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Abstract 

The New Zealand Government has a goal of a 100% renewable electricity system by 2035. Wind 

generation is expected to play a major role in achieving this target. However, there is limited public 

data on potential wind generation at possible wind farm sites. We use the Renewables.ninja model 

to simulate wind output at 44 wind farm sites in New Zealand over a 20 year period. We make our 

data publicly available, and use them to analyse New Zealand’s wind resources.  

We find the long-run average capacity factors over all sites is 40%. It is lowest in autumn (around 

35%) and highest in spring (around 45%). Output is similar across all demand percentiles with little 

correlation between wind output and demand. A small positive correlation exists between wind output 

and daily inflows into hydro storage dams. A more significant positive correlation exists between 

wind output and inflows in the period leading up to winter (when lake levels are typically lowest), 

implying that wind cannot help energy shortfall during dry years. Finally, we explore how much wind 

capacity must be installed to give a 100% renewable electricity system, and the trade-offs between 

energy storage and spilling wind for achieving this target.  

Keywords: New Zealand Electricity market; Reanalysis simulation; Wind generation; 100% 

renewable electricity grid; wind resources; hydro wind correlations 

Highlights: 

 First open simulation of wind power in New Zealand’s electricity market. 

 The current and proposed future wind fleets have long-run capacity factors of 40±2%. 

 On average, wind provides an equal contribution at times of high and low demand. 

 Wind has a positive correlation with hydro inflows, implying no help against dry years. 

 100% renewable electricity is viable with the proposed wind farms and 7-day storage. 
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1 Introduction 1 

The New Zealand government recently passed a bill formalising its intention to have net zero carbon 2 

emissions by 2050 (Ministry for the Environment, 2019)1. Currently the government has a target of 3 

100% renewable electricity generation by 2035 (Evans, 2019). Several studies have been 4 

commissioned by the government to examine how these targets could be achieved (Interim Climate 5 

Change Committee, 2019; New Zealand Productivity Commission, 2018; Steveson et al., 2018; 6 

Transpower, 2018; Concept, Motu and Vivid, 2018a and 2018b). Whilst these scenarios differ in the 7 

details, all envisage zero or near zero emissions from the electricity sector with transport and other 8 

energy uses moving away from fossil fuels to electricity. There are also substantial land use changes 9 

with less dairy and more forestry. 10 

The Sapere Research Group’s 2050 scenario sees current electricity emissions of 4-5 MtCO2-e per 11 

annum reduced to a lower limit of 2 MtCO2-e (Stevenson et al., 2018). Electricity generation from 12 

renewables increases from 85% to 90-98%; however, all the scenarios retain some thermal 13 

generation for peaking. Demand is expected to increase by around 45% and so renewable electricity 14 

production must grow to meet this while also replacing existing fossil fuel generation, meaning large 15 

increases in wind, geothermal and solar. All the scenarios envisage a significant expansion in wind 16 

generation to between 20-40% of electricity supply. This translates to an extra 4-10 GW of wind 17 

capacity – up from 0.7 GW currently. The Interim Climate Change Committee (2019) look at 18 

achieving the 100% target earlier - by 2035 with 3.4 GW of installed wind capacity delivering 19% of 19 

electricity. Transpower (2018) in their Energy Futures scenario also anticipate significant growth for 20 

wind, providing 20% of energy supply by 2050. 21 

Clearly wind will play a major part in New Zealand’s transition to a 100% renewable energy system. 22 

To date it has been difficult to model the impact of large-scale wind deployment on the electricity 23 

market as there is very little public data on wind resources at sites likely to be used for wind farms. 24 

The data collected by the vertically integrated “Gentailers” is not released publicly on grounds of 25 

commercial confidentiality.  26 

Although demand has been flat in New Zealand over the last decade, several potential wind farm 27 

sites have been identified by the generation companies over the last decade. Many of these have 28 

government consents to proceed to development. As wind turbine costs continue to fall, wind 29 

generation is becoming increasingly competitive with geothermal and new thermal generation. Apart 30 

from one new gas peaker, all new generation built in the last decade has been either wind or 31 

geothermal.  32 

This paper aims to create the first simulated wind data set for all existing and proposed wind farm 33 

sites in New Zealand over a 20-year time period (1997-2016) to understand the country’s current 34 

and future wind resources. We employ a reanalysis approach to simulate wind power production 35 

using the Renewables.ninja model (Pfenninger and Staffell, 2016). We analyse these data 36 

                                                

1 As it stands the bill includes all greenhouse gases apart from Methane in the net zero emissions target. 
Methane which accounts for about 35% of total CO2e emissions is treated separately with a specific target 
range of 27% to 47% reduction in emissions by 2050. 
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statistically to understand the potential of wind to contribute to a 100% renewable electricity system. 37 

We also use existing data sets for demand, hydro inflows and storage levels, to investigate the role 38 

that wind could play in such a system.  39 

The twenty years of data we present is a significant improvement on the publicly available data to 40 

date. We find that New Zealand has very good wind resources with an overall capacity factor of 41 

40±2%, with significant monthly and annual variation over the 20 years we study.  We find a positive 42 

correlation between wind output and water inflows to hydro dams in the important months leading 43 

up to winter. This means that wind, to some extent, exacerbates the “dry year” problem for the New 44 

Zealand electricity system. We find little correlation between electricity demand and wind, with wind 45 

output giving equal contributions at times of high and low demand.  Finally, we find that close to 46 

100% renewable electricity is viable with the proposed wind farms and existing hydro as a battery to 47 

smooth wind output over a 7-day time frame.  48 

Section 2 begins with background on New Zealand’s electricity system and previous studies that 49 

model its wind resources. Section 3 describes our methods and validates the model. In section 4 50 

we present the results and draw conclusions in the last section. The data from this study are made 51 

publicly available for other researchers to use, which we hope will improve energy modelling for 52 

further contributions to the discussion on how New Zealand can move to zero-carbon. 53 

2 Background 54 

The current New Zealand electricity supply (Figure 1) is dominated by hydroelectric, which averaged 55 

59% share of generation between 2013 and 2017. There is also substantial geothermal (New 56 

Zealand Electricity Authority, 2019) which contributed a further 17% during the same time period. 57 

Wind generation is currently only 5% of the total; however, as this paper will show, there is potential 58 

for wind to contribute substantially more. It can also be seen from Figure 1 that the output of hydro 59 

fluctuates significantly depending on inflows and demand. In the absence of inflows, the hydro lakes 60 

only hold enough water for about 8 weeks of average generation. We investigate below the 61 

interactions between demand, inflows and potential wind generation. 62 

 63 
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Figure 1: New Zealand’s electricity generation mix over the last two decades.  Wind includes grid-connected 64 

farms only and excludes embedded generators. 65 

Figure 2 illustrates the capacity mix. Although recent years has seen some retirement of thermal 66 

plants there is still a substantial amount of thermal generation. Wind generation has only recently 67 

appeared, with geothermal capacity steadily increasing. Note also the amount of must-run capacity 68 

which typically bids into the market at a price of zero, and includes all geothermal, run-of-river hydro 69 

and minimum required generation from hydro dams. 70 

 71 

Figure 2: New Zealand’s installed capacity mix over the last two decades, highlighting the amount of must-72 

run generation.  Co-generation plants are included with gas. Wind capacity is grid-connected only and 73 

excludes embedded generators.  74 

The New Zealand Electricity Market is an “Energy Only” spot market with nodal pricing and no 75 

separate capacity market. Unusually there is no price cap set by the market operator. The market 76 

stands alone with no interconnectors to its nearest neighbour of Australia. The electricity market in 77 

Australia has a similar Energy Only market design. Many studies, for example (Elliston et. al, 2013), 78 

suggest that the best route for 100% renewable Australian market is to rely heavily on wind 79 

generation, as we propose here for the NZ market.  80 

Brazil is another comparable electricity system. Similar to New Zealand, Brazil already has significant 81 

renewable generation, much of it hydro generation susceptible to dry year conditions. However, in 82 

contrast to New Zealand, the Brazilian electricity market is heavily regulated with a capacity market 83 

(Dutra and Menezes, 2015). Recent studies aiming for a 100% renewable system (Schmidt et. al, 84 

2016; Dranka and Ferreira, 2018) consider high wind penetration as a means of achieving 100% 85 

renewable generation and find similar issues to the ones we report here with important correlations 86 

between demand, wind and hydro inflows influencing the outcomes.  87 

Lack of available data is a barrier to studying the role of wind power in New Zealand. The 88 

government’s National Institute of Water and Atmospheric research (NIWA) collects wind speed data 89 

at 60 sites around New Zealand. However, the sites are generally low lying and some distance from 90 

potential wind farm sites. NIWA (2009) produced a synthetic wind data set using a reanalysis model 91 

validated against masthead data supplied by generators confidentially (Turner, 2011). The simulated 92 

data include wind speeds at 15 actual or potential wind farm sites spread around New Zealand, 93 
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measured in 10-minute intervals. However, the location of the sites used to generate the data were 94 

confidential except for the general region. The data are also limited in duration, covering 2003-2008. 95 

NIWA (2009) also produced a more specific data set over two-year period 2006-2008 which uses 96 

actual recorded wind speeds, however the data is scrambled by renormalizing (multiplying each site 97 

data by a constant factor) to disguise the actual sites. 98 

This paper uses reanalysis techniques to simulate wind power production from 1997-2016 in New 99 

Zealand. In recent years, reanalysis datasets have begun to be used for simulating wind power 100 

production (Turner, 2011; Kubik, 2013; Becker et al., 2014; Olauson and Bergkvist, 2015; Staffell 101 

and Pfenninger, 2016; Victoria, 2018).  Reanalysis combines a system for assimilating historic 102 

weather observations with an atmospheric circulation model to infer the state of the global weather 103 

system.  The model is set to replicate historic observations from satellites, ground observatories, 104 

ships and aircraft, producing a hindcast of estimated weather parameters on a regular grid, spanning 105 

several decades.   106 

Several global reanalysis products are available from NASA (MERRA2), NCEP (CFSR, CFSv2) and 107 

NOAA (20CRv2) in the United States, the ECMWF in Europe (ERA-Interim, ERA-5), and the JMA 108 

(JRA55) in Japan.  Of these, NASA’s MERRA is most widely used for wind power simulation due to 109 

it providing wind speeds at 50 m above ground (compared to 10 m in most other products), and 110 

having 1-hourly resolution (as opposed to 3 or 6-hourly). Several studies (i.e. those listed above) 111 

have validated the technique for individual countries in Europe.  Others have simulated outputs for 112 

the US (Gunturu and Schlosser, 2012; Becker et al., 2014), Australia (Hallgren et al., 2014; Wang et 113 

al., 2018), and New Zealand (Turner et al., 2011) for example – but without any form of validation. 114 

In the New Zealand context McQueen and Wood (2019) use a similar global reanalysis approach 115 

with ECMWF data to simulate wind output for seven months during 1998 for several proposed wind 116 

farm sites. They present scenarios to investigate the benefits of diverse site selection; however, their 117 

data is not suitable to investigate longer term interactions with hydrology, demand and prices which 118 

we consider here. 119 

Several studies have investigated wind resources in New Zealand and correlations between wind 120 

sites as well as correlations between wind output and hydro inflows or lake levels. Suomalainen et 121 

al. (2015) use the NIWA data set to investigate the spatial and temporal correlations of wind and 122 

hydro resources, together with electricity demand and prices. They find a weak negative correlation 123 

between demand and wind output, and that wind farm sites in the far south of the South Island are 124 

negatively correlated with hydro storage levels during critical months. Whilst an excellent analysis, 125 

the study suffers from the limitations of the NIWA data set discussed above, with only five years of 126 

wind data it is hard to reach strong conclusions about the interaction of wind and hydrology.  127 

 128 

Strbac et al. (2008) investigated the costs of large-scale wind integration in the New Zealand System. 129 

The data they used was over a two-year period from 15 existing or proposed sites of the Meridian 130 

energy company. They found that up to 20% penetration by energy could be accommodated 131 

comfortably. The short period of two years of wind data and the restriction to sites of only one firm 132 

are clear limitations of the report. In all the above studies, the underlying wind data has not been 133 

publicly released, making further study difficult. 134 
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Bull (2010) in a report for the New Zealand Electricity Commission (NZEC) investigates the 135 

interaction between hydro inflows and potential wind generation. Daily average wind data for 15 sites 136 

between the years 1990-2008 were provided by one of the generation companies (Meridian), but 137 

were normalised for anonymity so that the mean at each site is 8m/s. Although the author claimed 138 

this would not significantly affect the results, it would clearly be an advantage to have the unscaled 139 

data from the Meridian sites as well as more extensive data from other potential sites. The study 140 

finds wind output is seasonal with output typically high in October – January and low from April – 141 

July as well as a moderate correlation between wind output and hydro inflows. 142 

An earlier study (Branson, 2008), based on 3-hourly wind speed data for 1990–2008 from four 143 

weather stations, looks at correlations between lake levels and wind speed. The wind data again 144 

come from NIWA observations at sites which are not potential wind farms, and potential wind 145 

generation is not calculated. The use of lake level data has the disadvantage that it is influenced by 146 

dispatch decisions. The study finds some complementarity between wind speeds and lake levels.  147 

Modelling the market impact of large amounts of wind is hampered by the data issues described 148 

above.  The only study to do so is Browne, Poletti and Young (2015), which uses the NIWA data to 149 

model the long run price dynamics for large amounts of wind in the New Zealand market.  The study 150 

does not include lake level dynamics and is limited to a market simulation for one year only. They 151 

find, even with large amounts of wind, average market prices do not change, although they are much 152 

more volatile.  153 

Mason et al. (2010) suggest several scenarios which would deliver a 100% renewable electricity 154 

system in New Zealand. They envisage large amounts of wind (20-25% of generation) as part of the 155 

mix which also includes more geothermal and biofuel peakers. They model hydro dispatch which 156 

ramps up or down as wind output changes. Most of their scenarios see lake hydro storage levels 157 

falling to close to zero at times, unless dramatic amounts of wind generation is built, resulting in 158 

commensurate large wind spill at times. They model wind by scaling up historical output for the 159 

existing sites in the study period of 2003-2005. There were only two wind farms operating during this 160 

period, and so the study will underestimate the smoothing effect of having greater geographic 161 

diversity.  So again better quality wind data would improve studies such as this one. 162 

To sum up, there seems some evidence that New Zealand’s wind output is seasonal, and is 163 

correlated negatively with wind output and at least moderately with inflows or hydro lake levels. 164 

Although one study (Suomalainen et al., 2015) finds a negative correlation between some sites and 165 

hydro lake levels. However, no previous studies have performed a long-term analysis (spanning 166 

several decades) using wind speeds at the sites of current and potential farms (as opposed to 167 

weather masts). This contrasts with other world regions, such as Europe, where past work has 168 

shown the complementarity of different renewable resources (wind, solar and hydro) over long 169 

timescales (Heide, 2010; Canales, 2020). The short time scale of previous studies in New Zealand 170 

makes it hard to draw firm conclusions about the interaction of hydrology and wind farm output.  171 

This paper creates the first simulated wind data set for all existing and proposed wind farm sites in 172 

New Zealand over a 20-year time period (1997-2016) to understand the country’s current and future 173 

wind resources. We employ a reanalysis approach to simulate wind power production using the 174 

Renewables.ninja model (Pfenninger and Staffell, 2016). Having established the data set, we 175 

analyse it statistically to understand the potential of wind to contribute to a 100% renewable electricity 176 
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system. We also use existing data sets for demand, hydro inflows and storage levels, to investigate 177 

the role that wind could play in such a system.  178 

The twenty years of data we present is a significant improvement on the publicly available data to 179 

date. We find that New Zealand has very good wind resources with overall capacity factor of 40±2%, 180 

with significant monthly and annual variation over the 20 years we study.  We find a positive 181 

correlation between wind output and water inflows to hydro dams in the important months leading 182 

up to winter. This means that wind, to some extent, exacerbates the “dry year” problem of the New 183 

Zealand electricity system. We find a weak correlation between demand and wind, with wind output 184 

giving equal contributions at times of high and low demand. Finally, we find that close to 100% 185 

renewable electricity is viable with the proposed wind farms and existing hydro as a battery to smooth 186 

wind output over a 7-day time frame. 187 

3 Methods 188 

The method used to generate the simulated wind data is described below. We also use existing data 189 

sets to analyse the relationships between wind output, demand, and hydrology. Demand data was 190 

downloaded from the electricity authority’s EMI website, available from 1996 onwards (EMI, 2019a). 191 

Lake storage and hydro inflow data can also be found there, however the data that we use here has 192 

been converted to GWh storage for lake levels and GWh/day for inflows. This takes into account that 193 

water will be used to generate at all downstream dams along a river system. The data in this form 194 

was kindly supplied by NZX Energy. It can also be reconstructed from the EMI data using the 195 

supplied conversion factors (EMI, 2019b). 196 

3.1 Historic wind data 197 

Historic output data were collected from the 9 wind farms covered by the ‘Generation MD’ tables 198 

published by Electricity Authority listed in Table 1 (EMI, 2019c).  The total period covered was from 199 

August 2004 to December 2016, although only a single farm was operating until 2009.  The data 200 

from most farms contained a commissioning period where output grew steadily over the course of 201 

several months as individual turbines were brought online.  These periods were removed for the 202 

purposes of validation. 203 

Table 1: Details of the wind farms giving actual historic data. 204 

 Name 
Started 

Reporting 
Built 

Capacity 
(MW) 

Model 
Height  

(m) 
Mean CF* Max CF** 

A Te Apiti Aug-2004 2004 90.75 Vestas V66 1650 70 38.7% 96.9% 

B Te Uku Mar-2011 2011 64.4 Siemens SWT 93 2300 80 38.1% 95.9% 

C White Hill Jan-2009 2007 58 Vestas V80 2000 67 34.9% 95.0% 

D West Wind Oct-2009 2009 142.6 Siemens SWT 93 2300 67 41.0% 92.0% 

E Tararua 1+2 Jan-2009 1999 / 2004 67.98 Vestas V47 660 50 41.5% 99.6% 

F Tararua 3 Jul-2007 2007 93 Vestas V90 3000 65 39.2% 97.0% 

G Te Rere Hau Jul-2011 
2006 / 2009 / 

2011 
48.5 

Windmaster WM43 
750 

45*** 27.2% 92.5% 

H Te Uku embedded 2011 64.4 Siemens SWT-2.3-93 80 40% 98.3% 
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* Capacity factor (CF) excludes commissioning period, but includes downtime 205 

** maximum CF taken to be the 99.9th percentile, to exclude spikes above 100%, presumably due to data 206 

collection and dissemination errors 207 

*** estimated based on the turbine model in other countries 208 

 209 

Three problems exist with using historic metered data, which necessitates the use of simulations.  210 

Firstly, some of New Zealand’s smallest wind farms do not report their output to the operator, so the 211 

diversity of the national fleet is under-represented.  The data in Table 1 covers 630 of 690 MW total 212 

installed capacity, but only 8 of the 20 farms.  Secondly, the individual farm time series’ are relatively 213 

short and of varying length, making a consistent analysis difficult.  The output of the most recent 214 

wind farms to come online was only available for three years (up to 2017), which is insufficient to 215 

analyse the long-term inter-annual variability that could be expected (Collins, 2018).  Thirdly, historic 216 

data cannot provide a view on the output of proposed wind farms in other parts of the country.  217 

3.2 Existing, proposed and possible wind farms 218 

New Zealand’s wind fleet is expected to expand dramatically based on wind farms in the planning 219 

pipeline.  Several projects have gained resource consent but not yet taken the final investment 220 

decision, including large farms at Castle Hill, Central Wind, Kaiwera Downs and Maungaharuru; 221 

which together total 1,342 MW of capacity (approximately double the current installed capacity). To 222 

investigate the impact of these wind farms on New Zealand’s power sector, we simulate the output 223 

of “Existing”, ”Proposed” and “Possible” wind fleet using reanalysis data. 224 

One of the things we are interested in is the impact on some of the indicative statistics of adding 225 

more wind to the mix. We define the Existing wind fleet as current plus near term builds as listed on 226 

the New Zealand Wind Association (2019) website. These are listed in Appendix A and amount to 227 

2015 MW.  The Proposed wind fleet includes individual projects that were in the planning process or 228 

have received government approval but not yet been constructed. Some developers have (as of 229 

2019) exited from their plans to build these farms, but the option still exists to recommence activity. 230 

The proposed wind fleet is an additional 2268 MW of capacity. Finally, we define the “Possible” wind 231 

fleet to include potential sites which have been investigated, which would add an extra 1242 MW to 232 

the mix. We used the data listed on the New Zealand Wind Energy Association (2019) website except 233 

for one “Possible site” in the far North selected by the authors to extend the geographical coverage 234 

of the country. This gave a total of 44 wind farms with total capacity of 5525 MW, listed in Table A1 235 

in Appendix A. 236 

  237 

3.3 Wind power simulation 238 

The Virtual Wind Farm (VWF) model was used for this study (Staffell and Green, 2014), which is 239 

part of the Renewables.ninja platform described in (Pfenninger and Staffell, 2016).  This was chosen 240 

as it provides simple and open access to multiple decades of wind speed data with hourly resolution 241 

and global coverage.  The model uses hourly wind speed data from NASA’s MERRA-2 reanalysis 242 

(Molod et al., 2015), and converts these to estimated power output using the known relationship 243 

between speed and output (known as the power curve) for individual wind turbine models.   244 
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Several comparable models exist in the literature, such as (Canon, 2015), REAtlas (Andresen, 245 

2015), EMHIRES (Aparicio, 2016), GRETA (McPherson, 2017) or windpowerlib (Haas, 2019).  The 246 

Renewables.ninja model should arguably offer the most accurate simulations outside of specialist 247 

consultancies as it has been validated against measured output data from electricity system 248 

operators in several countries, and its methods of processing wind speeds into power outputs were 249 

independently shown to provide more similarity to historic data than other datasets available with 250 

open licenses (Moares, 2018). 251 

The methods applied in the Renewables.ninja model are detailed in (Staffell and Green, 2014), and 252 

can be summarised as follows: 253 

(a) wind speeds were acquired at 2, 10 and 50 metres above ground on MERRA’s rectangular 254 

grid of points spaced every 0.5° latitude and 0.625° longitude; 255 

(b) speeds are interpolated to the specific geographic coordinates of each wind farm using Akima 256 

spline regression; 257 

(c) localised speeds are extrapolated to the hub height of the each site’s turbines using the 258 

logarithm profile law with time- and site-specific values for the friction velocity and roughness 259 

length taken from MERRA-2; 260 

(d) To match the half-hourly resolution of the electricity market, speeds are up-sampled from 261 

hourly resolution using cubic spline interpolation;  262 

(e) power outputs are generated using manufacturers’ power curves, processed using a 263 

Gaussian smoothing kernel to represent turbulence intensity and the heterogeneity of wind 264 

speeds between individual turbines of a farm and across each half-hour period, as described 265 

in (Staffell and Pfenninger, 2016) and (Saint-Drenan et al., 2020).   266 

The model applies a bias correction factor to remove the systematic error between simulated 267 

capacity factors and actual measurements. This is used to adjust the wind speeds given in MERRA 268 

to the levels actually experienced at the wind turbines.  The MERRA speeds are informed by 269 

meteorological masts, which are often cited close to airports and population centres, which have 270 

very different characteristics to wind farm locations.  They are also representative of flat, smooth 271 

terrain, and do not account for the local environment surrounding each wind farm.  Nearby features 272 

such as hills and valleys, trees and neighbouring wind turbines will increase or decrease the wind 273 

speeds at the turbine blades, and are not captured within MERRA (Molod et al., 2015).   274 

Calibration factors were therefore determined for each farm to bring simulated capacity factors in 275 

line with historic observations.  The raw ‘open-plane’ wind speeds from MERRA yield long-run 276 

average capacity factors of 27 ± 5%, compared to the 37 ± 5% averages reported in Table 1.  The 277 

average scale factor for New Zealand was therefore 1.40, with individual farms ranging from 1.22 to 278 

1.60.  The national average lies inside previous experience of calibrating MERRA over Europe 279 

(Staffell and Pfenninger, 2016), where national scale factors range from 0.6–0.7 in Germany and the 280 

UK up to 1.3–1.5 in Spain, Portugal and Romania.  The spread between scale factors for individual 281 

farms in New Zealand (±14%) is similar to the ±19% reported for the UK in Staffell and Green (2014).  282 

The national average was applied to the 12 smaller farms that have no historic output data, to give 283 

a best estimate of what capacity factor they would operate at.  When taken individually, these 284 

‘uncalibrated’ farms could be individually too high or too low, but when summed together as a group, 285 

they could be expected to converge towards the correct value. 286 
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It has been argued that science must be open and transparent, especially in the case of societally-287 

relevant work on the energy sector (Pfenninger, 2017).  In this spirit, the code for the Virtual Wind 288 

Farm model is available to download as open source, along with the simulations created for this 289 

research (Renewables.ninja, 2019). 290 

3.4 Validation 291 

The VWF simulation was validated against the actuals data from EMI for the period of Jan-2010 to 292 

Jan-2016, when between two and seven farms were operating.  The outputs from individual farms 293 

were summed together to give an estimate of the national total wind output (from metered farms). 294 

Figure 3 provides a selection of validation statistics. 295 

We find that the quality of the simulation is lower than for the countries of Europe in Staffell and 296 

Pfenninger (2016), with a correlation of R² = 0.66, compared with 0.82 for Spain and 0.97 for 297 

Germany.  The half-hourly capacity factors from this New Zealand simulation have a root mean 298 

squared error (RMSE) of 13.9%, compared with between 6.4% and 3.3% for European countries.   299 

The lower quality of the national simulation could be in part because New Zealand has a smaller 300 

wind capacity and fewer farms, so there is less opportunity for a large number of simulations to 301 

cancel out the random errors. The quality of individual wind farm simulations was lower than that of 302 

the aggregated total, ranging from R² = 0.44 to 0.60.  The individual simulations are not used in this 303 

study, so the (more representative) aggregate is the relevant metric.  304 

Another theory is that air flow across mountainous terrain (such as in New Zealand) is more difficult 305 

to accurately capture within reanalysis models. A third theory is that New Zealand hosts fewer 306 

meteorological stations and is covered by fewer observation satellites which feed data into the 307 

MERRA assimilation system. The underlying weather model would therefore have a poorer 308 

understanding of conditions in the country, and give worse estimates of the state of its weather 309 

system. The fact that New Zealand features no observations in meteorological intercomparison 310 

studies (e.g. Ramon, 2019) lends evidence to this.  311 

The analysis presented in this study focuses on the long-term trends, such as seasonal and inter-312 

annual variation in wind output.  As seen in Figure 4, these are captured with greater accuracy than 313 

the 30-minute resolution outputs, and so while the simulation is imperfect, it is appropriate for the 314 

aims of this study.  315 

 316 
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(a) Half-hourly time-series: 

 

(b) Correlation: 

 

(c) Duration curve: 

 

Figure 3: Comparison of the simulated and actual half-hourly capacity factors in New Zealand, showing:  317 

(a) The time-series for three months of 2015; (b) the correlation over the period 2010–15, where shaded 318 

areas represent the distribution of percentiles around the median; (c) the output-duration curves, showing the 319 

capacity factors ordered from largest to smallest.  320 

New Zealand’s wind farms have historically operated with less than 19% capacity for one quarter of 321 

the time and more than 57% for a quarter of the time.  The model slightly under-estimates this range, 322 

giving these percentiles as 18% and 53% respectively.  The change in CF from hour to hour is 323 

normally distributed with a standard deviation of 3.8 percentage points of capacity factor, which is 324 

much higher than seen in European countries (e.g. 1.8% in Germany, 1.7% in Spain) due to New 325 

Zealand’s small size compared to weather systems (Grams, 2017).  The model accurately captures 326 

these short-term changes, giving a standard deviation in the hourly change in capacity factors of 3.5 327 

percentage points.  The model under-estimates the longer-term variability, giving a standard 328 

deviation of 6.7%, versus 8.7% observed in the data over four-hour periods. 329 

Figures 4 and 5 present additional analysis to help understand the sources of the simulation error.  330 

There is some random error in the monthly average capacity factors, and the diurnal trend reveals a 331 

day/night bias, where the model expects capacity factors to be significantly lower during night-time 332 

hours, whereas in fact they are not. 333 
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 334 

Figure 4: Monthly averaged capacity factors from historic market data and the simulation, along with the 335 

evolution of installed wind capacity.   336 

 337 

  

Figure 5: Analysis of the diurnal profile for simulated and actual capacity factors in New Zealand, showing 338 

the averages across each hour of the day during each season. 339 

 340 

3.5 Simulating 100% renewable electricity dispatch 341 

One aim of this paper is to explore whether it is technically possible to meet demand from the existing 342 

renewable generation and new wind farms. As a first pass we see if the current grid mix applied to 343 

historic years can give such a system when we include new wind build. If we used historic generation 344 

data, this would consider a grid with 260 MW of geothermal (compared to current capacity of 900 345 

MW) which is not representative of what could be expected in the near future. We therefore assume 346 

that hydro and geothermal generation follows historical dispatch in terms of hourly capacity factors, 347 
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where we impose the current geothermal capacity using historical capacity factors. This allows us to 348 

stimulate how the current grid would perform under different weather years, as demonstrated in 349 

(Staffell, 2018) for Great Britain.  350 

We consider several re-dispatch scenarios. The first assumes daily re-dispatch which could be 351 

achieved by ramping hydro generation up or down over the course of a day as wind output changes. 352 

The second re-dispatch is weekly, where we assume that hydro energy output over the week doesn’t 353 

change but hourly hydro ramps up and ramps down in response to changing wind. Thermal 354 

generation would only be needed if the wind energy imbalance for the week is negative. The weekly 355 

energy imbalance is defined as the difference between renewable output and demand for the week.  356 

We also consider the yearly imbalance where we assume that excess energy generated in one part 357 

of the year can be stored till later in the year when there is a negative energy balance. This would 358 

require large inter-seasonal energy storage solutions such as hydrogen stored in old natural gas 359 

wells (Staffell, 2019), or pumped hydro to achieve seasonal or multi-year re-dispatch (Interim Climate 360 

Change Committee, 2019). Finally we consider perfect re-dispatch so any excess wind generation 361 

can be stored and used at any time over the entire 12 year period. This is not conceivable with 362 

current technology, but is considered as a hypothetical best-case example.  363 

We conduct the analysis from 2005-2016 because demand is fairly flat and the grid mix is similar to 364 

the present, with one exception which is an increase in geothermal capacity. We are interested in 365 

the potential renewable share going forward from the current year so we impose the current grid mix 366 

retrospectively, with exception of wind generation which we exclude (to avoid double counting).  We 367 

then consider what happens as we add back in increasing amounts of wind – up to 5525 MW in total, 368 

including the existing, proposed and possible wind farm sites. 369 

4 Results 370 

Having described and validated the wind simulations we now turn to analysing the output. Our aim 371 

is to see how well the intermittent wind generation compliments existing patterns of demand and 372 

hydrology before analysing the potential contribution wind can make to a 100% renewable electricity 373 

system. We begin with indicative statistics to describe New Zealand’s wind generation resources. In 374 

the following analysis we are interested in two scenarios. One is the plausible build-out in the next 375 

decade or so and then the following. As discussed above we split the simulated wind data into the 376 

current and ones in our view are closest to being built (see the wind farm data in Appendix A). We 377 

dub this the “Existing” fleet which is about 2.1 GW. Wind farms which are consented but less likely 378 

to be built in the near future we refer to as “Proposed” wind farms which total another 2.3 GW. Finally 379 

in the section on 100% renewable scenarios we consider an even larger amount of wind and include 380 

a further 1.3GW of “Possible” wind farm capacity (see the wind farm data in Appendix A).  381 

4.1 New Zealand’s wind resources 382 

As discussed above New Zealand has good wind resources which this analysis confirms. Over the 383 

20 years of the study the national average capacity factor over all existing and proposed wind farms 384 

is 40%. This is high by international standards – for example across Europe in 2018 the average 385 
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capacity factor was 24% (Wind Europe, 2019). There is considerable monthly and annual variation 386 

around the mean. Over the 20 years of simulated data annual output varies between a low of 37% 387 

to a high of 45% with a standard deviation of around 2%. Confirming previous studies, spring is the 388 

windiest period with an average capacity factor from September to November of 45% whilst late 389 

summer and early autumn is the least windy period with the average capacity factor of 35% through 390 

February to April2.  391 

The site data is also interesting with significant variation. The proposed Titiokura 225MW wind farm 392 

on the east of the North Island in the Hawke’s Bay is the worst performer with an average capacity 393 

factor of only 26%. The best performing site, according to our simulated data, is the proposed 394 

Puketiro wind farm near Wellington at the bottom of the North Island. Figure 7 illustrates the variation 395 

between sites graphically. It is well known that the bottom of the North Island near Wellington (known 396 

as the windy city) has good wind resources; however, our data also shows good capacity factors 397 

further north including sites near the top of the North Island.  398 

 399 

Figure 7: Map of capacity factors.  Each circle represents a wind farm, with size proportional to capacity, and 400 

colour indicating capacity factor. 401 

Whilst it may be tempting to concentrate wind power at the best performing sites there is also an 402 

argument in favour of geographical diversity to even out the output of the wind farms and to minimise 403 

the amount of time with very little generation which could put significant stress on the grid with high 404 

wind penetration. Clearly adding new wind farms lowers the extremes (Figure 6). For example with 405 

the existing fleet there are 60 hours a year with a capacity factor less than 4%, for the entire fleet 406 

                                                

2 For more details see Appendix B especially figure B.1 for annual and monthly capacity factors and Figure 
B.2 for regional capacity factors. 
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this reduces to just 15 hours. Adding new wind farms also reduces the fraction of the time with 407 

extremely high capacity factors, potentially reducing stress on the grid due to high wind events. 408 

 409 

Figure 6: Analysis of extremes in wind output, showing the number of hours per year that capacity factors lie 410 

above or below set values. 411 

4.2 Wind and demand 412 

Whilst the broad data presented above gives an initial insight into the potential strength of New 413 

Zealand’s wind resources, there are other important factors to explore. The first, which we consider 414 

in this section is the relationship of wind output to demand. Clearly in an ideal world wind output 415 

would be strongly correlated with demand. Over the 20-year period of our simulations there is a 416 

secular trend of increasing demand up to about 2005, after which demand plateaus. A casual 417 

inspection of the data does not reveal any strong correlation of demand and wind output (see 418 

Appendix B for more details), which the correlation data in Figure 7 confirms. The mean Pearson R 419 

correlation between demand and wind farm output is 0.027 with the first and third quartile at 0.011 420 

and 0.040 – clearly showing no significant correlation. Examining the regional correlations it can be 421 

seen that this is the case pretty much across the whole country, with the possible exception of the 422 

upper half of the North Island where the sites are positively correlated with demand but the 423 

correlation is very low and not significant in terms of the operation of the grid. The best that can be 424 

said here is that at least there is no strong anti-correlation.  425 
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 426 

Figure 7: Map showing the correlation (Pearson’s R) between the output of each wind farm and demand.  427 

Each circle represents a wind farm, with size proportional to capacity, and colour indicating correlation. 428 

 429 

Figure 8: Relationship between wind capacity factors and the level of demand.  The thick line and shaded 430 

area show the mean wind CF plus/minus one standard deviation for each percentile of demand, the thinner 431 

lines show the extremes. 432 

Figure 8 presents the data as a “Sinden” plot where wind output is plotted against demand 433 

percentiles. Sinden (2007) found a strong upward sloping relationship for the UK, whereas we find 434 

for New Zealand the plot is pretty much flat, implying that on average wind is as reliable during peak 435 

times as it is during troughs at around 40% capacity factors for both the lowest and highest demand 436 

percentile.  The very lowest capacity factor that wind could be expected to have at peak time is 437 

around 10% but it is equally likely to operate at 70%.   438 
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Figure 9: (a) Histogram of hourly demand levels, showing gross and net of various installed wind fleet outputs; 439 

and (b) Wind output capacity factors.  Net demand is defined as load to be met by non-wind generators. 440 

Figure 9(a) shows the histogram of hourly demand for different amounts of installed wind capacity. 441 

Wind farms were divided into four equal groups with additional amounts of 1.2 GW, 2.4 GW, 3.6 GW 442 

and 4.8 GW. Initially the most common gross demand coincides with the morning and evening peaks 443 

where demand is high over severak hours. Night time demand is relatively flat at a low level which 444 

is the low demand peak. As more wind is added this distribution flattens with the peak moving to the 445 

left. With all the of proposed capacity, the distribution of residual demand approaches the mirror-446 

image of the distribution of wind capacity factors given in Figure 9(b).  447 

Over the 20 years we study, minimum demand was 2416 MW and maximum output from the current 448 

wind fleet was 652 MW.  Although these extremes do not perfectly coincide, times of low demand 449 

and high wind output do exist, meaning the minimum net demand is 2115 MW – which allows 419 450 

MW of headroom before cutting into the level of must-run generation.   451 

As we add more of the proposed wind farms to the simulation, net demand can be seen moving 452 

below the level of must-run generation, shown in Figure 9(a) by the lines extending to the left of the 453 

dotted line.  The level of must run generation (1700MW) includes geothermal, run of river hydro and 454 

regulated minimum flow rates of downstream rivers from hydro dams (which translates into minimum 455 

generation amounts). Geothermal is treated as must-run because for technical reasons it is difficult 456 

to ramp up or down generation and hence usually bids into the market at $0/MWh. If net demand 457 

falls below the must-run amount then there is excess supply and need for curtailment for wind. 458 

Table 2 shows this in more detail. For example with 1.2 GW of added wind, New Zealand could 459 

expect 73 hours per year on average where wind output pushes net demand below the must-run 460 

limit, meaning that either wind, water or geothermal energy must be spilled.  This rises with 461 

increasing wind penetration, and with 3.6 GW of wind we see wind output exceeding must-run for 462 

1634 hours per year on average.   463 
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Table 2: Statistics for energy spillage per year (averaged over 20 years) with increasing amounts of 464 

proposed wind installed. 465 

Additional 
wind 

capacity 

Below must-run  Below zero 

Hours 
Energy 
(GWh) Hours 

Energy 
(GWh) 

1.2 GW 73 11 0 0 

2.4 GW 615 248 0.1 0.005 

3.6 GW 1634 1045 70 18 

4.8 GW 2890 2725 460 230 

 466 

Clearly there is a significant trade-off, as in the absence of storage installing a large amount of wind 467 

capacity to increase the renewable share leads to significant wind spill. With 4.8GW of wind capacity 468 

there would be wind spill for almost a third of all hours. Section 4.4 takes a closer look at these 469 

questions. 470 

Appendix B provides further assessment of the data for wind and net demand, considering their 471 

underlying time-coupled nature. 472 

4.3 Wind and hydro 473 

New Zealand sourced 52-69% of its electricity from hydropower over the years analysed in this study. 474 

The significant variation in hydro output is directly related to the relatively low storage capacity of the 475 

hydro lakes. In the absence of inflows these can hold enough water for a few weeks of electricity 476 

demand in winter. During winter much of the precipitation in the major catchment areas for the South 477 

Island dams falls as snow in the mountains and does not flow into the lakes until the snow melt in 478 

spring. Figure 10 shows the average pattern of inflows into controlled hydro storage dams over a 479 

year.  480 
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Figure 10: Average daily wind output and inflows for each month, assuming the maximum installed wind 482 

capacity of 5.5 GW.  Seasonal trend lines are shown, from least-squares fitting of each data series to a 483 

sinusoidal curve.  The mean and amplitude of each curve is indicated in the legend. 484 

The data in Figure 10 do not indicate a strong conclusion, with a Pearson R correlation that is slightly 485 

positive at 0.42. Overall, the seasonal profile of wind output does not strongly complement hydro 486 

inflows, peaking 2.5 months earlier in the year. 487 

For completeness we also report the correlations between daily inflows and wind output in Appendix 488 

B which other studies have placed some weight on. We find a small positive correlation between 489 

daily wind and hydro inflows of R = 0.184, with 1st and 3rd quartiles of 0.155 and 0.230. There are 490 

some regional differences in the data, plotted in Figure B.3 however, there are no sites that are 491 

hugely promising as complement to inflows.  492 

To summarise, both the monthly and seasonal inflow and wind output are positively correlated. This 493 

is not ideal, but not overly concerning since the correlations are weak. Looking at the data in a 494 

different way however suggests a more negative story, which we examine below. 495 

During dry years with low inflows, water is scarce and electricity prices spike. It would be ideal if wind 496 

generation was higher than normal during these years which would relieve the pressure on hydro 497 

generation. To consider this question we look at correlations between accumulated inflows into the 498 

hydro storage lakes and accumulated wind output in the period leading up to winter when lakes are 499 

typically at their lowest levels and demand is highest.  500 

The year 2008 was one of the driest years on record and prices spiked dramatically during the winter. 501 

The Electricity Authority commissioned a report (Hunt and Isles, 2008) assessing the security of 502 

supply framework. The authors identified the six-month period from November 2007 to June 2008 503 

as important in analysing the dry year event. Here we follow their approach and consider the pattern 504 

of accumulated wind and hydro inflows over this time period (Figure 11). 505 

  506 

Figure 11: Accumulated inflows against accumulated wind energy for 1997-2016.  Accumulated inflows are 507 

measured from Nov 2 previous year to June 12 vs accumulated wind output for maximum installed capacity 508 

(5525MW) for the same period.  Inset values indicate the year for each data point. 509 

97

98

99

00

01

02

03

04

05

06

07

08

09

10

11

12

13

14

15

16

8

10

12

14

16

18

10 11 12 13 14 15

H
y
d

ro
 i

n
fl

o
w

s
 (

T
W

h
)

Wind generation (TWh)

± 1 standard error

Hydro = 1.14 ∙ Wind – 1.74 TWh  
(R² = 0.23)



 

20 

While there is a lot of variation in the scatter plot, a weak positive correlation is observed.  A 10% 510 

decrease in inflows leading up to winter (when the lakes are at their lowest level) is associated with 511 

a 9±3% decrease in wind farm output. To put this in perspective New Zealand’s electricity 512 

consumption during this period is on average 22TWh. Comparing the extremes the driest year has 513 

8 TWh less inflows and 4.5 TWh less wind output which is a total of 12.5 TWh less available output 514 

which is over 50% of the average consumption during these months. Previous studies have looked 515 

at straightforward correlations over a whole year and find that these are only modest or ambiguous, 516 

as we find here.  517 

This analysis suggests that looking at accumulated inflows in this way is a more important measure 518 

of dry-year risk. While we have identified increased risk to security of supply during dry years as we 519 

move to higher wind penetration to replace thermals, fully quantifying the actual impact with the 520 

corresponding complex lake level dynamics and dispatch of both hydro and wind would require more 521 

sophisticated modelling. 522 

4.4 100% renewable electricity 523 

The New Zealand electricity market already has substantial renewable generation. At the end of the 524 

period studied here, the share of renewable generation was 85%, comprising hydro (60%), 525 

geothermal (18%) and wind (5%). To understand the potential of wind farms to help reach the 526 

government’s 100% renewable generation target we consider a hypothetical of adding increasing 527 

amounts of wind capacity to substitute for the thermals. 528 

  529 

 530 

Figure 12: Assessment of the renewable fraction in New Zealand’s electricity mix.  Crosses to the left show 531 

the results for individual years, based on the historic grid mix as it evolved over the last 12 years, and the 532 

current grid mix applied to those years.  Solid lines then show how the renewable fraction (averaged over all 533 

12 years) could evolve as more of the proposed wind fleet is built using the current grid mix as the starting 534 

point, depending on how much surplus renewable energy can be moved between days using hydro power or 535 

other forms of storage.. 536 

The results are presented in Figure 12. As the share of the proposed wind fleet that is built increases 537 

the share of renewable generation increases almost linearly for all the re-dispatch time scales until 538 
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about 30% extra new wind capacity built, at which point the renewable share is between 92%-94%. 539 

For daily and weekly re-dispatch the renewable share curves start to plateau as wind is increasingly 540 

generated when not needed and is spilled.  541 

With perfect re-dispatch over the course of a year 100% renewable electricity generation can be 542 

achieved with the existing wind fleet and around 46% of the proposed capacity, which corresponds 543 

to about 3200MW of total wind capacity. Restricting to daily or weekly re-dispatch still achieves 95% 544 

and 96% renewable generation respectively at 46% build of new wind capacity. Weekly re-dispatch 545 

hits 100% renewable if 91% of the proposed fleet is built (around 5100MW total capacity), whilst 546 

daily re-dispatch never quite gets there with a renewable 99% share if all the new fleet is built. 547 

  548 

Figure 13: Left panel running yearly average of daily imbalance between renewable output (with 2016 549 

current grid mix) and demand with 64% of proposed new wind capacity. Right panel is with weekly running 550 

average imbalance. The time scale for the horizontal axis in both cases is from 2005-2016. 551 

Turning now to yearly dispatch it takes considerably more capacity to hit a 100% renewable target 552 

compared to perfect re-dispatch – 64% of new capacity needs to be added (4200 MW). We can drill 553 

down and understand these results better by considering the average energy imbalance between 554 

renewable output and demand over different time scales. Figure 13 illustrates the energy imbalance 555 

with a running yearly average if new wind capacity is 64% of the maximum compared to a running 556 

weekly average. This corresponds to yearly re-dispatch and weekly re-dispatch respectively. Not 557 

surprisingly the weekly running average is much more volatile than the yearly time series. What is 558 

somewhat surprising is that the share of renewable generation with weekly re-dispatch with 64% of 559 

wind capacity at 98.7% is only marginally less than that with yearly re-dispatch which is 100%. This 560 

suggests the most important factor is not the day to day variability of the wind but the dry and wet 561 

year dynamics which occur over time scales of longer than a year. 562 
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 563 

Figure 14: Yearly running average of hydro output and wind output. The time scale for the horizontal axis is 564 

from 2005-2016. 565 

 566 

Figure 14 shows how the wind and hydro dispatch with a yearly running average follow a broadly 567 

similar pattern which confirms the analysis of the previous section where we looked at cumulative 568 

inflows and cumulative wind generation in the period leading up to winter. Unfortunately the long run 569 

dynamics of wind and hydro dispatch are correlated exacerbating the energy imbalance trend as 570 

seen in Figure 14. Nonetheless with large amounts of wind we can get close to a 100% renewable 571 

system, although there is a cost in terms of wind spill. The energy delivered by the historic grid by 572 

the thermal plants over the 12 year period is equivalent to that delivered if installed wind capacity 573 

was about 46% of maximum. Not surprisingly as installed wind capacity increases from that spill 574 

increases significantly. Figure 15 illustrates the trade-off with weekly re-dispatch – the results are 575 

very similar for daily re-dispatch.  576 

 577 

Figure 15: Increased share of renewable generation and spill as new wind capacity is built. 578 
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With weekly re-dispatch there is a very high price to pay in moving from 95% renewables to 100% 580 

with the renewable spill increasing from 13% to 45%. Although 45% spill seems high it is worth 581 

pointing out that this still gives an average capacity factor of 26% similar to the European average 582 

of around 24% (Staffell and Pfenninger, 2016). In other words New Zealand could achieve 100% 583 

renewable electricity with a levelised cost for wind similar to that currently achieved in Europe, 584 

assuming comparable costs for land and construction. Not surprisingly with yearly re-dispatch 100% 585 

renewable electricity generation can be achieved with much less spill of only 7%. 586 

5 Conclusions 587 

The main aim of this study was to simulate output from New Zealand’s wind farms for a large number 588 

of potential or existing sites using the Renewables.ninja model, to explore their role in hitting the 589 

100% target for renewable electricity production. We validated the model against existing wind farm 590 

data and showed that there is a close match between simulated and actual wind farm output. The 591 

data we have now covers wind output over a 20-year period and for 44 sites. This represents a 592 

significant improvement on the publicly available data. This data set is made freely available to the 593 

research community, which we hope will improve modelling of the New Zealand electricity system 594 

as the country as whole moves to net zero carbon. 595 

As a starting point we have presented indicative statistics and analysis of the wind output data and 596 

the relationship to demand and hydro lake level dynamics. Our data reinforce the view that New 597 

Zealand has excellent wind resources with a long-run average capacity factor over 40%. We find a 598 

significant seasonal variation with the capacity factor from February to April of 35% compared to 599 

45% during spring. On average there is little variation of wind output over the course of a day, and 600 

little correlation with demand. 601 

Unlike previous work using the NIWA data which finds a negative correlation between demand and 602 

wind output, we found weak positive correlations for both daily and monthly time frames over the 20 603 

year period of the study. We found an important positive correlation between wind output and water 604 

inflow to hydro dams in the critical period leading up to winter, implying wind makes a below-average 605 

contribution during dry years. Again, using a longer time frame as well as a different framework our 606 

results contrast to previous work using NIWA data (e.g. Suomalainen et al. (2015)).  607 

While the positive correlation we identified between hydro and wind output is less than ideal, we 608 

nonetheless found that adding large amounts of wind (to replace thermals) can achieve the 609 

government policy goal of 100% renewable with a grid mix the same as today and using historic 610 

demand from 2005-2016. With weekly re-dispatch of hydro to smooth the variability of wind output 611 

the target can be achieved with another 4380MW of wind. Although there is considerable wind spill 612 

to achieve the 100% target we point out that, even allowing for this, the capacity factor for wind in 613 

New Zealand would be similar to that currently achieved in Europe with little spill. If output can be 614 

smoothed over a longer time scales using storage the same target can be achieved with considerably 615 

less wind. We also found that it is possible to get very close to 100% renewables with considerably 616 

less wind and using the existing hydro to smooth wind output over a seven-day time scale.  617 

Our study does not consider evolution of the New Zealand power system beyond the expansion of 618 

wind capacity.  Transmission line capacity constraints may limit the ability of wind generation to meet 619 

demand. The Transpower (2018) decarbonisation 2050 scenarios envisage substantial new 620 
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investment in grid connections to accommodate significant wind generation. Similarly, the expansion 621 

of electric transport (Robinius et al., 2017) and electric heat (Boßmann, 2015) into the power system 622 

will fundamentally alter demand and may provide additional flexibility for balancing wind variability.  623 

Such sector-coupling approaches may help on short timescales, but are less likely to assist with the 624 

inter-annual variability and correlation with hydro that we find here.  625 

The analysis here about the contribution that wind could make to a 100% renewable system is based 626 

on the current grid mix and demand. We see this is a starting point as the grid mix and demand 627 

patterns will likely be quite different by 2050. In further work we plan to model the possibilities for a 628 

100% renewable energy system in 2050 using solar PV data alongside the wind data presented 629 

here, a dynamic model of hydro dispatch, and explicit transmission line constraints. It would also be 630 

useful to incorporate regional reanalysis models such as BARRA-R into the Renewables.ninja 631 

framework, as this has been shown to yield more representative wind speeds for Australasia (Su, 632 

2019). 633 
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Appendix A Wind Farms 786 

Table A1: Details of the wind farms simulated in this study. Further details such as make and model of the 787 

turbines are available from the authors on request. 788 

Classification 
used Status Name 

Capacity 
(MW) Latitude Longitude 

Existing Operating Brooklyn 0.225 -41.31 174.75 

Existing Operating Gebbies Pass 0.5 -43.70 172.64 

Existing Operating Hau Nui 3.85 -41.36 175.48 

Existing Operating Hau Nui 4.8 -41.36 175.48 

Existing Operating Horseshoe Bend 2.25 -45.54 169.50 

Existing Operating Mahinerangi 36 -45.76 169.91 

https://doi.org/10.1175/2011JAMC2668.1
https://windeurope.org/wp-content/uploads/files/about-wind/statistics/WindEurope-Annual-Statistics-2018.pdf
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Existing Operating Mill Creek 59.8 -46.89 168.13 

Existing Operating Tararua Stage 1 31.68 -40.34 175.78 

Existing Operating Tararua Stage 2 36.3 -40.34 175.78 

Existing Operating Tararua Stage 3 93 -40.34 175.78 

Existing Operating Te Apiti 90.75 -40.3 175.82 

Existing Operating Te Rere Hau Stage 1 2.5 -40.39 175.74 

Existing Operating Te Rere Hau Stage 2 14 -40.39 175.74 

Existing Operating Te Rere Hau Stage 3 16 -40.39 175.74 

Existing Operating Te Rere Hau Stage 4 16 -40.39 175.74 

Existing Operating Te Uku 64.4 -37.83 174.96 

Existing Operating Weld Cone 0.75 -41.85 174.17 

Existing Operating West Wind 142.6 -41.26 174.67 

Existing Operating White Hill 58 -45.77 168.30 

Existing Consented Castle Hill 858 -40.70 175.97 

Existing Consented Kaiwera Downs 249 -46.22 169.09 

Existing Consented Maungaharuru 115 -39.19 176.69 

Existing Consented Central Wind 119.6 -39.54 175.80 

Proposed Constructed Mt Stuart 7.65 -46.07 169.77 

Proposed Constructed Flat Hill 6.8 -46.58 168.28 

Proposed Was consented Awhitu 15 -37.27 174.67 

Proposed Consented Hauauru Ma Raki 540 -37.57 174.80 

Proposed Consented Hawkes Bay 225 -39.18 176.69 

Proposed Potential Long Gully 12.5 -41.33 174.72 

Proposed Consented Mahinerangi Stage 2 Onwards 164 -45.76 169.91 

Proposed Consented Mt Cass 40 -43.07 172.84 

Proposed Consented Hurunui 76 -42.99 172.96 

Proposed Consented Puketiro 150 -41.1 174.90 

Proposed Proposed Rototuna 500 -36.25 174.03 

Proposed Proposed Slopedown 150 -46.33 169.10 

Proposed Consented Titiokura 45 -39.21 176.69 

Proposed Consented Turitea 180 -40.44 175.67 

Proposed Potential Waitahora 156 -40.36 176.17 

Possible Consent failed Hayes 630 -45.51 169.88 

Possible Investigated Te Waka 102 -39.21 176.67 

Possible Proposed Mt Munro 60 -40.70 175.70 

Possible Proposed Cape Campbell 150 -41.74 174.27 

Possible Proposed Mt Stalker 150 -45.29 170.68 

Possible Proposed Northland 150 -34.42 172.86 
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Appendix B Supplementary Material  792 

 793 

  

Figure B.1: Modelled average capacity factors for the existing and proposed fleets, showing annual averages 794 

(left), and the monthly averages over 20 years of data (right). 795 

 796 

 797 

Figure B.2: Long-run comparison between demand and wind output.  The left panel shows the monthly and 798 

annual averages (thin and thick lines respectively) of demand and output from the “existing” and “proposed” 799 

wind fleets.   800 
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 802 

 803 

Figure B.3: Map showing the correlation (Pearson’s R) between the output of each wind farm and inflows to 804 

hydro lakes at a daily resolution.  Each circle represents a wind farm, with size proportional to capacity, and 805 

colour indicating correlation. 806 

  

Figure B.4: An example of one week of demand (gross and net of wind) in winter (left) and summer (right).  807 

The left panel shows August 2014 during high wind volatility; the right panel shows February 2016 during low 808 

wind volatility.  809 

 810 

Figure B.4 illustrates the daily pattern of demand and net-demand. It shows net of wind demand for 811 

a windy day in winter and a relatively calm day in summer. If net demand falls below the must-run 812 

amount then there is excess supply and curtailment for wind. It can be seen with a large amount of 813 

installed capacity during a high wind week net demand is below must-run frequently. 814 
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