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ABSTRACT

The restructuring of the energy industry is imperative, as New Zealand strives to reduce greenhouse gas emissions.
New Zealand has abundant renewable energy resources, and about 85% of current electricity generation is from
renewable energy sources. However, in recent years, it appears that a considerable fraction of wind energy has
been underutilized. This article reviews the history, current status, and future trends of wind energy development
in New Zealand. The main challenges to the current development of wind energy are summarized compared to
other countries. The main challenges come from the bi-cultural influence, environmental influence, and economic
and social influence due to the variable nature of wind power, it is critical to store and operate power safely and
reliably during peak power generation periods. This article compares seven mainstream wind energy storage
technologies and analyzes the best solution for wind energy storage in New Zealand. This article analyzes the
feasibility of using small-scale household (standard power rating range from 0.004 to 16 kW) wind turbines in
New Zealand cities regarding their construction and operation process. The life cycle and the maximum capacity
coefficient of such small-scale wind turbines are overviewed via three case studies and later compared with large
commercial wind turbines (standard power rating ranges from 1 to 3 MW) in power generation capacity. It has
been found that small-scale household wind turbines have notable power generation potential and economic

benefits in the long term.

1. Introduction

The energy demand grows day by day as the global population ex-
pands and manufacturing demands increase. Therefore, non-renewable
traditional fossil fuels will not be able to meet the world’s energy de-
mand in the future [1]. The development and utilization of new energy
sources have become an essential issue for the sustainable development
of modern society. Various countries have been actively promoting re-
newable energy-related industries in recent years, including energy con-
servation and emission reduction, energy supply security, and employ-
ment. As one of the important alternatives to fossil fuels, the develop-
ment of wind energy has also attracted much attention [2]. New Zealand
has also made great strides in generating electricity from renewable en-
ergy sources (RES) as of 2020, ranking third among the leading coun-
tries in the Organization for Economic Co-operation and Development
(OECD), which has over 30 member countries around the world [3].

However, New Zealand is facing two significant challenges. The first
is to search for the energy required to power the economy, and the sec-
ond is the transition to a more sustainable energy future. New Zealand
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government considers that renewable energy will play a more important
role in the global energy structure in the future. At present, the New
Zealand government has adopted a series of policies to promote the
development of renewable energy, including the goal of substantially
increasing the proportion of electricity generated by hydro, geother-
mal, and wind energy [4]. Renewable energy is being promoted in New
Zealand and now accounts for approximately 85% of the total electric-
ity generated [5]. Unique geographical location and climatic conditions
have led to the diversification of New Zealand’s energy resources. Large
areas of forestry and agriculture provide a good source of biofuels while
also owning an abundance of tidal energy due to facing the ocean. So-
lar energy has been relatively slow to develop but has taken its place
in New Zealand’s current energy structure. Hydropower and geother-
mal power developments are generally the dominant projects in New
Zealand, and the country’s leading source of electricity has always been
hydropower [3]. As a clean energy source, the geothermal resource can
be captured directly by the heat-carrying fluid and used to generate elec-
tricity [6]. New Zealand’s wind energy resources are equivalent to the
best resources in the world. Although New Zealand has lagged behind
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Fig. 1. Renewable energy and efficiency measures may provide more than 90% of the necessary CO, reductions in 2050, driven by substantial electrification [8].

many countries in the field of wind energy development, it is undeniable
that wind energy is growing rapidly and has become an integral part of
New Zealand’s modern energy structure [3-5].

Wind energy is one of the most commercially promising and dy-
namic renewable energy sources, clean to use and relatively low in cost.
There is plenty of room for growth in installed wind power capacity.
While providing a stable supply of electricity for economic growth, wind
power can effectively mitigate air pollution, water pollution, and global
warming. Due to its geographic location and terrain, New Zealand has
a consistent and rich wind resource. The presence of central mountain
ranges, particularly on the South Island, and the continuous coastline
with many sites exposure to the sea breeze provide wind energy. Winds
in the mountains are typically more stable than winds in other areas of
the country [7]. The long-run average net capacity factor across all cur-
rent and potential sites in New Zealand is 40% (with 35% and 45% in
autumn and spring, respectively). Wind energy is an under-explored but
inexhaustible resource with tremendous potential value in New Zealand
[5].

The remainder of this article is as follows: Section 2 briefly overviews
the renewable resources, energy statistics in New Zealand, and global
wind energy development. Section 3 presents the wind energy resource,
current development status in New Zealand, and related policies and
institutional settings. Section 4 discusses the main challenges to the de-
velopment of wind power in New Zealand, while Section 5 considers
the reliability and feasibility of promoting small wind turbines in New
Zealand. Moreover, a related case study is included. Section 6 provides
the conclusion. This article aims to provide a platform for the near future
development of wind energy in New Zealand.

2. New Zealand renewable energy background
2.1. Importance of renewable resources

How to deal with climate change has become the main concern of
this century. According to the Paris Agreement, global temperature rise
should be limited to well below 2 °C. The ideal scenario is to limit warm-
ing to 1.5 °C compared to pre-industrial levels in this century. To meet
the Paris Agreement targets, energy-related carbon dioxide (CO,) emis-
sions need to be reduced by around 3.5% per year from now until 2050
and continue to be reduced afterwards. As shown in Fig. 1, the transition
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in energy use to electrified forms of transport and heat, together with an
expansion of generation from RES, may achieve the required reduction
in energy-related CO, emissions of around 60% by 2050. This share
may increase to 75% when additional reductions in direct renewable
energy use are taken into account. Moreover, when energy efficiency is
increased, this share may increase to greater than 90%, thus enabling
the world to reach the targets set in the Paris Agreement [8].

At present, most of the energy consumed in the world comes from
fossil fuels (e.g., coal, oil, natural gas, etc.), and burning fossil fuels is
the main cause of greenhouse gas and other air pollutant emissions. Fos-
sil fuel is a non-renewable energy source and has limited availability.
The use of fossil fuels to generate electricity also generates toxic waste,
which causes air pollution, water pollution, and degrades the habitat of
plants and animals and the global climate. In contrast, renewable en-
ergy sources are naturally formed and harvested repeatedly from the
environment. The use of renewable energy has many benefits, such as
proactively addressing stringent environmental requirements, diversify-
ing fuel sources, ensuring a secure and stable energy supply, and pro-
moting employment and regional economic development [9]. Aydogan
and Vardar [10] investigated the CO, emissions of Emerging 7 (E7)
countries (including China, India, Brazil, Russia, Mexico, Indonesia, and
Turkey) from 1990 to 2014 and found a positive relationship between
CO, emissions and real Gross Domestic Product (GDP), non-renewable
energy consumption. In addition, there was a negative relationship be-
tween CO, emissions and the square of real GDP and renewable energy
consumption. Therefore, the share of renewable energy should be in-
creased to reduce fossil energy consumption in terms of environmental
improvements.

Fig. 2 depicts the primary energy consumption by fuel (on the left)
and shares of primary energy (on the right) from 1965 to 2035 on a
global scale. By 2035, the global primary energy consumption by fuel is
expected to reach 17 billion tonnes of oil equivalent (Btoes), of which
the oil, gas, and coal together account for more than 75% of the total
energy supply, compared to 86% in 2015. In addition, the global energy
demand will keep increasing by around 30% by 2035, with an average
annual growth rate of 1.3% [11]. There is also evidence that among
the different sources of energy, the high consumption of non-renewable
energy sources (e.g., oil, carbon, and natural gas) determines the pro-
duction of capital goods, which drives the competitiveness of the goods
in the market [12].



Z. Zhang, X. Liu, D. Zhao et al.

Billion toe
18

m Renewables*

16

‘ m Hydro
14 Nuclear

} m Coal
12 ‘ m Gas
10 | m Qil

o

|
1965 1975 1985 1995 2005 2015 2025 2035

Energy and Built Environment 4 (2023) 725-742

50%

40%

30%

20%

10% Renewables*
0

Nuclear

0%
1965 1975 1985 1995 2005 2015 2025 2035

*Renewables includes wind, solar, geothermal, biomass, and biofuels

Fig. 2. Trends in worldwide primary energy consumption by fuel (on the left) and shares of primary energy (on the right) from 1965 to 2035 [11].
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Fig. 3. Trends in New Zealand’s TPES from 1973 to 2015 [13].

2.2. Energy statistics in New Zealand

New Zealand has a wide variety of energy sources, with a consider-
able share of renewable energy. New Zealand has the highest penetra-
tion of geothermal energy among the International Energy Agency (IEA)
member countries and a significant contribution from hydropower, both
of which are highly cost-competitive. In the absence of any direct subsi-
dies or public support, the share of geothermal, hydropower, and wind
power in the electricity and heat supply has been rising due to their fa-
vorable conditions. In 2014, New Zealand’s renewable energy contribu-
tion to the total primary energy supply (TPES) was 40.6%, second only
to Norway (44.4%) among all IEA member countries. This performance
has already set a successful example among the IEA member countries
[13].

Over the last 40 years, New Zealand’s energy supply has been on
an overall upward trend, except for a slow-down between 2000 and
2007, as shown in Fig. 3. As of 2015, New Zealand’s TPES reached
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20.4 million tonnes of oil equivalent (Mtoe), increasing 20.7% from 16.9
Mtoe compared to 2005. New Zealand’s energy production structure has
also changed significantly between 2005 and 2015, with the amount
increasing from around 13 Mtoe to 16.4 Mtoe, respectively, as shown
in Fig. 4. In 2005, the particular energy production and corresponding
share, in descending order, was natural gas (25.1%), coal (24.6%), hy-
dro (15.6%), geothermal (15.4%), biofuels and waste (1.0%), oil (8.4%),
and wind together with solar (0.8%). In 2015, the particular energy pro-
duction and corresponding share, in descending order, was geothermal
(29.1%), natural gas (24.7%), oil (13.1%), hydro (12.8%), coal (11.8%),
biofuels and waste (7.0%), wind (1.2%), and solar (0.3%). Significantly,
geothermal has increased by 141.3% since 2005, which pushed up the
share of renewable electricity production from 41.9% to 50.5% in 2015.
As a whole, New Zealand achieved total energy self-sufficiency of 76%
in 2005, compared to 81% in 2015 [13].

The use of renewable energy is vital to New Zealand’s economy. The
development of renewable energy can prevent New Zealand’s economy
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Fig. 4. Trends in New Zealand’s energy production by source from 1973 to 2015 [13].

from being limited by the price volatility and supply chain issues of fos-
sil fuels. It can also help New Zealand to cope with climate change and
meet future energy needs. At the same time, having abundant renew-
able energy creates a ‘clean’ and ‘green’ image for New Zealand in the
world. This supports local tourism development and brings more world-
oriented business opportunities toNew Zealand [14].

2.3. Global wind energy development

Wind energy is one of the most commercially promising and dynamic
renewable energy sources. Nowadays, more and more countries world-
wide are successfully operating commercial wind turbines, promoting
the rapid development of wind power. They cleanly generate electric-
ity and do not emit polluting gases into the atmosphere [5]. According
to the Global Wind Report 2021 published by the Global Wind Energy
Council (GWEQ), the total installed global capacity of onshore and off-
shore wind power has reached 743 gigawatts (GW) by the end of 2020,
equivalent to a reduction in CO, emissions of 1.1 billion tonnes (ap-
proximately equal to the annual carbon emissions of Japan, the world’s
fifth-largest emitter). While the wind energy market continues to grow,
GWEC indicated that the present global growth rate will need to triple
by 2030 to set the right course to achieve mid-century climate targets
[15].

Wind turbines have now been deployed in over 90 countries, bring-
ing the total global installed wind power capacity to approximately 650
GW by the end of 2019 [16]. Fig. 5 shows the world’s total installed wind
power capacity from 1980 to 2019. It can be noted that the world’s to-
tal installed capacity was only 59,009 megawatts (MW) in 2005, and
it increased to 197,026 MW, 436,828 MW, and 650,758 MW in 2010,
2015, and 2019, respectively. Meanwhile, the total installed capacity
in 2019 is approximately 1.5 times that of 2015, and more than 11
times that of 2005, showing its rapid growth over the last decade [17].
The research [8] has predicted that wind energy (onshore and offshore)
will be the largest source of electricity generation by 2050, supplying
more than a third of the world’s total electricity demand, approaching
20,000 TWh/year.

At present, the EU, China, and the USA are the major wind energy
players worldwide, generating far more electricity onshore and offshore
than any other country or region in the world. The EU, China, and the
USA have all taken different actions to develop wind energy, each of
them at different rates and to different extents [18]. At the end of 2019,
a significant share of the total global installed capacity was in Europe
(22% onshore, 66% offshore), followed by China (37% onshore, 23% off-
shore), and the USA (17% onshore) [16]. By 2050, Asia (mainly China) is
expected to dominate the wind power industry, with a predicted share of
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Table 1

Some of the factors that have shaped the offshore wind in-
dustry development of the EU, China, and the USA over the
past decades. Note: ‘+’ means over 50% dependence on fos-
sil fuels (e.g., oil, coal, and natural gas), ‘-’ means less than
50%, and ‘+/-’ means partially. Reproduced from Ref. [18].

EU China US
Dependence on fossil fuels at present - + +
Historical concern + -
Installed investment + +
Planned investment + +
Streamlined licensing processes + - -
Maritime spatial planning + + +/-
Floating devices installed + - -
Price and policy support + +/- +/-

total global installed capacity of Asia (over 50% onshore, 60% offshore),
followed by the EU (10% onshore, 22% offshore), and North America
(mainly USA) (23% onshore, 16% offshore) [8]. Offshore wind farms
are the focus of future wind energy development, and the EU, China,
and the USA are all active in developing laws, strategies, and plans on
offshore wind resources, building wind farms in the best locations from
a perspective of wind source, while avoiding potential conflicts with
other marine interests [18]. In addition, Table 1 summarizes some of
the factors that have shaped the offshore wind industry development
of these three major wind energy players over the past decades, which
could also serve as a reference for other countries in developing wind
energy.

In China, the government attaches great importance to enhancing
the development and utilization of renewable energy, improving the
ability to deliver clean electricity, and actively supporting the construc-
tion of wind power projects. All new projects must be included in the
project planning of the Energy Administration and approved before they
can be built. Local councils also provide project subsidies and value re-
newable resources [19]. The USA also attaches importance to the invest-
ment policy of renewable energy by encouraging people to develop wind
energy through tax credit and establishing wind energy development
funds, which leads to more occupations, increases people’s economic
income, and greatly reduces polluting gas emissions [20]. Germany has
also effectively promulgated preferential policies for renewable energy,
with tariff-free policy for investors, public welfare funds, and financial
subsidies to attract a large number of investors. Also, the Netherlands
uses green energy exchange to encourage wind power generation [21].
McDowall et al. [22] indicated that the wind energy development and
innovation system had experienced different stages, from the initial for-
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Fig. 5. The World’s total installed wind energy capacity from 1980 to 2019 [17].

mative stages when the technology was first developed through to the
current global commercial market. Policy instruments could effectively
support deployment and guide further innovation efforts in later stages
but are not necessarily successful in earlier stages. Thus, ‘'market pull’
and ’technology push’ policies were two important factors for the suc-
cessful development of modern wind projects. However, the necessary
structure of policy support and the institutional framework for address-
ing the challenges of emerging systems need to be adapted. This would
require policy-makers to be engaged and adaptive throughout.

3. Wind energy development in New Zealand

Because of the considerable economic benefits, New Zealand’s wind
industry has grown rapidly compared to previous years [23]. Accord-
ing to a study [24] conducted by the Business and Economic Re-
search Limited (BERL) in 2012, the wind industry in New Zealand con-
tributed 649 full-time equivalents (FTEs) to national employment and
contributed $65 million to GDP between 2010 and 2011. In addition,
the wind energy industry was predicted to achieve an installed capacity
of 3,500 MW by 2030. In this situation, the wind industry would di-
rectly contribute 764 FTEs and add $81 million to GDP. If employees’
indirect benefits and household expenditures are also included, the total
economic benefits would be 1,430 FTEs and $156 million to GDP.

3.1. Wind energy resources

New Zealand is geographically located in one of the major atmo-
spheric circulatory zones, an area of prevailing westerlies commonly re-
ferred to as the 'Roaring Forties’. Moreover, it is exposed to winds that
cross the ocean and is largely free from other disturbances from land
forms. Given these excellent natural conditions, the potential to gener-
ate electricity from wind energy in New Zealand is enormous [25]. Fig. 6
shows an outline of the wind resource distribution in New Zealand.
Without considering other factors, economically feasible wind power
generation generally requires wind speeds of at least 8 m/s. As can be
seen from the figure, most areas with wind speeds in excess of 5 m/s are
concentrated in the coastal areas and around the mountain ranges (e.g.,
hill-tops and ridgelines) of New Zealand. According to the findings re-
ported in Ref. [26], coastal areas are generally more desirable for wind
power development. However, thanks to advances in wind turbine tech-
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Fig. 6. Wind energy resources across New Zealand [27].

nology, it has also become economically feasible to operate in locations
with lower average wind speeds [27].

In 2019, the combined capacity (also known as the ‘rated output’)
of all the wind farms in New Zealand was 689 MW. This represents
that 689 MW of electricity could be generated at any given moment if
all wind farms were operating at full capacity. Wind turbines in New
Zealand are operational around 90% of the time, however the quantity
of power they generate is dependent on real-time wind conditions [28].
It has been measured that the average annual electricity production of
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Table. 2
Comparison of average wind turbine capacity
factors. Reproduced from Ref. [7].

Country Average capacity factor

41%
37%
27%
26%
24%
17%
22%

New Zealand
Australia
United Kingdom
United States
Denmark
Germany
Global approx.

New Zealand’s wind farms is around 40% of their rated output, a param-
eter also known as the ’capacity factor’. The capacity factor is defined
as the actual amount of electricity generated relative to the maximum
power capacity, which is a measure of productivity [29]. Table 2 gives
the comparison of average wind turbine capacity factors. It can be seen
that New Zealand has one of the highest capacity factors in the world
at approximately twice the global average.

3.2. Current development status

University researchers in New Zealand have been exploring wind re-
sources since the 1970s, including learning about turbulence and other
details. However, prior to 2004, the wind industry in New Zealand was
slow to develop. The use of large wind turbines (capacity > 1 MW)
in the construction of the 90 MW Te Apiti wind farm marked a step-
change in the wind industry [23]. Currently, the smallest one is the
Southbridge wind farm located in Canterbury, with a 0.1 MW turbine
only. The largest one is the Tararua wind farm located in Manawatu,
which has 134 turbines with a combined capacity of 161 MW [30]. At
the time of writing there are 23 wind farms currently in operating and
under construction within New Zealand, with a total capacity of approx-
imate 1,045 MW. In addition, there are 10 wind farms that have already
received consent, with a projected future capacity up to 2,077 MW [30].
This section describes the first few wind farm projects that were key to
the establishment and development of the wind energy industry in New
Zealand. Table 3 summarizes the basic information of the first few wind
farm projects.

The Brooklyn wind turbine was New Zealand’s first commercial-
scale wind turbine. It was a Vestas V27 wind turbine with a capacity
of 0.225 MW. The amount of electricity it generates over a year could
provide the electricity needs of around 80 households over the same
period. It was installed on the hills above Wellington and generated
electricity in 1993. It ran reliably for 17 years before major repairs. In
1999, a wildlife sanctuary was built around the wind turbine. It was the
first reserve in the world to be enclosed by a fence to prevent preda-
tors from invading [23]. In 2016, Meridian Energy replaced the old one
with the Enercon E44 turbine (0.9 MW) that could generate sufficient
electricity over a year to supply approximately 490 households over the
same period [23,30,31].

The Hau Nui wind farm was New Zealand’s first multi-turbine wind
farm. In 1996 (stage 1), it originally had 7 Enercon E40 wind turbines
with an individual capacity of 0.55 MW and a combined capacity of
3.85 MW. The wind farm was initially built by Wairarapa Electricity
and subsequently operated by Genesis Energy [23]. The Hau Nui wind
farm was located in the hills south of Martinborough, well suited to
a wind farm. In 2004 (stage 2), Genesis Energy installed 8 additional
latest Enercon E40 wind turbines. With a total capacity of 8.65 MW, the
15 wind turbines could provide sufficient electricity to the local grid to
support the annual needs of approximately 4,200 households within the
Martinborough area. Moreover, electricity could also be delivered as far
north as Graytown, depending on demand and output [23,30,32]. Also,
Genesis Energy is currently evaluating the possibility of further wind
farm expansion [30,32].
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The Tararua wind farm operated by Trust Power was New Zealand’s
first large wind farm. In 1999 (stage 1), it had 48 Vestas V47 wind tur-
bines with an individual capacity of 0.66 MW and a combined capacity
of 31.7 MW. The wind farm was located on the south side of the Man-
awatu Gorge within the Tararua Ranges, around 10 km from Palmer-
ston North. The first expansion (stage 2) of the wind farm began in
2004, with the addition of 55 turbines, bringing the combined capacity
to 67 MW [30]. After the resource consent was approved in 2004, the
wind farm was expanded again in 2007 (stage 3). 31 new 3 MW Ves-
tas V90 turbines, one of the world’s most productive land-based wind
turbines, were installed, increasing the wind farm’s combined capac-
ity to 161 MW. Tararua wind farm is the largest wind farm in New
Zealand, with an average annual electricity production of 620,000 MWh
[23,30,33].

The Te Apiti wind farm was the first wind farm in New Zealand us-
ing large-scale wind turbines, and it was also the first wind farm to pro-
vide electricity to the New Zealand national grid owned by Transpower,
thus needed to operate in the electricity market. The wind farm was
located on Saddle Road north of the Manawatu Gorge, around 10 km
from Palmerston North. The wind resources around Manawatu Canyon
are also excellent, with the landscape behaving like a wind funnel and
creating high sustained wind speeds [23,30]. The Te Apiti wind farm
started regular operations in 2004. The wind farm consisted of 55 Ves-
tas V70 turbines, with an individual capacity of .65 MW could contribute
to a combined capacity of 90 MW. The electricity generated could meet
the annual demand for approximately 30,000 average households [34].

Fig. 7 presents the power curves for the wind turbines, as mentioned
earlier. The power curve of a wind turbine characterises the relationship
between power generation and wind speed at hub height. In addition,
the power curve of Enercon E44 is used as an example to introduce some
typical wind speeds. The cut-in speed, usually between 3 and 4 m/s, is
the speed at which the turbine initially begins to rotate and generate
power. Nevertheless, typically somewhere between 12 and 17 m/s, the
power output reaches the generator’s limitation, which means the rated
output wind speed has been reached. The turbine is designed to restrict
the power output at this maximum level at higher wind speeds, and
the power output does not climb anymore. The forces on the turbine
framework keep going up when the speed exceeds the rated output wind
speed, so there is a threat of damaging the rotor at some point. As a
result, the rotor is brought to a halt by a braking mechanism. This is
known as the cut-off speed, which is usually approximately 25 m/s [35].

In spite of the uncertainty and delays resulting from the Covid-19
pandemic, several wind farm projects have been completed or are un-
der construction in New Zealand. One example is the Waipipi wind farm
near Waverley, South of Taranaki. It was fully commissioned in March
2021, with an installed capacity of 133 MW and an average annual
power output of 455 GWh [37]. The Mt Cass wind farm in North Can-
terbury has been financially closed in 2021 and will start construction
shortly. The installed capacity is expected to be up to 93 MW [38]. Con-
struction of the Turitea wind farm in the Tararua Ranges is continuing,
but has been affected by delays. Its installed capacity is 222 MW, which
is the onshore wind farm with the highest combined capacity in New
Zealand at present [39,40].

3.3. Policies and institutional settings

Wind farm development in New Zealand is unusual. There is no gov-
ernment subsidy and tariff support mechanism to date. Although the
government provided wind energy with the Projects to Reduce Emission
(PRE) program from 2003 to 2004, and some earlier wind projects have
received government support through PRE, most wind farms in New
Zealand are still commercially sensitive [41]. As the New Zealand gov-
ernment’s electricity regulations restrict some independent developers
from entering the national market, only a few power companies in New
Zealand are developing wind farms. Compared with many other coun-
tries, the New Zealand government lacks policy support for investors to
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Basic information of the first few wind farm projects. Reproduced from Ref. [30].

Wind farm Year installed Operator No. of turbines ~ Turbine capacity  Installed capacity = Blade length ~ Tower height
(MW) (MW) (m) (m)
Brooklyn 1993 (replaced in 2016)  Meridian Energy 1 0.9 0.9 20.8 44
Han Nui 1996 (stage 1) Genesis 7 0.55 3.85 20 46
2004 (stage 2) Energy 8 0.6 4.8
Tararua 1999 (stage 1) Trust 48 0.66 31.7 23.5 5
2004 (stage 2) Power 55 36.3
2007 (stage 3) 31 3 93 45 65
Te Apiti 2004 Meridian Energy 55 1.65 90 35 70
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Fig. 7. Comparison of the power curves of the wind turbines mentioned above. Reproduced from Ref. [36].

enter the wind power industry [42]. Wind energy investment was very
low in 2012, but after 2012, wind energy investment started to increase
gradually. Fig. 8 shows the total wind power capacity installed in New
Zealand year by year. In 2003, the total amount of installed genera-
tion was less than 100 MW, but in 2014 it reached 1,000 MW. After
2014, the new amount of power generation is maintained at approxi-
mately 100 MW per year, playing an important role in the development
of wind energy resources in New Zealand. It is expected that the total
installed capacity will reach 3,500 MW by 2030. If New Zealand’s wind
energy is combined with electricity generated by other forms of energy,
it can form a key part of New Zealand’s electricity system. It is expected
to generate at least 20% of total electricity in 2030 [43].

New Zealand’s Emission Trading Scheme (NZ ETS) was applied to the
electricity sector in 2010, which remains the main driver of investment
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in renewable energy projects in New Zealand at present. To motivate
investment in renewable energy, the NZ ETS requires carbon emitters
to acquire and surrender emission units to match their associated op-
erational activities. Through government industry allocations, seques-
tration, quarterly auctions, secondary markets, or government, emitters
can purchase units at a fixed price [44]. However, there are currently
no sector-specific or fiscal mechanisms (e.g., feed-in tariffs or renewable
portfolio standards) that support or constrain the renewable energy sec-
tor in New Zealand [40]. Research [42] has shown that countries with
successful wind energy industries usually exhibit one or more of the
following characteristics:

e From small- to large-scale wind power, the development involves a
broad range of advancements.
¢ From individuals to large corporations, the investors are diverse.
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Fig. 8. Built wind generation with projection to 2030 [43].

* Have reliable payment mechanisms and a stable generation market.
e Wind energy targets are clear or legally binding.

e Turbines and wind farms are widely distributed.

e Wind farms have gained public acceptability and support.

¢ A fair and competitive environment for wind power development.

These factors are unlikely to be achieved through the market alone.
Furthermore, there has been little government intervention, which has
limited the potential development of wind energy in New Zealand [42].

4. Challenges to the development in New Zealand

The development of the industry needs to be dominated by the mar-
ket. Despite having one of the best wind energy resources in the world,
New Zealand’s wind energy industry is still growing slower than the av-
erage of other OECD countries. This may be due to the lack of proper
government policy support [45]. There is still a long way to go in devel-
oping wind energy because wind farms (significantly larger farms with
large-scale wind turbines) in New Zealand have encountered strong re-
sistance to their advancement. In addition to insufficient government
policy support, the main barriers to developing wind energy in New
Zealand are cultural, environmental, economic, and social influences.

4.1. Cultural significance

New Zealand’s Resource Management Act (RMA) 1991 states the ne-
cessity to respect the historical and cultural significance of Maori, which
primarily includes the intrinsic links between Maori and with the natu-
ral environment and specific cultural values (e.g., ancestral lands, lakes,
ruins, sacred sites, etc.) [46]. Large-scale wind turbines are a modern ar-
tifact and may interfere with the character and overall fabric of areas
of historical and cultural significance [25]. In 2007, Unison Networks
Ltd proposed to build a 37-turbine wind farm in Eastern Hawkes Bay
that has been blocked by 86 Maori. They argued that the wind farm to
be built on the ridge would harm Maori interests, destroy the natural
landscape, adversely affect their cultural links, and be inconsistent with
sustainable development. The court eventually rejected the wind farm
construction, giving the reason that the adverse effects on the landscape
were considered to be outweighed the benefits of wind power in terms of
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reducing greenhouse gas emissions [47]. In a similar situation in 2009,
Meridian Energy wanted to construct 176 wind turbines on the Lammer-
moor Range in Central Otago, but the Maori also rejected it on the basis
of the impact on their ancestral culture and the damage it would cause
to the local environment [48]. Because the wind farm could change the
original relationship between the site and the surrounding environment
and/or affect the visual catchment, it strikes at a core cultural interest of
Maori, so they must be involved in the decision about the construction
associated with the wind farm [25].

4.2. Environmental impacts

Regardless of the type of power generation, its impact on the envi-
ronment is inevitable, including wind farms [25]. The environmental
impacts are diverse, and three of the most significant issues regarding
wind farms are highlighted here [23]: noise impacts, ecological effects
(birds are a key issue), and visual amenity.

4.2.1. Noise impacts

One of the most common concerns people have about wind farms
is noise, especially for people living near wind farms. Wind farms typi-
cally have two sources of noise, the mechanical operation of the turbine
(triggered by the interaction of turbine components, such as gearboxes
and generators) and the aerodynamic sound (triggered by the vibra-
tion of the air flowing over the turbine blades). Moreover, the design
and operation of the turbines, the spacing between turbines and res-
idences, topography and land cover, present background noise levels,
and human sensitivity to the noise are important factors that influence
the actual noise level of a wind farm [25]. Noise issues were reported
at Hau Nui, New Zealand’s first multi-turbine wind farm. Although cor-
rective measures were taken to suppress the tonal noise, the public felt
that this did not compensate for the actual damage that the noise had
created. In response, the Energy Efficiency and Conservation Authority
(EECA) has promoted and funded the development of a domestic stan-
dard for assessing and managing wind farm noise [23]. Although noise
standards are being used in many consents, their limitations are becom-
ing increasingly evident, especially with regard to monitoring regimes.
Councils set increasingly complicated monitoring conditions for each
approved wind farm consent, leading to increased noise standards. As
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a result, the standards committee on wind farm noise reconvened and
revised the domestic standards in the late 2000s, and the revised stan-
dard was released to the public in 2010 [49]. The report [23] provides
the following recommendations for how New Zealand should deal with
wind farm noise impacts in the future:

e Combine optimal international practice with local conditions to
build a robust noise management framework.

e Ensure that the noise management framework is established with
the involvement of local experts to ensure its successful application
further.

e Encourage developers to implement reasonable procedures for man-
aging noise complaints and resolving noise problems.

4.2.2. Ecological effects on birds

Due to its unique geographic location, New Zealand is known world-
wide for its global biodiversity, especially its native birds. In recent
times, many of New Zealand’s bird species have become extinct or are
threatened with extinction due to the introduction of predators (e.g.,
cats and rats). As a result, there is public concern about the impact of
wind turbines on native birds, especially in light of reports of bird deaths
caused by wind turbines in other countries and regions [50]. Since the
early wind farms in New Zealand were built in areas without large num-
bers of native birds, the impact on birds was minimal. Furthermore,
many wind farms have included bird impacts in recent years in their
approval process. Where significant bird impacts have been identified
at an early stage of the survey, developers have decided not to proceed
with development on some sites to avoid ongoing public concerns about
bird impacts in the future [51]. The report [23] provides the following
recommendations for how New Zealand should deal with wind farm
ecological effects on birds in the future:

¢ Consider whether birds pose a potentially significant problem at an
early stage of wind farm development.

Identify patterns of bird activity to address such potentially signifi-
cant problems.

Select suitable sites to avoid placing turbines in bird corridors. It
helps to reduce the need to address ongoing public awareness of
bird impacts.

Choose to abandon a potential project due to a severe bird problem.
Incorporate the design of bird monitoring programs and statistical
procedures as part of the wind farm project design.

Ensure that monitoring is conducted to appropriate standards and
examine the results of the monitoring program.

4.2.3. Visual amenities

The wind farm is a large technology that can significantly impact the
New Zealand landscape, and some wind farms have faced longstanding
opposition in terms of landscape. While planning law has been largely
silent on wind projects, most communities still cannot accept wind farms
in their landscapes [23]. In New Zealand, the highest and most consis-
tent wind speeds are generally located in large open areas or coastal
environments. However, these sites have great natural beauty and are
close to both urban residential areas and rural areas in many cases.
Therefore, there are many land scenery factors to consider before es-
tablishing a wind farm. For example, in the early 1990s, at the entrance
to the Port of Wellington, the local line company proposed to build wind
turbines for Baring Head. Wellington Port is a famous tourist attraction.
The proponents initially ignored the scenery here, but the local residents
were worried that wind turbines would obscure the beautiful scenery,
so the local residents began to organize their opposition to establishing
the wind farm. Finally, the application for wind farm construction at
this location was rejected [52]. In addition, roads, buildings, transmis-
sion lines, and other physical infrastructure should be considered. All
project proposals are regulated through the consent provisions of the
RMA. Moreover, the government implemented a series of amendments
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to improve the RMA in 2009 [53]. The report [23] provides the follow-
ing recommendations for how New Zealand should deal with wind farm
visual amenities in the future:

e Develop clear guidelines for assessing wind sites and the surrounding
landscape.

Collaborate between the wind industry and the landscape commu-
nity to ensure that the landscape community is fully informed and
involved in assessing wind farm proposals.

Use visual simulations to experience and understand landscape im-
pacts.

Adopt an effective decision-making process to make the final judg-
ment on landscape issues - after all, it is impossible to make large-
scale wind turbines ’invisible’.

4.3. Economic issues

The economic situation of New Zealand wind energy has changed
dramatically in the past few years. In 2003-2004, the government elim-
inated small subsidies and eliminated unnecessary incentive measures
[25]. Economic issues are usually related to investment costs and com-
petitive trends in the investment process [54], this section provides a
brief discussion of the following.

4.3.1. Investment costs

The initial cost of wind farms is relatively high while operating costs
are relatively low. There is a lengthy application process to get a new
wind farm approved. One project reportedly went through a two-year
approval process and cost an additional NZ$120 million [42]. In the
current New Zealand market, independent wind energy developers can
sell electricity to the wholesale or enter into power purchase agree-
ments with electricity retailers. Since the government does not stipu-
late a power purchase agreement, electricity retailers can purchase or
not [55]. The New Zealand wind power investor base has only three
major developers. The New Zealand electricity sector is characterized
by a high degree of concentration, with five companies owning 91% of
the generation capacity and supplying up to 97% of the total demand.
However, the electricity market is highly volatile and the return on in-
vestment is risky [56], creating a barrier to the development of wind
energy. This market structure makes it more difficult for some small
investors to obtain power purchase agreements. Small developers need
a stable and predictable income stream to obtain financing, making it
difficult to invest in wind energy projects [57].

4.3.2. Competitive trends

Wind power will compete with other forms of renewable and non-
renewable energy, with the greatest competition coming from hydro-
electric power [4]. New Zealand has large-scale hydroelectric power
generation facilities, which currently already account for over 56% of
total electricity generation [3]. This is due to the abundance of moun-
tains, rivers, and lakes in New Zealand. However, the ecological impact
of hydroelectricity projects (e.g., the flow of rivers, biology, and vege-
tation on the banks) can be reduced if they are appropriately operated
and managed. Although there are many hydroelectric power stations in
New Zealand, this does not mean that hydroelectric power stations have
reached a bottleneck. The Parson Brinkerhoff Associates meeting noted
that there is still more than 1,851 MW capacity of hydropower that can
be used in the future [58]. Hydroelectric power stations produce very
little greenhouse gas during operation, and hydroelectric technology is
well established in New Zealand. Therefore, it has a huge competitive
advantage over wind power generation.

4.4. Social influences

Each region in New Zealand has different requirements for connec-
tion to the wind power network [59]. New Zealand’s main high-voltage
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Classification of general HAWT related to the rotor diameters and power ratings. Adopted from Ref. [67].

Rotor diameter (m)

Swept area (m?)  Standard power rating (kW)

From To From To From To
Small-scale Micro 0.5 1.25 0.2 1.2 0.004 0.25
Mini 1.25 3 1.2 7.1 0.25 1.4
Household 3 10 7 79 1.4 16
Small commercial 10 20 79 314 25 100
Medium commercial 20 50 314 1963 100 1,000
Large commercial 50 100 1,963 7,854 1,000 3,000

transmission grid has been used for a long time, and it shows signs of
stress, which results in short service life. Because it is close to the limit
of existing capabilities, it is necessary to upgrade the wind power gen-
eration device further and the grid [60]. However, in New Zealand, a
lot of evidence is needed to show that new power generation equipment
must be installed to run electricity at this stage. Otherwise, it is unlikely
to build a new power transmission capacity [25,23].

Before 2008, the government approved the Project Emission Reduc-
tion (PER) program, which allowed participants to achieve international
trade by bidding for government-provided projects [41]. In 2009, the
government introduced the amendments to the RMA, and one of the
main goals of the revised bill is to establish an Environmental Protection
Agency (EPA) [60]. In New Zealand, most small wind energy projects
can be approved by the EPA within a few months. Local residents al-
ways oppose large-scale wind farms, so it is challenging to get approval.
The New Zealand government has proposed adjustments to regulations
to address some of the barriers to wind power generation in order to
encourage and promote small-scale wind turbine projects [61].

5. Development of small-scale wind turbines in New Zealand

As mentioned earlier, wind farms (significantly larger farms with
large-scale wind turbines) in New Zealand have faced longstanding op-
position [25]. Support for small wind power projects tends to be more
positive than for larger ones. The most likely explanation for this is
that small wind power projects are less noisy and less visually obtru-
sive to the landscape. Moreover, Refs. [62,63] indicate that the noise
impacts and visual amenities seem to be the most common factors in
local public opposition to wind projects. An increasing number of coun-
tries worldwide are actively seeking to use renewable energy for micro-
generation, which has the potential to provide carbon-neutral electricity
[64]. In New Zealand, although few people currently use small wind
turbines for micro-generation, small-scale wind turbines would face
little social resistance and lower costs would be more easily funded,
thus expanding the investor base in New Zealand. Smaller wind tur-
bines would be installed in a more decentralized manner to increase
the safety of the system and reduce transmission and distribution losses
[65]. In New Zealand, small-scale wind turbines have the theoretical po-
tential to make a significant contribution to achieving renewable energy
goals if they are established in residential areas [42]. However, several
factors are constraining the development of small-scale wind turbines.
Firstly, the lack of a consistent and transparent planning process by New
Zealand’s consent authorities has failed to engage more potential in-
vestors. Next, there is a shortage of sufficient qualitative information
on small-scale or micro-wind projects in New Zealand. In addition, the
lack of comprehensive legislation in New Zealand and the nonexistence
of guaranteed electricity buy-back rates (feed-in tariffs) are hindering
the market growth [66].

5.1. Classification of small-scale wind turbines
Typically, wind turbines can be classified according to their rotor di-

ameters and standard power ratings. Ref. [67] gives the detailed classifi-
cation results, as shown in Table 4. It can be seen that small-scale wind

turbines usually have a rotor diameter ranging from 0.5 m to 10 m,
and a standard power rating from 0.004 kW to 16 kW. In contrast to
the medium and large ones, small-scale wind turbines produce more
expensive electricity, especially in areas with the poor wind. However,
small-scale wind turbines will become a reliable source of energy when
they are appropriately sized and used under their optimal conditions,
such as in the urban environment [8]. Small-scale wind turbines can be
considered a source of socio-economically valuable energy in most de-
veloping countries. Small-scale wind turbines can also serve as a good
power source in areas far away from the grid power in developed coun-
tries. However, further development of small-scale wind turbines re-
quires reasonable cost control. Cost includes two major factors: 1) the
initial cost per Watt of power, and 2) the unit cost per kWh it produces
[68]. That is, small-scale wind turbine power generation has real value
when both factors are at an affordable rate.

5.2. Urban environment considerations

The capacity factor of a wind turbine is determined by its average
power output divided by its maximum power capacity, usually higher
is better [29]. Poletti and Staffell [69] found that the average capacity
coefficient over all current and potential sites with large wind turbines
is about 40% in New Zealand, with the highest of 45% in spring and
the lowest of 35% in autumn. Wind speed in urban areas depends on
local parameters, while wind speed on roof-tops depends on the loca-
tion and shape of the roof, as well as the shape and size of the sur-
rounding buildings [70]. According to previous research [71], the aver-
age capacity factor of roof-top turbines in Europe, the UK, and the USA
was changing from 4% to 6.4%. But the capacity factor would increase
to 10.4% when the turbine is installed in a relatively open place (e.g.,
10 m away from buildings and trees). Roof-top wind turbines, the most
common in urban environments, are made up of a turbine, a power in-
verter, and appropriate electronics to match the frequency of the grid
supply. A number of units can be connected by simply plugging into
a normal household outlet [64]. The Wind Energy Integration in the
Urban Environment (WINEUR) project was supported by Intelligent En-
ergy Europe began in 2005. The major objectives of this project can be
summarized as 1) determining what is needed to integrate small-scale
wind turbines into the urban environment, 2) promoting the emergence
of this wind energy technology, 3) raising awareness among municipal-
ities and decision-makers, and 4) assessing and improving the prospects
for social, aesthetic, architectural and urban planning acceptability of
wind energy technology [72]. In addition, WINEUR project recommends
that [71]:

e The average wind speed at the location where the wind turbine is
installed should be 5.5 m/s or even higher.

e The roof of the building where the wind turbine is installed should
be around 50% higher than the surrounding objects.

¢ The wind turbine should be installed towards the centre of the roof
in the most common direction of the wind, having the rotor’s lowest
position being a minimum of 30% of the building height well above
the roof level.
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Fig. 9. Swift turbine installed on the roof of a small residential house [76].

According to the New Zealand wind atlas [73], the mean wind speed
at 10 m (approximately equivalent to the height of a three-storey build-
ing) above ground level is around 4.5-5.0 m/s in Auckland, 6.5-7.0 m/s
in Wellington, 5.5-6.0 m/s in Dunedin, 7.5-8.0 m/s in Canterbury, and
up to 9 m/s around the rural South Island. Therefore, based on the rec-
ommendations of the WINEUR project, it is more appropriate to pro-
mote small-scale wind turbines in the urban environment of the South
Island of New Zealand. Most New Zealand houses are mainly built with
light timber with a standard-alone single-storey structure. Therefore,
noise effect and structural stability seem to be challenging for installing
roof-top wind turbines in such houses [71]. The National Standard for
Wind Turbine Sound Assessment and Measurement states that the sound
level at the boundary of any residential site should never exceed 40 dB
or background noise plus 5 dB [49,71]. The Swift turbine (see Fig. 9)
developed by Renewable Devices Swift Turbines Ltd was selected and
tested by New Zealand trials, claiming a noise level of less than 35 dB
was achieved; it may be acceptable [71]. Wind trials at the University
of Warwick encountered noise complaints from some building-mounted
turbines, while one turbine eventually had to be removed owing to struc-
tural damage to the eave wall on which it was installed [74]. Through
the results of the research in Ref. [71], it was found that a Swift tur-
bine with a rated output power of 1.5 kW and a rotor diameter of 2 m
would generate 526-841 kWh/annum in urban houses when based on a
capacity factor of 4-6.4% and a mean wind speed of 5.5-6.3 m/s. If the
average electricity consumption of a New Zealand house is analyzed at
8000 kWh/annum [75], approximately 13%-21% of the annual electric-
ity demand can be addressed by installing Swift roof-top turbines. To
avoid the adverse effects of turbulence, New Zealand guidelines limit
the spacing between turbines to at least five times the rotor diameter,
which means a maximum of two such turbines per house at the same
for most cases [71]. With this assumption, the electricity generation po-
tential of New Zealand houses using roof-top wind turbines will remain
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between 1,052 kWh/annum and 1,682 kWh/annum. Fig. 9. shows two
Swift turbines installed symmetrically on the roof of a residential house.

5.3. Small-scale distributed generation

Given the many challenges to the development of large-scale wind
power in New Zealand, another way to effectively harness wind energy
is to develop small-scale distributed generation (DG), also known as the
‘micro-generation’ [64]. Micro-generation usually refers to a suitable
sized power technology to provide partial or full power to a house-
hold or small business. Micro-generation technologies are a subset of
DG and are primarily designed to serve local rather than export to the
national electricity grid [77]. The Parliamentary Commissioner for the
Environment (PCE) has commissioned an assessment of the potential for
micro-generation energy services in New Zealand. The Commissioner
[25] found that advances in micro-generation technologies, as well as
advances in metering and monitoring systems, could help to enhance
New Zealand’s future electricity supply. The Commissioner believed that
micro-generation systems could provide a strong guarantee of environ-
mental sustainability in New Zealand. In the Electricity Industry Partici-
pation Code 2010 (Code), there are rights and responsibilities for owners
of small-scale DG in relation to accessing the distribution network and
selling electricity. Some other requirements can be found in the Electric-
ity (Safety) Regulations 2010, the RMA 1991, local government policies
and codes, and distributor policies and codes .

The wind energy conversion system (WECS) is one of the cores of
wind power technology, and it consists of three main aspects: aerody-
namic, mechanical, and electrical [78], which can be seen from Fig. 10.
Wind turbines use aerodynamically designed rotors to harvest energy
from the wind and convert it into mechanical energy (mainly rota-
tion). Modern wind turbines typically have three blades. Since the blade
tip speed should be less than half the speed of sound, the rotational
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Fig. 10. Basic energy conversion stages in modern wind turbines [78].

Table 5

Approximate small-scale wind turbine output (10%-30% capacity factor). Adopted from Ref. [64].

Rated Amount generated Amount generated in one Amount generated in one
output Hours in a in one year at rated  year (10%-30% capacity day (10%-30% capacity
(kw) year wind speed factor) factor)

From To From To
0.5 8,760 4,380 kWh 438 kWh 1,314 kWh 1.2 kWh 3.6 kWh
1 8,760 8,760 kWh 876 kWh 2,628 kWh 2.4 kWh 7.2 kWh
3 8,760 26,280 kWh 2,628 kWh 7,884 kWh 7.2 kWh 21.6 kWh

-

Fig. 11. Diagram of SAPS system (on the left) and grid-connected system (on the right) [64].

speed will decrease as the blade radius increases. The gearbox is used
to adapt to the rotor to generator speed, and the generator is used to
absorb mechanical power and then convert it to electrical power. It
is usually the simplest and most efficient way to convert low-speed,
high-torque power into electrical energy. Finally, the generated elec-
trical energy is transmitted through the converter and then fed into the
grid [79].

Small-scale wind turbines can operate as either grid-connected or
off-grid systems (also known as the ‘stand-alone power systems’, abbre-
viated as SAPS) [64], as shown in Fig. 11. Grid-connected systems are
connected to the local power network, using an inverter that converts
direct current (DC) electricity into grid-compatible alternating current
(AQ) electricity and a special meter that measures imported and ex-
ported separately [80]. In the event of excess wind, lead-acid battery
packs are often used to store surplus generated electricity for use in
conditions where the wind is insufficient or the turbine is not operating
correctly [81]. There is also the option of exporting part of the electric-
ity to the grid and selling it to electricity retailers when surplus power
is generated. In off-grid situations, small-scale wind turbines require a
SAPS, and use battery banks or other effective energy storage methods
to store the generated power [82]. The method of energy storage is cru-
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cial. In the case of the battery bank, the choice of size and design directly
determines the performance and lifetime of the SAPS. If the battery bank
is too small, it may often discharge at low levels; if it is too large, it may
not be fully charged regularly, both of which will shorten the life of the
SAPS [64].

In contrast to the ideal situation, the reality is that wind turbines will
not always operate at ’rated wind speed’. Instead, a small-scale wind
turbine will only generate an average of 10% to 30% of its rated power
output over a year [83]. Ref. [53] gives some data for operating small-
scale wind turbines in New Zealand based on reasonable assumptions,
as shown in Table 5.

5.4. Case study for improving the efficiency of a small-scale roof-top
turbine

Because of the relatively complex structure and congested environ-
ment, the appropriate type of wind turbine must be considered if urban
wind energy is to be developed and utilized. Table 6 compares Verti-
cal Axis Wind Turbines (VAWTSs) and Horizontal Axis Wind Turbines
(HAWTSs). VAWT has many promising features. Considering the barriers
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X i Fig. 12. Diagram of the installation of the
- TSR studied Savonius turbine [89].
R1.25m 0.3396 m
Y
_/ \
‘ 1.3573 m
. y
Wind speed 12 m/s ’ Y
Step height 5 m
Table 6 5.4.2. Studied installation scenarios and parameters
Advantages of VAWTSs compared to HAWTSs. Adopted from The Savonius wind turbine The Savonis wind turbine is simpler and
Ref. [84]. cheaper to manufacture than other wind turbines. It is independent of
VAWT HAWT wind direction and has a good start-up torque at lower wind speeds
[91,92]. The installation of the Savonius turbine is shown in Fig. 12.
Tower sway Small Large b th h died . ind bi h .
Yaw mechanism No Yes It can be seen that the studied Savonius wind turbine has two semi-
Self starting No Yes cylindrical blades without the center shaft. The end plates radius is set
Overall formation Simple Complex to R = 1.25 m (diameter D = 2.5 m), the semi-cylindrical blade diameter
Generator location On ground Not on ground is 1.3573 m, and the overlap distance is 0.3396 m. The thickness of the
ngh,t from g@md Small Large blades and end plates is 2 mm. In addition, the entire length of the
Blade’s operation space ~ Small Large N
Noise produced Less Relatively high turbine is set to 5.0 m.
Wind direction Independent Dependent The flow direction of the wind keeps horizontally and the magni-
Obstruction for birds Less High tude is 12 m/s, which is the typically rated speed of a wind turbine.
Ideal efficiency More than 70%  50-60%

to developing the wind industry in New Zealand mentioned in Section 4,
choosing VAWT seems to be a better choice.

Among the various VAWTS, the Savonius wind turbine not only has
all the advantages (except ‘ideal efficiency’ is low) in the table above
but also has the high startup and full operation moment [85]. It is well
worth promoting in the wind energy industry in New Zealand. In addi-
tion, many studies [86-88] have proposed the use of unique urban struc-
tures to increase wind speed and thus the efficiency of wind turbines.
This section presents a typical case study that considers the Savonius
wind turbine installed above the bluff body and on the flat surface. This
study was initially proposed in work by Goh and Schliiter [89], and for
completeness, the numerical studies are summarized below.

5.4.1. Numerical methodology

Due to the increasing interest in urban wind energy, installing wind
turbines on the roof of cuboidal buildings became one of the possible
scenarios. In order to understand the dynamic behavior of the turbine
in such situations, Goh et al. [90] conducted the tow testing of a test
rig equipped with a three-bladed Savonius mounted above a bluff body.
The experimental results from that work were used to validate some of
the simulation setups used for the present case study. Computational
fluid dynamic (CFD) simulation was performed in this case study by
running the commercial software ANSYS CFX inside the Workbench en-
vironment. ANSYS CFX is based on a finite volume method (FVM), and
it discretizes the domain of interest via cell-vertex finite control vol-
umes. The flow variables and properties are computed at the vertices of
the mesh elements in vertex-based schemes. During the study, the air
(wind) was assumed to have constant properties at 25 °C. The rotating
sub-domain function of the CFX and transient simulations were applied,
and the Shear Stress Transport (SST) turbulence model that most closely
approximated the experimental results was ultimately adopted.
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The height of the step is set to 5.0 m (considering high-rise buildings of
two or more storeys), and the role of the step is to induce vortex shed-
ding. The vortex shedding could help accelerate the wind speed above
the step when the wind flows across it. Compared to the conventional
installation, a turbine installed above the step may generate more en-
ergy without changing its features. In addition, the horizontal position
of the turbine ‘x’ and the vertical position ‘y’ are variable parameters.
In this study, a total of twelve positions on the steps were selected for
calculations to obtain values such as the torque of the turbine. Fig. 13
shows the turbine positions of all simulations.

As shown in Fig. 14, the computational domain consists of three sub-
domains, with volumes from largest to smallest: the stationary region
(indicated in violet), the wake region (indicated in green), and the ro-
tating region (indicated in red). The stationary region is used to simulate
a broad area of the surrounding environment; the wake region is used
to simulate a flow field of the whole turbine at a closer location, and the
rotating region is used to simulate the field near turbine surfaces. The
flat surface case settings by simply removing the steps, and the rest re-
mains the same. The computational domain of the flat surface case with
a horizontal axis is shown in Fig. 15(a), and the case with a vertical
axis (the turbine is situated asymmetrically close to the center of a suf-
ficiently large domain) is shown in Fig. 15(b). Moreover, the summary
of the numerical simulation settings is listed in Table 7.

5.4.3. Parameter definition
The power coefficient (Cp) of the Savonius wind turbine is the focus
of this entire case study. It is defined in Ref. [93] as:

Power of the turbine Txw

~ Available power in the wind - %pAU3

1

Cp
where T represents the torque produced by the turbine (N.m), w repre-
sents the angular velocity (rad/s), p is the density of air (kg/ms), A is the

projected area of the turbine (m?), and U is the incoming speed of the
wind (m/s).
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Fig. 13. Diagram of the turbine positions se-

................................................................ ® ® lected for simulation [89].

l

0.5m
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0.5m
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0.5m : :
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0.5m : : :
-------------------- = N I

=

Bluff body, step height /=4R=5m

The tip speed ratio (A) is defined as the ratio between the tangential

Pressure outlet
Symmetry 0Pa relative speed of the tip of a turbine blade and the practical speed of the wind.
(top, sides & piessure It is defined in Ref. [93] as:

chamfer)
RX o

U

A @

where R represents the radius of the turbine (m).
After combining Egs. (1) and (2), the following Eq. can be obtained:

AU
_I'xX% _ Txa 3
%pAU3 %pARU2

Cp

Velocity inlet
12m/s, 5%
turb. intensity

No-slip smooth
walls (turbine
surfaces, step)

Wake region

Separate surfaces < L Rotating region During the simulation, the settings such as p, A, R,U are kept con-
stant. The setting for A is varied from 0.6 to 1.6. T is the average torque
between 1.5 and 2.5 revolutions for a given 4 condition. More details

can be gained from Ref. [89].

(a) (b)

Fig. 15. Computational domain for (a) the case with the flat surface (axis hori.), and (b) the case with the flat surface (axis vert.) [89].

Fig. 14. Computational domain and boundary conditions for the case with the
step height [89].
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Table. 7
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Summary of the numerical simulation settings. Reproduced from Ref. [89].

No. Description Values and settings
1 Turbine surface cell face size 0.02D (D is the turbine diameter, D = 2.5 m)
2 Rotating region to wake region interface size 0.02D
3 Wake region cell body size 0.06D
4 Maximum cell face size 0.5D
5 Growth rate 1.1
6 Transient formulation Second-order backward Euler
7 Time step 1/120 of rotational period
8 Advection scheme High resolution (blend of upwind and central difference, with limits on the computed variable)
9 Turbulence model Shear stress transport (SST)
10 Near wall treatment Automatic switch between scalable wall functions and low reformulation
11 Fluid Air at 25 °C
12 Pressure-velocity coupling Rhie, Chow and Majumdar
0.7 T T T T T T

or R O EEE N
0.6 o — X

— -
X v —

05 X 7

0.4

0.3

Power Cocfficient (Cp)

0.2 A
0.1 *x = Step height case: x=2R (2.5m),y=2.5m .
x = Step height case: x=2R (2.5m),y=3.0 m
= Step height case: x=3R (3.75m),y=3.0 m
O u e A A 1 1 1
0.6 0.8 1 1.2 1.4 1.6

Tip Speed Ratio (TSR)

Fig. 16. Step height best three cases with corresponding positions. Reproduced from Ref. [89].

5.4.4. Results and discussion

The curves of Cp versus TSR are obtained by computing the turbine
at different positions on the step height (i.e., different combinations of
x and y) through a range of the TSR. Fig. 16 shows the best three curves
with the top three Cps. It can be noted that when installed the Savonius
turbine above the step height in those three cases, the Cps are essentially
stable in the simulated TSR range between 0.5 and 0.6, with a maximum
of 0.6 (x = 2R, y = 2.5 m, TSR = 1.3) and a minimum of about 0.47
(x = 3R, y = 3.0 m, TSR = 0.8). In addition, the turbine is simulated to
operate in a similar setup on a flat surface. Three cases are simulated to
determine the effect of the flat plate surface on performance: the lower
half of the wind turbines [91-95] is returned (similar to the step height
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case), the upper half of the turbine was returned, and the turbine is sit-
uated asymmetrically close to the center of a sufficiently large domain.
In Fig. 17, it can be noted that thee the Cps are essentially stable in the
simulated TSR range between 0.15 and 0.25, with a maximum of about
0.23 (axis vert., TSR = 1), and a minimum of about 0.17 (lower half
returning with axis hori., TSR = 0.6). The results of baseline cases are
consistent with the results in Refs. [94-96], which demonstrates the ac-
curacy of the present numerical simulations. In comparison, Cp is found
to be 0.6 at the optimum mounting position when mounted above the
bluff body, an improvement of approximately 200% compared to the
baseline cases.
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Fig. 17. Baseline cases with corresponding configurations. Reproduced from Ref. [89].

6. Conclusions

To conclude, since the demand for energy on a global scale has been
showing an increasing trend, all countries attach great importance to
the use of renewable energy. Wind energy has great potential for power
generation, and it is a good choice. Compared with the use of non-
renewable energy sources such as fossil fuels and coal for power gen-
eration, wind power generation is relatively simple and more environ-
mentally friendly. In the future, wind energy will be of great significance
to New Zealand’s energy supply. Increasing the use of renewable energy
can reduce dependence on energy imports. With more wind power, wind
energy provides a reliable source of electricity and reduces reliance on
seasonal weather patterns compared to hydroelectric power generation.
The cost of wind energy is zero, which reduces New Zealand’s depen-
dence on fossil fuels and is not susceptible to changes in fossil fuel prices.
Reliable power supply and prices will bring more economic benefits. The
development of wind farms will create employment opportunities. Peo-
ple have lost their jobs due to Covid-19. If wind farms are expanded,
more people will find jobs and have an economic income.

Reviewing the history and current situation of wind energy develop-
ment in New Zealand, it can be seen that due to the increase in energy
demand in New Zealand and the government’s intention to achieve zero
carbon emissions by 2050, the installation of wind turbines is showing
a rapid growth trend. It is estimated that by 2030, wind power will ac-
count for at least 20% of New Zealand’s electricity. New Zealand has
a large amount of land available for wind farms. With the increase in
turbine capacity and efficiency, wind technology has made considerable
progress and has become a cost-effective way of generating electricity.
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Wind power can become a key part of a safe and reliable power sys-
tem. Accurate site assessment, optimization of turbine layout, adequate
selection of turbine location, and more accurate scale determination to
minimize costs while maximizing revenue will also promote successful
wind energy project development.

It is evident from the research that all countries that use wind en-
ergy to generate electricity have some policies to support wind energy
development. For these countries, their existing policies, such as fiscal
incentives, capital subsidies, tax rebates, etc., have been widely used in
renewable energy, potentially increasing the use of wind power in vari-
ous countries, including most countries in Europe and China. Compared
with these countries, New Zealand has fewer incentives for developing
renewable energy, and there is no specific policy for wind energy. The
high concentration of the industry is also an important factor hindering
the entry of New Zealand wind power into the electricity market. At
the same time, due to factors such as indigenous rights, environment,
and society, New Zealand is also unable to make full use of high-quality
wind energy. The wind farm approval process is complicated and slow.
The approval process may take many years, bringing great uncertainty
to local communities, governments, and developers. In summary, New
Zealand’s wind energy potential has not yet been fully tapped.

This article discusses the feasibility of small wind turbines in New
Zealand, and introduces different types of turbines, as well as the opera-
tion and construction process of small wind turbines. It is concluded that
some areas with high wind speeds in New Zealand are very suitable for
promoting small-scale distributed generation (e.g., micro-generation).
If New Zealand vigorously promotes small wind turbines, it will con-
tribute to the rapid development of New Zealand’s wind power genera-
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tion. Small-scale wind farms will also reduce New Zealand’s primary en-
ergy for electricity and emissions. Finally, through typical case studies,
we also recognize the importance of the effective use of urban-specific
structural parameters to enhance the effectiveness of small-scale wind
turbines.

In the future, the New Zealand government should formulate policies
related to wind energy development, address challenges related to wind
energy development, financial incentives and subsidies, local support,
and formulate effective wind energy implementation plans to stimulate
and explore the use of wind energy fully. It is further necessary to de-
scribe the site-specific values  and issues that need to be considered
when planning and evaluating wind farm development, and be familiar
with and able to deal with any issues related to wind farm proposals and
consents, so New Zealand’s wind energy industry will play a significant
role in the field of renewable energy.
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