Zealand composite wind and load 2hr forecast errors
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Figure 6.14 North Island composite wind and load 2hr forecast errors
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Figure 6.15 South Island composite wind and load 2hr forecast errors
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Figure 7.2 GH Forecaster New Zealand 23 hr forecast errors
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NI Forecast errors -23hr
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Figure 7.3 GH Forecaster North Island 23 hr forecast errors
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Figure 7.4 GH Forecaster South Island 23 hr forecast errors
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Figure 7.5 GH Forecaster New Zealand 12 hr forecast errors
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Figure 7.6 GH Forecaster North Island 12 hr forecast errors
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Figure 7.7 GH Forecaster South Island 12 hr forecast errors
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Figure 7.8 GH Forecaster New Zealand 6 hr forecast errors
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Figure 7.9 GH Forecaster North Island 6 hr forecast errors
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Figure 7.10 GH Forecaster South Island 6 hr forecast errors
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Figure 7.11 GH Forecaster New Zealand 3 hr forecast errors
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Figure 7.12 GH Forecaster North Island 3 hr forecast errors

Page 104 of 114



Garrad Hassan Pacific Ltd Document: 2479/PR/02 Issue: F FINAL

Sl Forecast errors -3hr

10° - ‘ ‘ ‘ ‘ -
F Scenario A |]
i Scenario B ]
L Scenario C |/

- Scenario D
107 £
Onee per day - - - Fe== e

Probability
(=Y
On

Oneeperweek - - - - - - - F - - - oot oo
10° ]
Onee'permonth- - - - - - - - - -1
10‘4 | | | | | | |
-400 -300 -200 -100 0 100 200 300 400
Forecast error [MW]
Figure 7.13 GH Forecaster South Island 3 hr forecast errors
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Figure 7.14 GH Forecaster New Zealand 2 hr forecast errors
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Figure 7.15 GH Forecaster North Island 2 hr forecast errors
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Figure 7.16 GH Forecaster South Island 2 hr forecast errors
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Figure 7.17 Composite GH Forecaster and load New Zealand 23 hr forecast errors
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Figure 7.18 Composite GH Forecaster and load North Island 23 hr forecast errors
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Figure 7.19 Composite GH Forecaster and load South Island 23 hr forecast errors
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Figure 7.20 Composite GH Forecaster and load New Zealand 12 hr forecast errors
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Figure 7.21 Composite GH Forecaster and load North Island 12 hr forecast errors
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Figure 7.22 Composite GH Forecaster and load South Island 12 hr forecast errors
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Figure 7.23 Composite GH Forecaster and load New Zealand 6 hr forecast errors
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Figure 7.24 Composite GH Forecaster and load North Island 6 hr forecast errors
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Figure 7.25 Composite GH Forecaster and load South Island 6 hr forecast errors
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Figure 7.26 Composite GH Forecaster and load New Zealand 3 hr forecast errors
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Figure 7.27 Composite GH Forecaster and load North Island 3 hr forecast errors
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Composite GH Forecaster and load South Island 3 hr forecast errors
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Figure 7.29 Composite GH Forecaster and load New Zealand 2 hr forecast errors
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Figure 7.30 Composite GH Forecaster and load North Island 2 hr forecast errors
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Figure 7.31 Composite GH Forecaster and load South Island 2 hr forecast errors
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