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EXECUTIVE SUMMARY

Namibia is a country with extensive natural resources for electricity production. This includes the
hydro potential that is already utilised, abundant sunshine, wind and biomass. Namibia is currently
producing an insufficient amount of electricity to cover its needs. This results in dependence on
other countries to import energy and leaves the country in a vulnerable position with regards to
growing the economy. The Namibian government is determined to reduce the country’s dependency
on electricity imports to promote significant industrialisation and improve the livelihoods of its
citizens by addressing bottlenecks resulting from the limited locally generated electricity. It is clear
that Renewable Energy (RE) will form a large part of the Namibian energy supply in the future.
However, to ensure a smooth transition to renewables, the impact which these inherently
intermittent renewable energy sources have on the grid must be investigated and solutions

considered.

A literature review on international experience with renewable energy integration was also
conducted for purposes of benchmarking and assessing potential risk management measures in
intermittent RE integration. The countries considered include South Africa, Australia, Costa Rica and

Germany the general conclusions are indicated below

e The renewable energy growth can be promoted while integration studies are being
conducted;

e High penetration of intermittent RE can be managed (as proven by experiences in Spain,
Portugal, Germany, Ireland, Australia and Denmark);

e Robust transmission design and grid code procedures are important;

e The power system characteristics determine the associated intermittent RE integration
issues as well as the most suitable solutions for such issues and

e The existing modelling tools can be used to study the impacts of intermittent RE.

The impacts of new intermittent renewable energy generation in the Namibian power system were
evaluated by conducting different studies including; load flow analysis, contingency analysis, fault
level analysis, grid strength assessment, power quality, QV analysis and reliability assessment. The

following can be concluded:

e The intermittent renewable energy penetration in Namibia will be mostly limited by the load
demand of the country, long transmission lines and hence high impedance of the network.

e Due to long transmission lines, the renewable energy power should be consumed by local
distribution networks to avoid long distance power transmission that can significantly

increase technical losses of the system. Thus, the renewable energy plants should be sized



in such a way (small enough), that all the renewable energy power produced by a given RE
plant could be consumed locally even during low loading conditions. It is thus recommended
that the renewable energy capacity in Namibia should not exceed the minimum load
demand of 300MW-350MW during the day for the current grid configuration. In addition,
exporting the renewable energy power to neighbouring countries is not recommended due
to increasing losses.

The Namibian network has low fault levels which have a direct impact on the power quality
at the point of connection of renewable energy plants. The short circuit ratio was used in
the study to measure the level of renewable energy where there is high possibility of
violating power quality parameters. Due to low network fault levels, it is recommended that
the RE capacities be kept less than 10MW per connection point to avoid power quality
violations. If larger renewable energy systems are to be connected, detailed grid studies
should be additionally conducted and relevant solutions should be implemented.

The renewable energy grid codes forming part of the Transmission Grid Code, should also

be reviewed/updated considering the specific characteristics of the network.
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Introduction

Background

Grid-integration of renewable energy (RE) assists to meet energy demand; however it may also
create a number of technical challenges for utilities. These challenges need to be identified and
considered before integrating RE into the national grid. In addition to dealing with the intermittency,
the connection of a RE source to the main grid may affect technical parameters such as power quality

and stability of the network.

Objective

The study objective was to assess the impact of grid integration of intermittent RE, develop and
implement a plausible methodology to reliably quantify the optimal RE capacity that can be

integrated into the grid in the Namibian Electricity Supply Industry (ESI).
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1: Status of Renewable Energy in Namibia

This section begins with a brief overview of Namibia and its economy and then goes on to outline

Namibia’s energy mix and its future.

1.1: Namibia’s economy

Namibia covers an area of about 824 000 km? and has a population of about 2.3 million. The
economy is highly reliant on the primary sectors including agriculture, mining and manufacturing
and is susceptible to changes in global economic trends. The Namibian government has committed
to transforming the national economy into an industrialised country, which has been iterated in the
Vision 2030 and the fourth National Development Plan (Namibian National Planning Committee,
2016). Logistics, tourism, manufacturing, and agriculture are the sectors that have been prioritised
for the development. The growth of these industries, and subsequently the improvement of the
quality of life of the Namibian population, is to some degree reliant on the sustainable supply and

adequate access to resources.

Despite a relatively small economy, Namibia boasts a relatively large per capita GDP when compared
with other sub-Saharan African countries. This is an important point when taking into consideration
that the energy consumption of people generally increases with an increase in income. Thus, if the
population grows and the GDP per capita stays unchanged, Namibia can expect accelerated growth
in energy demand. As with all countries, the growth of the GDP is reliant on a stable supply of

electricity.

Electricity accounted for about 19.5% of the total consumption of energy in 2014, with oil products
being the most consumed source of energy in Namibia (IEA, 2014). In 2015, 4 254 GWh of electricity
was used in Namibia. Of this, only 36.1% (1 537 GWh) was supplied by the domestic electricity

sector, while the rest was imported (NamPower, 2015).

South Africa’s utility, Eskom, supplies most of the electricity imported into Namibia. Eskom has
experienced its own challenges with respect to the supply of electricity to the South African
population and industries, which creates concerns over the future security of supply of electricity to
Namibia. Moreover, during exceptionally rainy seasons, Namibia has managed to export excess
electric power to South Africa to alleviate the pressure on Eskom. Electric power deficits are
envisaged to negatively affect the Southern African Power Pool (SAPP) in the medium- to long-term,
creating the need for diversification of the electricity mix and reducing reliance on imports. This
particularly applies to the Namibian economy, in light of its goals to stimulate industrial

development.
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New base load power stations are planned for development in the country. These include the Kudu
gas-fired power station, expected to come online in 2019. However, half of its generated electricity
will be exported. Although the establishment of this landmark facility will assist in addressing the
short-to medium term supply challenges, a greater diversification of electricity supply options is

required.

The stable political environment, available mineral endowments, and sound economic management
in Namibia have attracted foreign direct investment and stimulated national government

expenditure in major infrastructural projects in the past decade, propelling the country’s growth.

Despite the steady economic growth over the past few years, the Fourth National Development Plan
(NDP4) shows that in 2016 the GDP grew by 3.6%, showing a deceleration in growth (Namibian
National Planning Committee, 2016). Along with this overall deceleration of growth, the NDP4 shows
the agricultural, fishing and mining industries to have shrunk by 3.6%, 3.7% and 8.4% respectively.
Prolonged droughts, rising utility costs for both electricity and water, and increased competition

from the neighbouring South Africa, are among the key reasons behind this trend.

Importantly, the manufacturing sector, the growth of which is integral to the achievement of the
industrialisation objective set by the national government, is among the few industries that struggled
to weather the exogenous shocks. This sector, which primarily comprised the chemical, food and
beverages industries, is stagnating and has experienced limited growth in the past few years. The
increasing cost of electricity, limited access to finance and rising competition from South Africa are

all creating additional hurdles for the manufacturing industry to overcome.

1.2: Namibia’s energy mix

This section introduces the SAPP, the various power plants in Namibia, the Namibian tariff structures

and Namibia’s supply and demand.

1.2.1: The SAPP

Namibia’s electrical grid forms part of the SAPP, a cooperation of the national electricity companies
in Southern Africa under the auspices of the Southern African Development Community (SADC). The
members of SAPP have created a common power grid linking their countries and a common market
for electricity in the SADC region. SAPP was founded in 1995, with the primary aim to provide reliable
and economical electricity supply to the consumers of each of the SAPP member countries,
consistent with the reasonable utilisation of natural resources and the effect on the environment. A

map of the SAPP can be seen in Figure 2.
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Dares Salaam

& Hydro station
® Pumped storage scheme
Thermal Station
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Figure 1: SAPP electricity grid (Southern African Power Pool, 2017)

Table 1 shows the power generation mix of the different utilities within the SAPP and the sources of
energy used. The table shows the relative demand of Namibia with NamPower making up only 0.88%

of the total SAPP electricity demand compared to South Africa and Eskom at 76%.

As of January 2016, Namibia has one coal fired power station, one hydroelectric power station, two
diesel fired power stations and two solar plants connected to the grid. The coal fired Van Eck Power
Station, which is located outside Windhoek, has an installed capacity of 120 MW. The hydroelectric
station supplies 348 MW to the grid and the two diesel generators collectively provide 46.6 MW to
the grid. The two solar plants connected to the grid collectively supply 9.5 MW.
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Table 1: Power generation capacity mix per utility in 2016, adapted from (Southern African Power Pool, 2017)

Utility® Electrical power generation capacity per utility (MW)

Technology BPC EDM ENE ES;;O Eskom LEC Pl\:Jawn:e-r SEC SNEL TACI\(I)ES ZESA ZESCO LHPC HCB Total

Baseload hydro 498 1528 351 2 000 74 348 61 2442 717 750 2107 49 2075 | 13000
Coal 732 492 35721 141 9 1295 38390
Nuclear 1860 1860
OCGT 160 190 1 585 936
Distillate 151 2409 46.6 78 50 2735
Wind 2492 2492
Solar CSP 600 600
Solar PV 1821 9.5 1831
Landfill 18 18
Biomass 42 42
Total 892 649 2210 352 | 46963 74 545 70 2442 1380 2 045 2157 49 2075 | 61903

! Nomenclature: BPC — Botswana Power Corporation; EDM — Electricidade de Mocambique (Mozambique); ENE —Empresa Nacional de Electricidade de Angola (Angola); ESCOM
— Electricity Supply Commission of Malawi; Eskom — (South Africa); LEC — Lesotho Electricity Company; NamPower — (Namibia); SEC — Swaziland Electricity Company; SNEL -
Société nationale d'électricité (Democratic Republic of the Congo); TANESCO — Tanzania Electric Supply Company; ZESA — Zimbabwe Electricity Supply Authority; ZESCO —
Zambia Electricity Supply Company; LHPC — Lunsemfwa Hydro Power Company (Zambia); HCB — Hidroelectrica de Cahora Bassa (Mozambique)
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1.2.2: Namibian power plants

The power plants connected to the Namibian grid are investigated in more detail. The location of

Namibia’s power plants, as well as the major distribution lines, are shown in Figure.

Zambezi

(04
,,,,,

400kV =~ — —
350kVdc = = -

Walm
Paratus

Figure 2: Namibian electricity grid (NamPower, 2015)

Table shows the Namibian generation mix as of January 2016.

Table 2: Invetnory of existing power plants an imports (Ministry of Mines and Energy, 2016)

Plant name and type | Fuel source Installed capacity Planned retirement

Ruacana Hydro 348 MW t.b.d.
Van Eck Coal 141 MW 2025
Anixas LFO/HFO 22.5 MW t.b.d.
Paratus LFO/HFO 24 MW 2018
Innosun Solar PV 4.5 MW t.b.d.
HopSol Solar PV 5 MW t.b.d.




Study on Grid Integration of Intermittent Renewable Energy in Namibia Aug-18

Imports Mixed (approx.) 630 MW n.a.
Total (excl. imports)
545 MW

(incl. imports)

1175 MW

Ruacana hydropower station

The Ruacana hydro power station is located on the Kunene River, in the north of Namibia, where the
Kunene River forms the border between Namibia and Angola. The station was commissioned in 1978
and consists of three 80 MW hydro generators and a fourth unit of 92 MW commissioned in May
2012 for a total capacity of 332 MW, in 2016 the plant was further upgraded to 348 MW. The station
has black start up diesel generators and a 330kV transmission line running from Ruacana to the

Omburu substation which is some 570 km in length. (Ministry of Mines and Energy, 2016)

Van Eck coal-fired power plant

The Van Eck coal-fired power plant is situated on the northern outskirts of Windhoek. It originally
had a total rating of 120 MW using four 30 MW generators and was commissioned in 1973, in 2016
the plant underwent upgrades to add an additional 21 MW of power resulting in a total of 141 MW.
Due to the frequent water constraints in Windhoek the plant was designed as a dry cooled station.
The coal is imported from South Africa, transported by ship to Walvis Bay and then by rail or road to
Windhoek. The plant is normally operated as a standby and peaking power station only. The power

station has very limited emission control equipment and thus emits high levels of air pollutants.

The units in this plant are aging and becoming less and less reliable as they approach the end of their
technical life. At present, the maximum continuous output the plant can reach is only 60 MW due to

various constraints. (Ministry of Mines and Energy, 2016)

Anixas power station

The Anixas power station is located in Walvis Bay. This station benefits from a technology which has
a higher efficiency and reliability, and less emissions and noise than older power stations of its type.
There are three Caterpillar V16 cylinder internal combustion reciprocating engine (ICRE) generator
sets, each with a net electrical capacity of 7.5 MW, for a gross total of 22.5 MW. The power station
started operations at the end of July, 2011 followed by the official inauguration in November 2011.
(Ministry of Mines and Energy, 2016)
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Paratus power station

The Paratus power station is also located in Walvis Bay. It has an installed capacity of 24 MW and
uses four 6 MW (nominal) ICRE generators. The output capacity of each unit is dependent on the
ambient temperature, with a rating of approximately 5 MW at low temperatures and some 2 MW at
high temperatures. The station has a black start up generator and was commissioned in 1976. It is
used mainly as a standby and peaking power station respectively but it is also contractually bound
as an emergency standby plant for the town of Walvis Bay. Paratus runs at very high marginal cost
and can only generate a maximum of 6 MW. A decision to retire the plant had already been made

by NamPower. (Ministry of Mines and Energy, 2016)

Innosun

The 4.5 MW solar PV plant is built on 16 hectares of arid landnear the town of Omaruru. InnoSun
chose and installed TSMC CIGS (copper, indium, gallium, selenium) thin-film modules mounted on a

horizontal single axis tracking system.

Hopsol

The 5 MW Hopsol solar power plant is located near Grootfontein and accounts for approximately
one percent of the country’s total generation capacity. The plant comprises 52,000 thin-film solar

modules from First Solar, a US company. The solar panels are fixed on a single-axis tracking system.

Imports

Namibia is highly dependent on importing electricity from the SADC region to meet daily electricity
demands. It is necessary to analyse this imported power as it is, in itself, can be characterized as a

representation of a power plant.

Table 3 shows the various amounts of imported power, where the power is imported from and the

corresponding capacity factors.

Table 3: Imported power for Namibia (Ministry of Mines and Energy, 2016)

Supplier Maximum power Capacity factor Expiry date
Eskom - Supplemental 200 MW 20% Annually
Ei:g;a_l Off peak 300 MW 50% 31/03/2017
ZESCO - Zambia 50 MW 100% 31/12/2020
ZPC - Zimbabwe 80 MW 50% 31/03/2025
Total 630 MW
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1.2.3: Electricity demand

Figure 3 shows the daily power consumption curves (load profiles) for a typical day in the middle of
winter (15 July 2016) and in the middle of summer (15 December 2016). The typical daily usage
trend is present for both the winter and summer day with an increase in demand between 04:00
and 09:00 and a high demand decreasing during the afternoon with a spike in the evenings between
18:00 and 20:00. It also shows a heightened demand in winter, which is a common trait of electrical
grids due to the increased heating required in winter. The daily demand shows a maximum of
610 MW for the winter day, which is close to the overall annual maximum of 669 MW (including
Scorpion Mine) that occurred on 14 June 2016 (based on the data supplied NamPower). Another
important aspect to consider is the minimum load for the year as this affects the amount of installed
capacity that can be safely installed without the risk of oversupply. The minimum demand in 2016

was registered at 229 MW.
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Figure 3: Winter and summer power consumption curve

1.3: Namibia’s future energy mix
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The Namibian government committed to transforming the national economy through
industrialization, and this requires, amongst others, access to reliable and sustainable supply of

energy.

This section describes Namibia’s future plans for its energy mix as stipulated in the National
Integrated Resource Plan (NIRP) (Ministry of Mines and Energy, 2016) as well as policies and

legislation which specifically support the integration of renewable energy into the grid.

The NIRP is a 20-year development plan for Namibia’s Electricity Supply Industry, spanning the
period between 2016 and 2035. The NIRP detailed report outlines the existing electricity supply
facilities, describes the parameters used in preparing the NIRP update, presents the load forecast
and summarises the generation resources and options included in the analysis. The report also
outlines the analysis carried out to determine the preferred generation options and puts forward

the recommended National Integrated Resource Plan along with an implementation plan.

1.3.1: Short term plan

The NIRP makes it very clear that Namibia has interests in incorporating large amounts of RE into the
grid. This statement is backed by the power plants that are currently committed to supporting the
grid but are not yet constructed. Table 4 shows the RE plants that were in development phases as of
January 2016. The 70 MW Renewable Energy Feed-In Tariff (REFIT) program includes 14 individual
projects, each at 5 MW. Only one of the 14 projects will be from wind and the rest will be from solar
PV.

Table 4: Committed plants as of January 2016 (Ministry of Mines and Energy, 2016)

Project Capacity (MW) Status

REFIT 70 | PPAsssigned, waiting for financial close
NP Solar 37 | Currently in bidding stage

GreenNam Solar 20 | PPAsigned

Diaz Wind 44 PPA signed

Total 171

The plants outlined in the table above will assist Namibia with its transition to becoming a self-
sufficient country in electricity but there will still be a need for additional base load energy providers.

The committed projects are mostly solar PV which come with inherent variability. Namibia is

10
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therefore looking at other long term grid stability options which are investigated in the following

section.

1.3.2: Long term strategy

Figure 7 shows the predicted peak demand trends for Namibia as predicted by the NIRP. The figure
shows low, high and reference demand levels which were used to prepare various expansion

scenarios for the long term energy strategy.
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Figure 4: Forecast of peak demand summary (Ministry of Mines and Energy, 2016)

The long-term strategy involves the implementation of new primary generators. The primary energy
resources include both domestic and imported resources and comprise natural gas, LNG, coal,
uranium, fuel oil, hydro, wind, solar and biomass. The Namibian Government recognises the need
for atransition to a cleaner and more sustainable energy future. The country has shown commitment
to supporting all measures intended to enhance RE penetration in a cost effective and sustainable
way, giving careful consideration to the intermittent nature of the generation by some RE generation
technologies. The Namibian potential for solar, wind and biomass is substantial. As per market
evolution, the costs of the three renewable generation options are becoming very competitive to
the conventional generation technologies. The various technologies relevant to Namibia will be

discussed briefly.

Coal fired power generation

Coal deposits in Namibia have not yet been commercially exploited. The coal used in Namibia is all

imported from other countries. Most of the coal resources cannot be economically developed when

11



Study on Grid Integration of Intermittent Renewable Energy in Namibia Aug-18

comparing with development of coal mines in other Southern Africa countries. The NIRP specifies a
coal plant of 150 MW as a suitable size for the Namibian electric system. Anything larger than that

could result in excessive base load generation capacity. (Ministry of Mines and Energy, 2016)

Natural gas power generation

Natural gas refers to naturally occurring hydrocarbon gas mixture consisting primarily of methane.
Natural gas is commercially extracted from oil fields and natural gas fields. Because of its low density,
it is not easy to store natural gas or transport it by vehicle. For this reason, the gas can be turned
into liquid at a liquefaction plant, and is returned to gas form at a regasification plant at the terminal.
The liquid fuel is known as liquid natural gas. In Namibia, the Kudu gas field is situated approximately
170 km off-shore to the south-west of the town of Oranjemund. At the present time, it is envisaged
that the gas would be processed on a floating plant system to be contained in a permanently moored
large ship and transferred to Uubvlei (close to Oranjemund) through a pipeline where it would be
used to supply a 900 MW power plant. Around 450 MW of the plant’s capacity would supply Namibia

while the rest would be exported to neighbouring countries. (Ministry of Mines and Energy, 2016)

Fuel oil power generation

There are ongoing oil exploration activities both off shore and on shore in Namibia. The crude oil is
extracted, refined and made ready for combustion and energy conversion. The NIRP states that
20 MW medium speed ICRE generators, the LFO fuelled 150 MW combined cycle gas turbines
(CCGTs), the 50 MW and 100 MW GTs will be considered for Namibia’s future. (Ministry of Mines
and Energy, 2016)

Nuclear power

As per international practice, nuclear power generation is relatively expensive and requires a good
national technological base and well trained human resources to operate and maintain such power
plants and nuclear waste material. The NIRP suggests possible plant sizes of 200 MW and 600 MW
with the 200 MW plant providing a base load Namibia and the 600 MW plant used to provide a base
load to export electricity. However, various factors will need to be assessed in the decision-making

process when considering this technology. (Ministry of Mines and Energy, 2016)

Hydroelectric power

Namibia’s only perennial rivers are the Kunene, Okavango and Zambezi (forming borders with Angola
and Zambia in the north and north east) and the Orange River bordering South Africa in the south.
In 1992 it was estimated that Namibia’s gross theoretical hydropower potential would be
approximately 9 000 GWh per year. The Kunene River, a shared river with Angola, has a hydropower

potential of 1 600 MW and was studied in depth during the 1990’s. The potential large-scale
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hydropower projects identified for further study were the Epupa and Baynes schemes, and were
studied in detail at feasibility level in 1997. Both these schemes were originally envisaged as 360 MW
plants aimed at ensuring security of base load supply for Namibia. The study found both schemes to
be financially viable with Epupa having some negative environmental impacts but being self-
sufficient as far as water reservoir capacity is concerned. Conversely the environmental impact of
the Baynes option was much more acceptable but it relied heavily on the regulation of water to be
released from the Gove Dam situated upstream deep inside Angola. The project was shelved and
NamPower opted to build a 400 kV power line connecting Namibia to South Africa which facilitated
the import of electricity from South Africa to Namibia. The NIRP states that a 600 MW power plant
would be the best option for installation on the Kunene River. The fact that the river is shared with
Angola complicates matters to quite a degree, good cooperation is required from both countries for

a hydroelectric project to be a success.

In May 2004, NamPower commissioned a prefeasibility study on the viability of a 20 MW
hydroelectric plant to be located on the Okavango River in the vicinity of Popa Falls. In addition to
this, Clackson Power Company (Pty) Ltd (“Clackson Power”) together with NamPower have been
pursuing the possibility of developing several distributed hydro-electric power stations which would
be situated in the lower Orange River catchment, more specifically between the Fish River junction
to the west and the Molopo River junction to the east. The Lower Orange Hydro Electric Power
Stations project consists of the development of up to 9 small hydro-electric power stations, varying
in size from 6 MW to 12 MW with an anticipated total installed capacity of some 100 MW. (Ministry
of Mines and Energy, 2016)

Wind energy

The Namibian west coast has good wind resources, with annual average wind speeds ranging from
6 to 12 meters per second with a potential capacity factor ranging from 30% to 40%. This is
dependent on turbine technology and structure design. According to an investigation and pre-
feasibility study conducted in 1996/1997 by the Namibian Ministry of Mines and Energy, the Lideritz
area has one of the best potentials to develop a sizeable wind farm with total potential capacity of
up to 65 MW. The other area with great potential for wind power generation is Oranjemund, which
is located in the southern part of the country. This area has a total potential capacity of

approximately 15 MW.

The Walvis Bay area has also been identified as a site suitable for wind energy generation. Average
wind speeds of 7 to 12 metres per second have been recorded with an estimated potential capacity
of 25 MW. Another promising site is the north corridor between Walvis Bay and Mowe Bay.
Information obtained from the National Weather Service and supported by the Namibia wind map

indicates that the wind regime along this section is between 7 and 10 meters per second, which is
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attractive for wind power generation. The total potential of the Walvis Bay corridor up to Méwe Bay
could reach 45 MW.

Solar Energy

Nambia has one of the highest solar radiation regimes in Africa and the world. Sunshine is available
throughout the year and there are minimal interruptions even during the rainy season, making it a
very good candidate for implementing solar power plants. For large-scale solar PV projects (10 MW
or higher) in Namibia, the expected annual capacity factor could vary from 25% to 35%, with
appropriate tracking system and over build of the DC side. Due to the lack of storage, the energy
converted by the solar plants would have to be used immediately, an aspect which introduces

volatility into the system.

Concentrated solar power (CSP), also referred to as solar thermal power, involves the utilisation of
the sun’s heat for power generation. CSP stations can produce significant amounts of electricity
ranging from a few MW to several hundred MW, an added advantage of CSP technology is that
energy can be stored in the form of heat. Some larger plants are able to continue supplying energy

up to 6 hours after the sun has gone down.

Within a Namibian context, CSP stations are potential candidates for integration into the national
grid together with other generation technologies. Namibia is generally considered to be highly
suitable for CSP generation. CSP technology requires a large amount of initial capital investment and
large surface areas for the installation of the solar heat collectors. It is noted that NamPower intends
to issue a tender for the Techno-Economic Advisor for the feasibility study of a 50 MW CSP Project
with an estimated budget of EUR 1 100 000. (Ministry of Mines and Energy, 2016)

Biomass

Namibia has abundant biomass resources in the form of encroacher bush, which is located primarily
in the north-central and central regions. It has been estimated that there are approximately 26
million hectares of bush-encroached land in Namibia. Encroacher bush prevents the growth of useful
grass species, resulting in the compaction of soils in the bush encroached areas. The NIRP estimates
that there is enough biomass to sustainably supply a 5 MW combustion plant. The NIRP document
analyses the biomass resources and sets up various scenarios for the future energy mix of Namibia.
The various scenarios were modelled and evaluated on a range of aspects. The evaluation process
produced a list of scenarios with the highest probability of providing a stable energy mix. (Ministry
of Mines and Energy, 2016)

14
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1.3.3: Renewable energy in NIRP

The NIRP released in 2016 concludes with a presentation of 11 energy mix scenario’s for the future.
For simplicity sake, the scenarios which represent the maximum and minimum inclusion of
renewable energy are analysed. The scenario which presents the minimum installed RE producers
predicts 649 MW of installed capacity by 2035 versus 740 MW of non-RE sources. The maximum RE
scenario predicts 1 169 MW of installed RE and 540 MW of non—RE sources. The minimum and

maximum installed RE per year is shown in Figure 5.
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Figure 5: Minimum and maximum RE scenarios (Ministry of Mines and Energy, 2016)

According to Figure 5, both the maximum and minimum scenarios include RE implementation plans
that outweigh the entire current grid capacity of 492 MW. This fact, along with the additional
information presented in the previous sections, indicates that RE will play an important role in the
future energy mix of Namibia. The successful integration of RE into the Namibian grid will hinge on
a vast amount of decisions which still need to be made; the following section investigates

international best and worst practices which will assist with the making of these decisions.

1.3.4: Relevant policies, legislation and regulations

The policies relevant to the implementation of RE in Namibia are presented in Appendix F. These

policies and targets suggest a major investment into RE in Namibia’s future. The following legislation
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was considered for the regulatory review exercise, the relevant legislation can be found in Appendix
G.

e Electricity Act, 2007
e Draft Energy Regulator Bill

As with the policies in Appendix F, the legislation and regulations found in Appendix G also support

the implementation of RE in Namibia.

1.4: Conclusion on Namibia’s RE mix

Namibia is a country with extensive natural resources for electricity production. This includes the
hydro potential that is already utilised, abundant sunshine, wind and biomass. It is hypothesised that
a realistic potential exists for Namibia to be the first country in Africa to provide 100% of its electricity
from renewable sources with a target of 73% of energy to be sourced from RE producers by 2030
(Ministry of Mines and Energy, 2016).

The size of the Namibian economy relative to the SAPP region, the low population density, and the
lack of local conventional fuel resources all contribute to an economy of scale problem, which in turn
limits the opportunities for the addition of baseload power generation. Hydropower and solar PV
generation offer low-cost alternative solutions, but neither can guarantee stable capacity. The
logistics associated with conventional power generation fuel supply tends to result in high

generation costs for all back-up or baseload options.

Namibia is currently producing an insufficient amount of electricity to cover its needs. This results in
dependence on other countries to import energy and leaves them in a vulnerable position with
regards to growing the economy. The country needs to increase its power producing capabilities and

is in a good position to do so using renewable energy sources.

The Namibian government is determined to reduce the country’s dependency on electricity imports
in order to promote significant industrialisation and improve the livelihoods of its citizens by
addressing bottlenecks resulting from the limited locally generated electricity. Greater domestic
generation capacity would not only allow Namibia to achieve security of electricity supply and
stimulate higher growth and development in the country, but assist in constraining the rise in

electricity prices linked to high-cost of short-term imports.

Short-term liquid fuel based emergency generation has been identified by the NIRP as an immediate
short term solution to assist with meeting baseload requirements. Renewable energy has also been
identified as a major role player in the future energy mix of Namibia with 127 MW of solar and
44 MW of wind which have already been committed. In addition to this, a future goal of supplying

50% of the country’s demand by 2035 is also in place. In terms of long term base load supply, the
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NIRP identifies coal powered plants, liquid natural gas turbines and internal combustion

reciprocating engines as the most probable future suppliers.

Furthermore, through policy and other legislative instruments, Namibia is shifting away from public
sector dominance of the power sector, and is putting measures in place to lure private sector
participation in the electricity sector. This development is critical, since it favours both of the two
options, namely: having the state utility (i.e. NamPower) owning and managing the new generating
capacity or having an IPP administering the whole project. Draft legislation, once approved, would
make it possible for NamPower to be an equity partner with an IPP involved in a project it procures
from. However, the country’s legislative and regulatory framework is not yet finalised and tested for

the smooth entry of such IPPs.

Accordingly, the finalisation and adoption of new policies and legislations should have a positive
bearing on any new electricity generation project planned to be developed in the country. These
should give NamPower the mandate to initiate the IPP procurement process, while at the same time
reducing financial risks and the cost of project development on the side of IPPs, especially
considering the multiple proposed incentives and support mechanisms suggested in the Draft NIRP
of 2016.

Further to the above, the adoption of new policies and the draft legislation on energy and electricity
would further increase the project development and ownership options that could be considered

for any new large-scale renewable energy project; namely:

e |PP ownership
e Government ownership through NamPower

e Partnership between NamPower and an IPP

Any of the above ownership options to be followed will still need to contribute to the empowerment
of the previously disadvantaged Namibian population and communities, which takes centre stage in
most national policy documents. In light of the above, the finalisation and implementation of the
draft legislations and policies on energy should position the country well to develop the local energy

industry and harness renewables to the benefit of its people and businesses.

Itis clear that RE will form a large part of the Namibian energy supply in the future. In order to ensure
a smooth transition to renewables, the impact which these inherently intermittent resources have
on the grid must be investigated and solutions considered. Case studies were carried out on various

countries who have large amounts of RE installed and are presented in the following section.
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2: International case studies

The previous section covered the present and future energy mix of Namibia with the future energy
mix indicating a clear increase in renewable energy sources. To ensure a successful integration of RE,
which have inherent characteristics that vary compared to more conventional energy sources, the

possible implications and mitigations must be investigated.

RE resources are becoming integrated into electric power systems around the world. The changes
brought about by these new power sources are certain to have a significant impact on system
performance and efficiency. The following case studies focus on the impact of the penetration of RE
resources on the electric grid in terms of system performance and the technical challenges,
opportunities for achieving higher levels of reliability and efficiency in grid performance. The specific
focus is on wind and solar energy due to these technologies having the largest potential penetration

into the Namibian grid.

The case studies cover South Africa, Australia, Costa Rica, Germany and a project of interest carried

out in on Western America. The case studies follow the methodology presented in Figure 6.

Analyse energy mix
prior to RE

Investigate implementation
process

Evaluate palicies, regulation Draw conclusions on learnings and
and technical performance relevance to Namibian context

Figure 6: Methodology followed for case studies

2.1: South Africa

South Africa is a country with rich RE sources much like Namibia. There is an abundance of solar and
wind resources and it has a shoreline that encircles about half the country. After 1994 and the

democratisation of the country, the energy sector started to radically change. Changes included
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extending the grid to supply the less privileged with electricity and with the turn of the century came
the introduction of RE. The tipping point for RE technologies came with the REFIT process that was
publicised and managed by the National Energy Regulator of South Africa (NERSA). Catapulted to
prominence by the electricity blackouts of 2008, RE technologies as options with short lead times
became an attractive alternative for the country. In 2010 South Africa made it clear that it was going
to incorporate RE into its energy mix with the IRP (integrated resource plan) setting a target of
17 500 MW by 2030.

In order to facilitate the integration of RE into South Africa, the Department of Energy (DOE)
launched a programme called the Renewable Energy Independent Power Producer Procurement
Programme (REI4P). South Africa’s REI4P was one of the programmes identified as a climate change

flagship programme in the National Climate Change Response white paper published in 2011.

2.1.1: Energy mix prior to RE

South Africa is considered one of the most advanced countries in Africa, boasting the second largest
economy in Africa and the 34th largest economy in the world, holding significant regional influence.
This being said, the country still falls into the category of a ‘developing nation’ as this country is still
newly industrialised. Along with a developing country comes a developing energy supply, in the

South African context, one that has changed a lot in recent years.

In 2005, the contribution of South Africa to total global emissions was still moderate at around 1.1%.
The per capita rate was 9 tonnes of CO,emissions per person which was above the global of 5.8
tonnes and more than 6 times higher than the sub-Saharan average at that time of 1.4 tonnes (World
Resources Institute, 2005). This high carbon emission per capita was, and still is, due to South Africa’s

dependency on burning fossil fuels for energy.

South Africa embarked on a new journey since the publication of the White Paper on Energy Policy
of 1998. Critical among the priorities of Government at the time, which was characterised as a period
of reconstruction and development, was the mass rollout of electrification to people who were
previously excluded from accessing this modern energy service. Since the national electricity utility,
Eskom, had excess capacity, the RE technology options were marginalised, often being left to a few
demonstration or pilot projects largely driven by the international donor community. Yet, these
projects contributed immensely to the demonstration of the potential of RE technologies and to
some degree filled the gap in respect of provision of non-grid services to targeted rural communities
between 2001 and 2010. (South African Department of Energy, 2015)

The South African electricity sector is dominated by Eskom, a state-owned enterprise that generates
almost all of the electricity (around 96%) for South Africa. In addition to being the main power

supplier Eskom also owns and maintains all transmission lines. In 2008, the energy mix of South
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Africa was majority coal powered with it making up 86% of the capacity. The remaining 14% was

shared by nuclear, hydro pumped storage, conventional hydro and gas as seen in Figure 9.

m Coal

m Nuclear

B Hydroelectric pumped-
storage

B Conventional hydro

W Gas

Figure 7: Installed capacity (MW), South Africa 2008 (Pegels, 2010)

In 2008 Eskom was operating at nearly full capacity with a peak demand of about 36 GW matched
by an installed capacity of around 40 GW. This gave the grid a narrow reserve margin of about 10%
(Department of Minerals and Energy, 2008). This situation resulted in South Africa experiencing
serious power shortages in early 2008. The combination of a desperate need for increased grid
capacity and the need to decrease South Africa’s dependency on fossil fuel resulted in the

government putting together a plan for the RE implementation.

2.1.2: RE implementation in South Africa

The South African journey towards large-scale deployment of renewable energy technologies shows
a diverse mixture of Government policy interventions, which converged with market forces between
2008 and 2012. South Africa is fortunate in that, over and above its coal resources, it is also well
endowed with non-finite RE sources, notably solar and wind. The country has an average of more
than 2 500 hours of sunshine per year and average direct solar radiation levels range between 4.5
and 6.5 kWh/m2 per day, placing it in the top-3 in the world. (South African Department of Energy,
2015)
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The REI4P was launched in South Africa in 2011, with the goal to deliver 3 725 MW of RE by 2016,
and to contribute towards social-economic and environmentally sustainable development. To reach
the 2016 target, the Department of Energy (DOE) planned for five bidding windows over 2 years.
Proposals (bids) are evaluated according to many criteria, including the socio-economic
development potential of the project.

The integration of renewable energy into the South African grid has followed a well-defined
methodology for all five-bid windows that have taken place up to date. This enabled the South
African grid to connect over 3 000 MW of RE power plants in 7 years. In February 2017 the total
installed capacity of renewables equalled 3 192 MW, 533 MW short of the target for 2016. See
Figure 12 for the RE installation sites, both planned and installed.
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Figure 8: RE sites and the corresponding bid window, (Energyblog, 2017)

2.1.3: Renewable energy evaluation

This section is split up into three sections, policy and regulation, economics and technical

performance.
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Policy and regulation

As mentioned before, the acceleration of RE implementation in South Africa was thanks to the
implementation of appropriate policies and regulations. These included the 1998 White Paper on
Energy Policy (WPEP), the 2003 White Paper on Renewable Energy (WPRE) and the 2011 National
Climate Change Response White Paper Policy. Also in 2011, the National Planning Commission
completed the National Development Plan (NDP), which sets the overarching long- term vision for

South Africa’s growth and development.

The significance of the WPEP with respect to RE was its ability to recognise, as early as 1998, that
the rapid development of renewable energy technologies (RETs) was imminent, and that these RETs
would become cost competitive and cost effective in time. In addition, that the exploitation of these
vast resources would create enormous opportunities in the future. These assertions could only be
made due to firm policy-oriented research conducted by researchers, such as those who were at the
Energy and Development Research Centre (EDRC) at the time. They formed part of the team that
developed the WPEP. It is notable that close collaboration between policy makers and research

institutions played a very significant role. (South African Department of Energy, 2015)

The 2003 WPRE set the first target for RETs with regards to technology development, governance,
financial and legal instruments, capacity building and education as the five key facilitative areas that
needed to be addressed in order to enable the deployment of RE on a large scale. It is through
concerted effort and intervention in each of these priority areas that South Africa is able to speak of
ambitious targets and record achievements in RETs progress today. Significantly, in each of these
areas international partners have played a central role through providing financial and technical

support to both industry and Government. (South African Department of Energy, 2015)

The Department of Environmental Affairs (DEA) National Climate Change Response Policy White
Paper of 2011 was the third influential policy paper that supported the country’s renewable energy
aspirations. The Climate Change White Paper was largely informed by a process known as the Long-
Term Mitigation Scenario formulation. A process led by the DEA that was a Cabinet-mandated
process that took place in South Africa between 2005 and 2008. The LTMS21 arose out of the
realisation that South Africa would need to contribute its share to mitigation, but recognising that
the economy had been built around energy intensive industry, which is heavily reliant on coal. The
country also needed to address poverty and inequality, so any move to a low carbon development
path would require a major shift in thinking and action. However, a potential ‘advantage’ was that
such Third World issues could be strategically addressed in the process of creating RE solutions, as
the provision thereof is manufactured from scratch, using the most appropriate and affordable

technologies. (South African Department of Energy, 2015)
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The Electricity Regulations Act of 2006 and the New Generation Capacity Regulations of 2011 have
been the key legal instruments used by Government to unlock the REI4P. The Electricity Regulation
Act and its regulations enable the Minister of Energy (in consultation with NERSA) to determine what
new capacity is required. So far, three Ministerial Determinations for the procurement of 3 725 MW
by 2016, 3 200 MW by 2020 and 6 300 MW by 2025, have been issued. The allocated quantities are
derived from the IRP 2010-2030 target of 17 800 MW new generation capacity set aside for
renewables. Over and above this, the IRP 2010-2030 confirmed 2 600 MW of large-scale Hydro to be
imported from the Southern African regions as well as Eskom’s 100 MW each for solar and wind

plants. (South African Department of Energy, 2015)

Policies like the ones mentioned above show a clear policy direction as well as established energy
targets. Although these policies give the impression that they have made a major positive impact on
the implementation of RE in South africa, a more detailed analysis is required to determine their
actual effectiveness. The University of Cape Town Energy Research Centre carried out an assessment
(Edkins, et al., 2010) on policy effectiveness and the actual impacts on RE deployment in the country.
The illustration in Figure 9 shows the various policies implemented in South Africa and the RE

development over time.
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Figure 9: The impact of major policy drivers on renewable energy deployment in South African (Edkins, et al., 2010)

The study carried out by Edkins, et al. (2010) showed that policy alone does no result in the
implementation of RE. As can be seen in Figure 9, the RE generation hardly changed from 1998 to
2009. The scenario which facilitated RE penetration and generation was one which included RE in the
national integrated electricity plan and the initiation of the government-led procurement programme,
REI4P. The REI4P created market conditions that allowed large-scale RE development to take place. In
this, South Africa’s experience echoes that of international energy and climate change initiatives: that
a combination of policy tools are most effective to unlock market potential and achieve national clean

energy objectives.

Economics

In 2008, South Africa initiated a process to introduce renewable energy feed-in-tariffs (REFIT) in
order to facilitate the introduction of RE into the power system. This approach was informed by
international experience, where feed-in-tariffs were successfully used in countries such as Germany
to encourage RETs uptake. REFIT design work was accelerated in the wake of severe electricity

shortages experienced during 2008. In 2009 NERSA published REFITs with proposed tariffs designed
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to cover generation costs plus a real after tax return on equity of 17 percent, fully indexed for

inflation.

Although the REFIT programme allowed RE to enter the energy market, it did not provide the
opportunity for price competition as the feed-in tariffs were fixed. Ultimately, the actual
implementation of RE was carried out through a competitive tendering system (the REI4P) with REFIT
rates used as caps. The competitive bidding process, as it has become apparent in South Africa, has
a great potential to lower prices while still providing adequate incentives for market entry by RE

investors.

The REI4P is designed to contribute to meeting the national renewable energy target while
encouraging foreign investment and developing socio-economic and environmentally sustainable
growth. Ultimately, the programme aims to stimulate the renewable energy industry in South Africa.
The main evaluation criterion for the bid selection process is pricing, with a 70% weighting, however
there is a 30% weighting for other factors such as job creation, local content and black economic
empowerment. This encourages joint ventures with local companies, as well as a number of foreign
firms to set up local factories that cater for export. Even with programmes such as the REI4P in place,
RE technologies still face major barriers for implementation, financing and electricity price

competition often being some of them.

The REI4P has to date attracted R 53.2 billion in foreign investment and financing across all bid
windows. Foreign equity in the REI4P from the completed four bid windows amounts to R 35 billion,
equivalent to 34% of the total foreign direct investment (FDI) attracted into South Africa during 2013
(i.e. USS 8.2 billion). This success is largely ascribed to the well-designed and transparent
procurement process. Bankability is enhanced by having the payment risk mitigated by Government
guarantees. So far the REI4P has contributed to more than 109 443 employment opportunities

during both construction and operational phases. (South African Department of Energy, 2015)

An additional tool which was implemented in the aim of supporting the implementation of RE was a
non-RE generation levy. In 2009 the South African Government introduced a 2¢c/kWh environmental
levy on non-renewable generation effective from 1 July 2009. The intention of this levy was to serve
a dual purpose of protecting the environment and helping to manage the electricity shortages at
that time (Seymore, et al., 2009). Seymore, et al. (2009) carried out an investigation on the impact
of such generation tax on the South Africa economy. Their results showed that that the tax would
result in increased cost of electricity with a minor reduction in output. This is in line with
international levy implications were taxing carbon producers often has more of a negative effect on
the economy (increased electricity price) than positive impact on the environment (reduced CO?

production).
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A major barrier to the deployment of RE in South Africa has been the low cost of electricity. RETs
were unable to compete at R 0.25/ kWh (LCOE of coal in 2004) or less. Even with support from the
Renewable Energy Fund and Subsidy Office the subsidies offered were considered not substantial
enough to support the RETs in 2008. As discussed before, the implementation of the REI4P
programme finally allowed for RETs to compete in the South African energy sector. (Edkins, et al.,
2010)

The feasibility of a power production project depends on many factors, one of the most important
being the levelised cost of electricity generation (LCOE), measured in R/kWh. Figure 10 shows the
levelised cost of energy for RE in South Africa for the various REI4P bid windows. Onshore wind, solar
PV, and Solar CSP have all exhibited a clear decline in cost since bid window one. Comparing the cost
of wind and solar from bid window four to the cost of coal in 2016, around R 1.16/kWh, makes the

technologies look competitive.
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Figure 10: Levelised cost of energy (Department of Energy, 2015)

Edkins, et al. (2010) identify obtaining approvals and licences as being the biggest hurdle and most
time-consuming project activity involved with RE implantation. The delays in processing various

administrative requirements drive up development costs and add to the cost of finance if the cost of
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capital increases due to inflation. The longer the project takes to get approval, the higher the effect
on the construction costs because both labour and material costs go up. Edkins, et al. (2010)
categorize the barriers facing RE in South Africa into three main areas, institutional, legal and

financial. These areas are broken down in Table 5.

Table 5: Barriers facing renewable energy in South Africa (Edkins, et al., 2010)

Category Barriers

Institutional e Too many agencies involved in approvals (DME, DEAT and NERSA, the
department of Water Affairs and Forestry, the provincial and local authority.)

e Time taken to process approvals for license, EIA’s or negotiation of PPA.

e |dentifying the right public sector finance partner

e DM process is expensive and long

e Approval of the right tariff

Legal e EIA laws planning legislation, the Public Finance Management Act, wheeling
rights and power purchase agreements
e Rights of access to property or resource

Financial ¢ Identifying institutions that offer development grants.
e Identifying suitable lenders (soft and commercial)

e Securing equity partners

e [Insurance

Technical performance

Figure 11 shows the average daily energy production of selected wind and solar PV power plants
during winter and summer months in 2016. The selected power plants comprised nine wind farms
with total installed capacity of 633 MW and twenty-one solar PV plants with total installed capacity
of 807 MW. From the plot it can be seen that in July (winter month), PV plants produce less energy
than in December (summer month) due to low sunlight intensity and shorter sun-hours. In summer,
there is more sunshine hours in a day and intensity is higher compared to winter. Another
observation from Figure 11 is that average wind energy profile in July 2016 was relatively constant
throughout the day. In contrast to the wind energy profile of July 2016, the energy profile for
December 2016 has a peak during early evening hours. (NERSA, 2017)
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Figure 11: Seasonal variation of South African wind and solar PV energy production in 2016 (NERSA, 2017).

In 2016, about 6 445 GWh of energy was generated by REI4P power plants. The energy produced in
2016 was nearly 50% more than the RE IPP energy produced in 2015, which was about 4 400 GWh
(NERSA, 2017).

The average capacity factors in 2016 for solar PV power plants in the Northern Cape and Western
Cape were approximately 26% and 23%, respectively. The average wind capacity factors in 2016
varied from 34% in the Western Cape to approximately 36% in the Eastern Cape . These low capacity
factors exhibit RE’s inherent lack of ability to provide baseload power. Hydro and CSP were omitted

from the above table due to low levels of installed capacity.

In terms of grid stability, the South African network has not yet suffered any negative effects due to
the connection of variable RE technologies such as wind and solar. This is expected to be due to the
current low grid penetration percentage of RE. With the ever-increasing concentration of solar PV
and wind in localised areas there is a potential risk to the grid that need to be assessed in future. A
loss of generation impact scenario must be performed to determine how a sudden loss of generation

capacity will affect grid stability (Department of Energy, 2015).

The REI4P programme has widely been described as a successful example of RE implementation.
Although this is true for the period of 2011 to 2015 covering bid windows 1 to 4, bid window 5 tells
was different. Eskom has refused to sign-off on RE PPA’s since the end of bid window 4 leaving bid
window 5 stalled. This has resulted in a major deceleration in RE implementation as the PPA’s for
bid window 5 are only expecting to be singed off in late 2017, leaving the entire programme two
years behind schedule. The reasons behind the stalled signing of the PPA’s is not entirely clear;
Eskom has claimed it is due to RE technology being too expensive but many players in the energy

sector are of other opinions. These opinions are that there has been political interference involved
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with defining the energy mix as well as the fact that the South African energy regulator has
overestimated the energy demand of the country. This leading to the curtailment of RE in order to

avoid oversupply.
2.1.4: Conclusions

Policy and economics

The experience of South Africa shows that policy alone is not enough to facilitate RE implementation
without an RE receptive market. . The REFIT programme demonstrated this by opening the door for
RE technologies but it also showed that a single fixed-price tariff structure is not a sustainable way

of integrating RE into the market.

The REI4P came thereafter and allowed for price competition that was healthy for growth and led
to accelerated RE implementation. The REI4P showed that it is possible to install large amounts of
RE (3 192 MW) in a relatively short period (around 5 years). The drop in progress during the period
2015 to 2017 was reportedly due to factors such as political agendas, surplus generation from

Eskom, and miscommunication between NERSA and ESKOM.

Other major barriers to RE integration in South Africa include:

. Administrative processes which are too complex and take too much time;
. Legal limitations prohibiting certain forms of RE integration.
. Financing decisions based on investors’ perception of the country as an investment
destination.
Technical performance

A total of fifty four (54) RE IPP plants are in commercial operation in South Africa. As of February
2017, the total installed RE capacity on the grid was 3 192 MW. Out of this installed capacity, nearly
2 906 MW is in commercial operation. The submitted energy production data from IPPs for 2016

indicates that the RE power plants produced nearly 6 445 GWh in that year.

Low capacity factors exhibit RE’s inherent lack of ability to provide baseload power. In terms of grid
stability, the South African network has not yet suffered any negative effects due to the connections
of variable RE technologies such as wind and solar. It is suspected that this is due to the relatively
low levels of penetration. Although RE has inherent variability, it is possible to manage this variability
by carrying out accurate modelling and forecasting. South Africa demonstrated the ability to
accurately predict RE performance in 2016. The inherent variability of RE and its effect on the grid
is still a concern but South Africa has shown that at low levels of penetration the effects can be

managed.
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2.2: Australia

With some of the world’s best solar and wind resources, Australia is a prime market for solar and
wind energy. The energy mix prior to RE, the implementation of RE and performance of the

developing RE industry is investigated.

2.2.1: Energy mix prior to renewable energy

As with most first world countries, the RE industry in Australia only started to take-off in the early
2000's. This was due to global warming and greenhouse gas emission concerns that forced the world

to look for more sustainable, cleaner sources of energy.

Before 2000, Australia mostly used fossil fuels to power their growing economy. Figure 12 shows the
Australian energy mix from 1955 to 1995. It is clear that the country was mainly dependent on coal
(thermal power plant, referred to as “STEAM” in the accompanying figure) and hydro energy up until
1995. In 2006, Australia was (and still is) the largest exported of coal and the fourth largest exporter
of liquid natural gas in the world. Australia also has vast reserves of uranium but due to there being
no economic justification for the introduction of nuclear power, all of the uranium is exported

(Association for the History of Electritricty, 2006).
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Figure 12: Australian energy mix from 1955 to 1995 (Association for the History of Electritricty, 2006).

2.2.2: Renewable energy implementation

The adoption of RE in Australia started in around the year 2000, with a surge of RE added to grid
taking the RE annual generation from virtually O up to 18.8 TWh (7.7% of total generation) by 2005
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as seen in Table 6. Table 6 shows how the Australian energy market, including the RE generation,

plateaued after 2005 with the total supply to the country hardly changing from 2005 to 2010.

Table 6: Australia’s electricity generation, by energy source (Association for the History of Electritricty, 2006).

2005-06 | 2006-07 | 2007-08 | 2008-09 | 2009-10
TWh TWh TWh TWh TWh

Non-renewable
Black coal 131 138 143 129 124
Brown coal 61 57 56 56 56
Gas 31 32 36 36 36
Oil products 2 2 3 3 3
Other 0 0 0 2 3
Total non-RE 225 229 238 226 222
Renewables
Bagasse, wood 0.9 1 1 1.4 1.2
Biogas 0.1 0.1 0.1 0.9 0.9
Wind 1.7 2.6 3.1 3.8 4.8
Hydro 16 14.5 12.1 11.1 12.5
Solar PV 0.1 0.1 0.2 0.2 0.3
Total RE 18.8 18.3 16.5 17.4 19.7
Total 243.8 247.3 254.5 243.4 241.7

By 2011 the installed RE capacity had reached 12 492 MW, Table 7 provides of a breakdown of
installed capacity in various geographical locations of Australia. Due to the vastness of Australia, the
various state grids are often discussed separately due to the inability of transmission between them.
Table 7 shows that in 2011 hydro was still the main RE contributor followed by wind, bioenergy and
Solar PV.

Table 7: Australian RE capacity as of 2011 (Department of Resource Energy and Tourism, 2012)

Solar
Hydro | Wind | Bioenergy | Solar PV | thermal Geothermal | Wave | Tidal
MW MW MW MW MW MW MW | MW
NSW 4677 234 166 328 3 0 0 5408
Tas 2316 142 5 8 0 0 0 2471
Vic 803 432 113 152 0 0 0.2 1500
Qld 669 12 429 256 0 0.1 0 1366
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SA 4 1151 20 130 0 0 0 1305
WA 30 204 33 141 0 0 0.1 408
ACT 1 0 4 19 0 0 0 25
NT 0 0 1 6 0 0 0 7
Australia [ 8500 2175 771 1040 3 0.1 0.3 | 12490

2.2.3: Renewable energy evaluation

This section is split up into three sections, policy and regulation, economics and technical

performance.

Policy and regulation

Zahedi (2010) carried out an investigation on the government’s involvement in supporting RE
implementation in Australia. The paper by Zahedi (2010) conveys that the Australian Government
had a wide range of solar PV programmes and initiatives ongoing in 2010. Some of these initiatives

are outlined below.

The Green Loans Program, started in 2010, assists Australian families to install solar, water saving,
and energy efficient products. The Green Loans Program provides detailed, quality Home
Sustainability Assessments; and access to Green Loans of up to AUS 10 000. These loans are interest

free for up to a maximum of 4 years.

Australia’s solar city programme started in 2004, the main objective of the AUS 94 million program
was to demonstrate the environmental and economic effects of combining cost reflective pricing
with the widespread use of solar energy technology, energy efficiency and smart metering devices.
A further objective of the program was to find out what barriers exist in relation to energy efficiency,
energy demand management and the use of solar technology among householders and businesses

in different parts of Australia.

Another RE support programme is the Renewable Energy Fund (REF). The aim of REF is to accelerate
commercialisation and deployment of renewable energy technologies in Australia. The AUS 500
million REF funds is available on a 1:2 basis, with the aim of leveraging over AUS 1.5 billion in
renewable energy investment to assist Australia to achieve its 20% renewable electricity target by
2020. AUS 100 million over 4 years has been allocated to the establishment of an Australian Solar
Institute, which is to cover PV and solar thermal electric research. An effort which hopes to bolster

the RE expertise in Australia.

Zahedi (2010) attributes the development in Australian RE generation mainly to the government’s
support for the technology. Effendi & Courvisanos (2011) disagree and state that political

involvement has actually slowed down the implementation of RE in Australia and argue that divides
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between federal and state Australian governments have created barriers to the RE implementation.
Effendi & Courvisanos (2011) state that additional political barriers come from the clash of interest
from incumbent fossil fuel electricity generators who oppose RE development. This creates
impediment in the market by the existence of fossil fuel subsidy and policy biases favouring the fossil

fuel industry.

Effendi & Courvisanos (2011) introduce four main challenges which confront the efforts to deploy

RE in Australia:

1. Australia’s vast geographic area. The vastness of the country and the decentralised nature
of RE leads to the need for investment into additional transmission lines.

2. A weak implementation of the proposed emission-trading scheme (ETS), this scheme was
abandoned in 2014) which resulted in the demand for RE relying solely on the Renewables
Energy Target scheme and voluntary RE markets. The ETS is intended to work similarly to a
carbon tax scheme, where carbon emitters must buy licenses to emit certain levels of
carbon. The amount of licenses are capped at a fixed amount and therefore aim to decrease
the overall emission of the country.

3. The Australian energy market is heavily dominated by fossil fuels which are highly
centralised by nature, making it difficult for distributed RE to be integrated into the existing
system.

4. Llack of investment for the private sector which was attributed to the financial crisis and

supposedly non-incentivised RE markets.

Policy control is also a driver of compulsory power. There has been very strong political opposition
in Australia in any public policy attempt to stop the use of coal to reduce carbon emissions (Falk &
Settle, 2010). Martin Ferguson who was energy minister up until 2013 sees carbon capture and
sequestration as important in extending the viability of coal industry. Falk & Settle (2010) argue that
the support for fossil fuels and modest gestures to RE development is politically acceptable while
lessening the government effort to reduce energy consumption. This political alliance between the
fossil fuel industries and the conservative Howard Government (1996 to 2007) made for a relaxed
approach to energy policy that is consistent with the use of fossil fuels in electricity generation
(Kinrade, 2007)

In this policy scenario, evasive innovation takes place where industry takes advantage of imminent
innovation to further extend their industry. This results in the system maintaining the status quo of
public subsidies and incentives that are taken advantage of by the fossil fuel industries. To put it
simply, the large profits accumulated by companies are invested back into the industry which they

are in, extending the life of the said industry by inventing and commercializing technologies that
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support their technology system such as cogeneration, combined cycle, carbon capture and

sequestration (CCS).

Economic

As mentioned previously, Australia is a major exporter of commaodities including coal, iron ore, liquid
natural gas and uranium. The export industry acts as a backbone of the Australian economy. The
longevity of the commodities export industry is dependent on the profitability of extracting and
processing the said commodities. The profitability of extraction and processing is highly dependent
on the cost of electricity. Cheap coal has been providing Australia with relatively cheap electricity
since the industrial revolution enabling the commodity export industry to be highly profitable. This
makes the fossil fuel electricity generation industry hugely economically powerful as it is intricately
linked to traditional employment-based commodities and manufacturing sectors (Effendi &

Courvisanos, 2011).

In terms of tariff structures, prior to the introduction of feed-in tariffs, most electricity retailers in
Australia offered net metering for small residential PV systems. New South Wales and ACT have now
implemented gross feed-in tariffs, while Victoria, South Australia, and Queensland have
implemented net export feed-in tariffs. After a stable or declining trend that persisted for more than
half a century, Australian retail electricity prices have experienced a substantial increase since 2007.
This has mainly been driven by increases in the cost of electricity distribution and to a lesser degree
in the cost of electricity generation. Reducing greenhouse gas emissions will likely deliver further
increases in generation costs due to the expected higher cost of low emission technology (Graham,
et al., 2015). The historical cost of Australian electricity based on the Australian dollar in 2012 can

be seen in Figure 13.
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Figure 13: Historical cost of Australian electricity (Graham, et al., 2015)

Graham, et al. (2015)attributes the rise in cost of electricity to four main factors:

1.) Lumped asset replacement: Transmission systems which were all installed at similar times
with similar lives all required maintenance or replacement at the same time.

2.) High adoption of air conditioning systems in houses rising from 35% of households in 2010
to 70% in 2011.

3.) Fixed carbon price of AUS 23/ ton of CO; emitted, this added cost is said to have been
responsible for 17% of the household retail price in 2012. In 2014 the carbon price
legislation was repealed and therefore has fallen to zero.

4.) Increase in price of imported materials.

Graham, et al. (2015) describes the electricity price as the sum of system costs along the supply chain
of generation, transmission, distribution and retail. Of these, the largest and fastest growing
components are distribution and generation that are expected to continue to be the strongest sources
of future changes. In the distribution system, the change in peak demand relative to changes in
consumption is the most important cost determining factor. If peak demand grows faster than
consumption, distribution costs per unit of energy must increase, due to lower system utilisation.
Adoption of measures to lower peak demand in proportion to consumption could reduce the rate of

growth in distribution system costs.
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The analysis carried out by Graham, et al. (2015) showed that low carbon prices and low peak demand
growth would deliver the lowest price outcome for Australia’s future, minimising, but not completely

avoiding, further increases in costs in the generation and distributions sectors respectively.

Technical performance

The technical performance evaluation for Australia includes a case study carried out on an event that
occurred in South Australia. As mentioned previously, the states of Australia are geographically very
far apart and can therefore be treated as grids. This particular case study investigates the potential

dangers of localised wind energy generation.

On Wednesday 28 September 2016, at 16:18, electricity supply in South Australia was lost with a
Black System occurring across the state. The case study is shown in detail in Appendix H and
presented in three sections, pre-event, events resulting in Black System and post-event. A brief

summary is shown below.

Due to a severe storm, three transmission lines were lost. In response to the consequent faults,
protection settings in place at the Wind farms triggered the disconnection of the wind farms,
worsening the supply and demand deficit. The variability of wind power is one of the most well
known characteristics of the technology; it was initially thought that this was the reason for the wind
turbine shutdown. After a more detailed investigation, it was determined that due to the size of
voltage dips observed by South Australia, ten of the thirteen wind farms online activated their fault
ride-through mode. Depending on the wind farm, this mode of turbine operation was activated
between three and six times. The turbines were able to ‘ride through’ these voltage disturbances

only to be shut down due to an additional safety setting.

The incident was therefore primarily caused by adverse wind conditions that caused the system to
be disconnected from the rest of the Australian electricity network. The fault is not attributed to the

intermittency of RE.
2.2.4: Conclusions

Policy and economics

Events in Australia show that even with what seems like large government support and involvement
with RE, it is difficult to penetrate an energy market that is dominated by large fossil fuel industries.
Due to their vested interests and large influence, evasive innovation can take place whereby the

large fossil fuel industries invest in their own industry in the interests of extending its lifetime.

Implementing a carbon tax scheme does not simply result in a reduction of greenhouse emissions.

The results in Australia show that implementing such a scheme can result in a minor change in
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emissions but a major change in electricity price; this means that the consumers end up paying more

for electricity without the environment having any real benefit.

Technical aspects of RE

The case study carried out on the black out events shows that when integrating a variable source of
energy into the energy mix, special attention needs to be paid to the backup systems. In the case of
the South Australia blackout, the automatic under frequency load shedding scheme was not able to
react fast enough to account for the sudden loss in power. This could be solved by implementing

faster monitoring and decision making technology which can cope with rapid shut downs.

Safety mechanisms also played a role in the South Australia blackout investigated above. When
integrating variable sources of energy with less dispatchable sources, such as the more conventional
fossil fuel based production, it must be ensured that both systems are setup in such a way that they
are not oversensitive to one another. The high demand on the Heywood interconnecting line and its
subsequent separation is what ultimately plunged South Australia into darkness. The separation
decision was made by a safety mechanism that had been activated, it is not to say that this
mechanism did not act correctly, but careful consideration must be put into the threshold of these

mechanismes.

Another instance where safety mechanisms played a large role in this event is the shutdown of the
wind turbines. As mentioned earlier, nine of the thirteen wind farms were taken offline due to
fluctuations in voltage on the line. After in-depth analysis, AEMO (2016) stated that the thresholds
set for automatic lockout of the wind turbines were too high and that they could have kept on
running safely if the thresholds were set to a lower standard. This is an important learning curve for

any nation installing REs.

2.3: Costa Rica

Costa Rica has high electricity coverage (99%) and a significant share of RE sources for its electricity
production. Hydroelectric generation accounts for more than 78%, while geothermal represents
12%, wind 2.1%, and biomass 0.25%. (Latin American Energy Organisation, 2011). Costa Rica lies in
Central America, bordered by Nicaragua to the north, Panama to the southeast, the Pacific Ocean to
the west, the Caribbean Sea to the east, and Ecuador to the south of Cocos Island. It is a relatively
small country with a population of around 4.5 million, of whom nearly a quarter live in the
metropolitan area of the capital and largest city, San José. A map of Costa Rica can be seen in Figure
14.
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Figure 14: Map of Costa Rica (McClendon, 2015).

2.3.1: Energy mix prior to renewable energy

Costa Rica has a geographic advantage over others in terms of RE. This advantage includes a high
concentration of volcanoes, dams, and rivers. In addition, Costa Rica is the fourth highest rainfall
recipient per capita: it receives an average of 2 926mm of precipitation per year (Nation Master,
2003). For this reason, Costa Rica has never had an energy mix without RE contribution as

hydropower has always played a role.

2.3.2: Renewable energy implementation

In 2016 RE provided around 98% of Costa Rica’s energy for the year. As previously stated, the
renewable energy industry in Costa is dominated by hydroelectricity, thanks to the abundance of
rain and well located catchment areas. Costa Rica has always had RE as part of its power supply
scheme. With a growing population and economy, Costa Rica has seen a non-linear increase in
energy demands, one that can be seen in the supply profile in Figure 15. This figure shows the large
portion of energy supplied by hydropower as well as the increase in geothermal, wind, solar and
biofuels from 1991 to 2013.
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Figure 15: Costa Rica electricity sources (IEA, 2016).

Of the four sources, geothermal, wind, solar and biofuels, the three that have grown the most are
presented in Figure 16 namely geothermal, wind and biofuels. In 10 years, the annual energy
generation from geothermal grew by 333 GWh per year, wind has grown by 478 GWh per year and
biofuels by 181 GWh per year.
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Figure 16: Annual electricity production from biofuels, geothermal and wind (IEA, 2016).

Costa Rica has a similar government structure to South Africa with regards to the generation and
transmission of electricity. The electricity market is governed by the Costa Rican Institute of
Electricity (ICE). ICE is the only institution authorised by law to generate electricity and is 98.6% state
owned. Therefore, all private production must be sold to the ICE, according to prices established by
the energy regulator, Autoridad Reguladora de Servicios Publicos (ARESEP). Private generation
project developers must meet a series of pre-feasibility and feasibility conditions, resource use and
building permits, and to establish contracts for the purchase and sale of electricity (ICE being the
only possible buyer.) This institutional complexity creates significant barriers for the inclusion of
stronger private sector (Latin American Energy Organisation, 2011). Table 8 shows the installed

capacity for the various energy sources with RE sources making up 81% of capacity in 2015.

Table 8: Costa Rica installed capacity (Climate Scope, 2016).

2010 2011 2012 2013 2014 2015
Wind 49 62 77 77 196 267
Solar 0 0 0 0 1 1
Small Hydro 363 434 441 449 539 589
Oil and Diesel 659 862 612 612 595 595
Large Hydro 1120 1248 1258 1280 1257 1357
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Geothermal 165 210 217 217 217 217
Biomass &

Waste 43 43 43 40 40 40
Total 2399 2859 2648 2675 2845 3066

2.3.3: Renewable energy evaluation

This section is split up into three sections, policy and regulation, economics and technical

performance.
Policy and regulation

Costa Rica's National Energy Strategy states that it should enforce the strategic objectives
enumerated in the National Plan for Development of 2010-2014; those objectives support the
increased implementation of renewable energy in the energy supply matrix in a way that promotes

sustainability and competitiveness. (Global Energy Network Institute, 2012)

The National Strategy for De-carbonization of the Economy promotes using renewable energy as the
model for national development. An amendment to the tax exemption act was put in place to
promotethe use of renewable energies by eliminating 13% of the tax burden previously levied on
solar panels and solar-powered kitchens, refrigerators and heaters, as well as on devices that run on
wind, and hydroelectric power. The government also provides incentives for companies and homes
that install solar panels and biomass generation systems. Household and company power systems
can be connected to the national grid, enabling individual users to exchange their excess power for

discounts on their electricity bill. (Global Energy Network Institute, 2012).

On 30 September 2015, the government of Costa Rica submitted its Intended Nationally Determined
Contribution (INDC) to the United Nations. This act reaffirmed the country commitment to becoming
a carbon neutral economy from 2021 and committing to an absolute amount reduction target by
2030. Costa Rica is committed to a maximum of 9MtCO.e net emissions by 2030. The proposed
emissions per capita of 1.73 net ton by 2030, 1.19 net ton per Capita by 2050 and -0.27 net ton per
Capita by 2100. The carbon neutrality commitment was first announced in Costa Rica’s National
Climate Change Strategy, launched in 2007. In order to achieve the neutrality goal, the country
reserves the right to use the Domestic Carbon Market as a complement to national and sectorial

policies for emissions reduction (Climate Scope, 2016).

In 2010 Costa Rica’s energy regulator, ARESEP, established that retail electricity customers may
install self-generation facilities, interconnect with the utility grid, deliver surplus generation to the
grid and obtain compensation in the form of a subsequent billing credit. During the billing cycle, if

the micro-generator exports surplus energy to the distributor, it will be compensated with a credit
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in the following month’s bill, at the appropriate retail rate. The credit can roll over to the next bill
until the month of November of each year, when the credit balance is reset. The credits can only be
used to compensate the consumer’s energy demand and the utility will not offer refunds in reference

to accumulated credits (Climate Scope, 2016).

On 5 May 2014, ARESEP published the norm “Planeamiento, operacién y acceso al Sistema Eléctrico
Nacional” (POASEN), which establishes a national-level policy that set up regulation for self-
consumption, interconnection and operation of micro and mini generators with renewable sources.
This policy defines the criteria to measure the quality of generated and transmitted services, as well
as procedures and contractual conditions. This policy governs both small producers under the net
metering (PV installations for self-consumption of up to 1 MW) and those at a national level
connected to the grid (PV plants up to 20 MW). (Climate Scope, 2016)

Economic

One problem that exists with regards to the economics of RE implementation is related to the
establishment of rates. Costa Rica lacks a precise methodology to set rates, considering the various
sources of energy. The costs, standards and tariffs were established in 2002, and stipulated
specifically for hydroelectric plants. Therefore, any technology must adjust to this reality. The law
authorising private generation of electricity is set up for two modes of sales (Latin American Energy

Organisation, 2011).

e Mode 1: This includes the contracts with prices fixed by the ARESEP. Projects can be up to
20 MW of capacity each. One detail is that some contracts under this system expire, which
has generated new challenges for the authorities. This is because the rate established in the
first contract included the payment of the initial investment. A new rate should exclude this
amount, and focus on operating costs, administrative costs and profit of the project
developer.

e Mode 2: This includes public tenders where the rate is not fixed by the ARESEP, but is

established in the contract itself. Under this scheme, projects are allowed up to 50 MW each.

Five different electricity tariffs exist in Costa Rica. The tariff system was introduced by the public
regulation institution ARESEP. It defines the prices for each quarter of the year based on propositions

and justifications submitted by the electricity companies. (Sperling, 2014).

Residential tariff: The tariffs are block tariffs where an increase in the electricity used will result in
an increase in the tariff paid. In essence, the savings on the electricity costs are the main income
generated by rooftop PV systems and are thus more profitable for households with high

consumption.
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General tariff: The general tariff differs for consumptions above and below 3 000 kWh per month.
Above 3 000 kWh an additional price for the maximal power demand has to be paid. This leads to
companies installing generating systems which subsidise their energy consumption and insure that
their monthly consumption stay below the 3 000 kWh per month mark. For bigger companies that
consume more than 6 000 kWh per month there is usually no point of installing a generation system
in the efforts of consuming less than 3 000 kWh per month. This is due to large fluctuations and the
fact that the electricity price is actually 40% lower for every additional kWh of consumption above

3 000 kWh. This subsidises high consumption in commerce and small companies.

Preferential and social tariff: Social institutions for healthcare, education or religious motives can
apply for the preferential tariff. Compared to the general tariff, this tariff is 32 % lower for the first
3 000 kWh of consumption and 58 % lower for every additional kWh. The price for power demand is
33 % lower. Thus, the profitability of rooftop PV projects within this tariff is reduced.

Medium voltage tariff: Customers with a medium voltage grid connection and an annual

consumption above 120 000 kWh obtain the medium voltage tariff.

High voltage tariff: Factories with very high consumptions, above 240 000 kWh per year, can be
connected to the grid on high voltage level. This requires a special concession but allows low voltage

tariffs to be applied.

ARESEP admits that the current tariffs support high consumption instead of efficient energy usage
and that they need to look into changing the fundamentals of these policies. In the current system,
the medium voltage tariff for big industries is lower than the general tariff above 3 000 kWh which
in turn is lower than the general tariff below 3 000 kWh. All of these facts actually promote the usage

of energy rather than energy savings.

Electricity tariffs have increased drastically in Costa Rica during the last 6 years. On average over all
tariffs, the annual rate of increase was higher than 10% from 2009 to 2014 (Sperling, 2014). Sperling
(2014) presents reasons why the electricity tariffs are increasing with possible solutions to break this

development. These can be seen in Table 9.

Table 9: Reasons for high electricity tariffs and possible solutions. (Sperling, 2014)

Reason Solution

Overcapacity of expensive hydro power plants. | Split up ICE construction and ICE generation,
diversification of the energy-matrix.

Inefficiency of ICE as a quasi- monopoly. Further opening of the markets to private
generation.
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The current tariff structure of ARESEP | Create tariff structure that rewards energy
subsidises high consumption. efficiency.

Increase in price of bunker and diesel for | Replace bunker and diesel with bio-fuel,
thermal plants. replace thermal plants with renewables and
storage systems.

High demand at noontime results in peak price | High solar penetration allows a price decrease
tariff. as solar production peak is at noon.

Technical performance

In 2016 Costa Rica ran on 100% RE sources for 271 consecutive days and for the second consecutive
year, the country surpassed 98% generation using clean sources of energy. In 2016 the annual
generation amounted to 10 778 GWh, 74% coming from hydroelectricity, 12% from geothermal
energy, 10% from wind and around 1% from solar (IEA, 2016). Costa Rica has been able to run high
percentages of RE due to some defining factors. These factors include that it has large amounts of
rainfall accompanied by effective catchment areas as well as the fact that it has sources of geothermal
energy. Both hydro and geothermal are consistent sources of energy able to provide baseload power.
The technology used to convert the energy into electricity is mature and contributes to reliability of

the power plants.

By the end of February 2015, the installed PV capacity in Costa Rica amounted to 6.2 MW and the
countrywide annual yield differed from the predicted yield by -1.6% (Sperling, 2014). This highlights
the ability to accurately predict solar production as well as the stability of the solar production.
Sperling (2014) carried out a study that predicted that there would be no additional grid costs involved
with PV implementation up until a grid penetration of 15%, this amounts to approximately 1.1 GW.
Sperling (2014) also points out that the huge water reservoirs, especially lake Arenal, are a good

counterpart to the PV plants and that the stability of the hydropower allows for control over the grid.

There were 12 wind farms online in Costa Rica as of May 2017, seen in Table 10. The wind farms are
concentrated in the North West of Costa Rica; Figure 17 shows a low level of spatial distribution. There
were no reported incidences of power loss or grid instability in 2016; it is expected that this is due to
the low penetration of wind and the large support of consistent hydro and geothermal sources of

energy.

Table 10: Costa Rica Wind Farms (The Wind Power, 2017).

Plant Name Size (MW)

Central Tilara 19.8
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Chiripa 49.5
Guayabo 27
La Gloria 49.5
Los Santos 12.7
Mogote 21

Molinos Viento del Arenal 24

Montes de Oro 20
Orosi 50
Tejona 19.8
Valle Central 15.3
Western Lake Arenal 23
Total 332.3
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Figure 17: Wind farm concentration in Costa Rica (The Wind Power, 2017).

The hydroelectric and geothermal plants are not investigated as this literature review aimed to

investigate the effects of volatile renewables on the grid, these two sources are not volatile.

2.3.4: Conclusions

Policy and economics
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Costa Rica’s government has supported implementation by reducing tax on the technologies involved
in the clean energy industry, providing incentives for companies and homes that install solar panels
and biomass generation systems and by allowing for citizens to become their own power producing

by feeding into the grid and being compensated for it via net metering.

Costa Rica lacks a precise methodology to set rates considering the various sources of energy and all
rates are structured to work with hydroelectric power. The implemented tariff structure supports high
electricity consumption rather than efficient electricity consumption. This needs to be changed if

Costa Rica has to meet it’s clean energy goals.

Costa Rica stands out for its high rate of electricity coverage (over 99%) and also its high proportion
of electricity that is produced from renewable sources. This situation is encouraging, but this does not
mean that there are no new challenges. One of them is to decentralize the electricity production,
gradually increasing the role of geothermal, wind and solar, and not rely in such a high way in water

generation, highly dependent on climate change.

Private participation in electricity generation is currently very limited due to a number of existing
barriers and due to a historical model of supplying this service from the public offering. Today, the
situation is under full discussion within the current parliament, where the Government has submitted

a draft Electricity Law. (Latin American Energy Organisation, 2011)
Technical aspects of RE

The technical performance of the installed RE plants has be successful for Costa Rica. As mentioned
before, this is largely due to the fact the RE industry is dominated by stable and mature energy supply
technology including hydro and geothermal. It is expected that this will change if the ever-increasing
penetration of wind and solar is not met with an increased smart control and distribution of the grid
electricity. Additional benefit is provided from the hydro power which can act as an energy store to

supply electricity on demand.

2.4: Germany

Germany has a population of around 82 million, it is 357 000 square kilometres wide and has a largely

temperate seasonal climate. A map of Germany is shown in Figure 18.
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Figure 18: Map of Germany (Encyclopedia Britannica, 2016).

On Sunday the 15th of May 2016, renewables supplied nearly all of domestic electricity demand in
Germany, on December 12, 2014, German wind turbines generated 562 GWh in a single day
(Shankleman, 2016). Days like these resulted in Germany being named "the world's first major

renewable energy economy”.

2.4.1: Energy mix prior to renewable energy

Germany has been fuelled by a mix of nuclear and fossil fuel energy since 1969 when the first Nuclear
power plant was put online. Germany continued to rely on this energy mix up until the late 1990’s
when the global clean energy era started to dawn. Figure 19 shows the German electricity generation
mix from 1990 up until 2016.
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Figure 19: Annual generation mix for Germany (Clean Energy Wire, 2017).

Figure 19 shows Germany’s dependency on nuclear, lignite and hard coal from 1990 up until 2006
when the dependency on these sources as well as natural gas started to slowly decline. This decline is
due to Germany agreeing on various clean energy targets and the establishment of new clean energy
policies. The acceptance and implementation of RE is also quite evident as the renewable sources
grow from around 50 TWh’s per year in 2000 to 188 TWh's in 2016, a 275% increase in 16 years.

2.4.2: Renewable energy implementation

Germany has been investing heavily in renewables since the turn of the century. This is part of the
government's “Energiewende” initiative to transition away from fossil fuels and nuclear power to a
low carbon, environmentally sound, reliable, and affordable energy supply by 2050. Legislative
support for the Energiewende was passed in late 2010 and includes greenhouse gas (GHG) reductions
of 80-95% by 2050 (relative to 1990) and a renewable energy target of 60% by 2050. (Federal Ministry
for Economic Affairs and Energy, 2016)

Figure 20 shows the transition of installed capacity for the years ranging from 2002 to 2017. The figure
shows a large increase in solar and wind power and a moderate decrease in nuclear, hard coal, lignite
and natural gas power. The implementation of large amounts of wind and PV plants is a result of the
Renewable Energy Sources Act or EEG (German: Erneuerbare-Energien-Gesetz). This act is a series of
German laws that was put in place to provide a feed-in tariff scheme in an effort to encourage

renewable energy generation.

The EEG act was first implemented in 2000 and prioritised access for RE to the grid as well as

transmission and distribution. Grid operators were also obliged to buy electricity from RE sources. A
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fixed price tariff was put in place for every kWh produced from RE, the fixed tariff contract length was
originally set to 20 years. The EEG scheme is funded by a surcharge on electricity consumers, with
electricity-intensive manufacturers and the railways later being required to contribute as little as
0.0005 €/kWh. (Clean Energy Wire, 2017)
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Figure 20: Installed capacity for Germany (Clean Energy Wire, 2017).

The EEG surcharge acts as an additional payment added on top of the standard amount that the power
generator is paid for the sales of electricity. The EEG surcharge rate is dependent on the technology
generating the energy; the charge used to be set by the government but has recently changed and is
now set by auction. Plant operators now receive a market premium to make up the difference
between their bid price and the average monthly spot market price for electricity. The EEG surcharge

remains in place to cover this shortfall. (German federal ministry for Economic Affair and Energy, 2017)

The German energy sector is widely privatised. Prospective energy generators apply to the energy
regulator, Bundesnetzagentur (BNetzA), for a specific plant type and size. BNetzA then assesses the
application and either agrees on a tariff for a fixed amount of time or rejects the application. In most
cases the application is accepted and the parties in charge of energy transmission, who are also private
companies, are obliged to buy all of the energy produced by the applicant. The addition of the EEG

charge has highly incentivised the investment into technologies like wind and solar. In saying this,
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high levels of RE and the EEG act itself have not been completely without fault, the effectiveness of

Germany’s RE implementation is analysed in the next section.

2.4.3: Renewable energy evaluation

Policy and regulation

The change in German government in 1998 resulted in the first Green coalition for the country. This
coalition agreed to new energy policy that implemented a first of its kind reunification-driven
adjustments in the energy sector. The new government’s agenda at the end of the 1990s contained

two fundamental decisions that were meant to reform the electricity sector above all:

1. The gradual phasing-out of nuclear power generation in Germany.
2. Rapid construction of new power generation and usage structures based on renewable

energies.

The EEG legislation has been the biggest driver of the increased importance of renewables in the
primary energy mix to date, despite it having been amended on numerous occasions. In 1997
renewables had a share of merely 4% of Germany’s gross electricity generation — with the hydro
contribution nearly five times larger than that of wind and biomass combined — by 2013 this figure
had already risen to about 24%. While the hydro share, however, has remained largely flat, it is now
outshone considerably by wind, biomass and photovoltaics, as these combined amounted to an

impressive 20% or so in 2013 (Deutche Bank Research Group, 2014).

The EEG act forms part of a larger initiative, namely the Energiewende initiative. The process of
transitioning to more sustainable way of doing things has been an iterative process for Germany
seeing both the EEG and the Energiewende initiative undergoing changes. The implementation of the
“Energiewende 2.0” was required due to rising costs that resulted in energy users being subjected to
unaffordable energy prices. The subsidies for renewables in 2015 alone totalled some €22 billion and
the EEG surcharge has increase every year since 2013. In 2013 it increased from 3.27 ¢/kWh to 5.28
¢/kWh in 2014 and to 6.24 ¢/kWh in 2015. The answer to address these ballooning costs is a two-
pronged approach. Firstly, the EEG subsidy will in future be focused primarily on renewables with the
greatest expected potential to make progress, which is mainly wind and photovoltaic. Secondly, the
exemptions relating to the EEG levy will be applied more strictly in future and thus result in fewer

companies being exempted from the levy. (Deutche Bank Research Group, 2014)

Economics

The economics of RE in Germany has been highly dependent on the regulations put in place by the
German government. New immature technologies will always need assistance in order to break into

a fossil fuel and nuclear dominated energy sector and so was with Germany. New technologies are

50



Study on Grid Integration of Intermittent Renewable Energy in Namibia Aug-18

always more expensive to implement as aspects like trade agreements, importing and distribution,

maintenance and operation are all new and have not yet been optimised. Initiatives like the EEG help

to bridge the gap in the economics to allow new emerging technologies to become competitive.

The EEG is made up of three main principles:

Investment protection through guaranteed feed-in tariffs and connection requirement.
Every kWh generated from a renewable electricity facility receives a specific feed-in tariff for
20 years. Grid operators are required to preferentially dispatch this electricity over
conventional electricity generators. As a result, small and medium enterprises were given new
access to the electricity system.

No charge to German public finances. The remuneration payments are not considered public
subsidies since they are not derived from taxation but rather through an EEG surcharge on
electricity consumers. As mentioned previously, in 2015, the aggregate EEG surcharge totalled
€22 billion and the EEG surcharge itself was 6.24 ¢/kWh. The EEG surcharge is substantially
reduced for electricity-intensive industries under the 'special equalization scheme'.
Innovation by decreasing feed-in-tariffs. The feed-in tariffs decrease at regular intervals in
order to exert downwards pressure onto technology manufacturers and plant operators. This
decrease in tariffs is a method employed to push a specific technology and processes associate
with it to become more mature and further optimised. Thus, creating sustainable solutions

for bridging the gap mentioned earlier.

Table 11 shows the change in surcharge from 2003 to 2017. The table shows how the EEG surcharge

has risen steadily since 2000. The technologies that make up the largest share of the 2015 EEG

surcharge are photovoltaics at 43%, biomass at 25%, and onshore wind energy at 19%. (Federal

Ministry for Economic Affairs and Energy, 2016)

Table 11: EEG surcharge over the years 2003 to 2017 (Federal Ministry for Economic Affairs and Energy, 2016).

Year 2003 | 2004 | 2005 | 2006 | 2007 | 2008 | 2009 | 2010 | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017
¢/kWh | 0.41 | 0.58 | 0.68 | 0.88 | 1.02 | 1.12 | 1.13 | 2.05 | 3.53 | 3.59 | 5.77 | 6.24 | 6.17 | 6.35 | 6.88
% - 42 17 29 16 10 1 82 72 2 47 18 -1 3 8
change

One issue which Germany is facing is the over generation. With such high incentives and fixed feed in

tariffs and the ability for almost anyone to become an energy generator, the RE sector drastically

boomed. This large increase in energy production has not been met by an increase in effective

management.
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In 2014, the volume of unused energy as a result of feed-in mismanagement rose almost threefold
from 555 GWh in 2013 to 1 581 GWh. This, however, is still just 1.16% of the total net volume of
electricity produced by installations eligible for payments under the Renewable Energy Sources Act.
The sum total of compensation payments increased by around 89% to some €83m

(Bundesnetzagentur, 2015).

On Sunday the 8th May 2016, German wind, solar and hydroelectric power plants were producing
54.6 GW of power, roughly 80% of the 68.4 GW of power being consumed across the country at that
time. As a result, the price of power plummeted, and went negative from 7AM to 5PM, bottoming
out at -€130 /MWh at 1PM (Agora Energiewende, 2015). Energy consumers were essentially being
paid by producers to take the electricity off their hands. The reason for negative energy prices is partly
down to inflexibility in the system. With renewable sources producing so much energy, some
conventional power plants were taken offline temporarily. However, nuclear and coal plants cannot
be shut down quickly, and it is often cheaper for them to put out electricity at a loss than go through
the process of stopping and restarting a few hours later. This shows again the complexity of
incentivised feed-in tariffs and how the increase in RE implementation must be met by increased grid

management and expansion.

Technical performance

Table 12 shows the performance of German renewables from 1990 to 2015. The table shows a steady
increase in capacity and generation from all the renewable but especially from wind and solar. An
interesting characteristic to investigate is the capacity factor associated with the specific energy
source. Biomass is able to achieve a high capacity factor as the plants can run at maximum capacity as
long as there is biomass to use. Hydroelectricity is less consistent as it is dependent on rainfall,
nevertheless it still achieves well in terms of capacity factor. Geothermal is also a consistent source of
energy. The capacity factors of solar and wind are lower, ranging between 11% and 20% respectively.
These are very low values and express the variability of these sources. Despite the relatively low
capacity factors, wind and solar provided a considerable percentage of Germany’s total energy
consumption in 2015 with PV providing 6.6% and onshore wind providing 12% (Federal ministry for

Economic Affairs and Energy, 2015).

Table 12: German renewable energy production (Federal ministry for Economic Affairs and Energy, 2015).

Type 1990 1995 2000 2005 2010 2014 2015
Hydro Capacity (MW) 3982 4348 4831 5210 5407 5580 5589
Generation (GWh) 17427 21780 21732 19638 20953 19590 18970
Capacity factor 50% 57% 51% 43% 44% 40% 39%
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Onshore wind Capacity

(MW) 55 1121 6097 18248 26823 37563 41186
Generation (GWh) 71 1500 9513 27229 37619 55908 70922
Capacity factor 15% 15% 18% 17% 16% 17% 20%
Offshore wind Capacity

(MW) 0 0 0 0 80 994 3284
Generation (GWh) 0 0 0 0 174 1449 8284
Capacity factor 25% 17% 29%
Biomass Capacity (MW) 129 227 703 2352 4903 7084 7180
Generation (GWh) 1435 2010 4731 14354 34307 49219 49920
Capacity factor 127% 101% 77% 70% 80% 79% 79%
Photovoltaics Capacity (MW) 2 18 114 2056 17944 38343 39787
Generation (GWh) 1 7 60 1282 11729 35115 38737
Capacity factor 6% 4% 6% 7% 7% 10% 11%
Geothermal Capacity (MW) 0 0 0 0.2 8 34 34
Generation (GWh) 0 0 0 0.2 28 98 133
Capacity factor 11% 40% 33% 45%

With low capacity factors, high volatility and high capacity, renewable energy implementation is
resulting in days like the Sunday the 8" of May where more energy was produced than was needed.
Events like these are starting to force the curtailment of RE to try stop a possible market oversupply.
In the future technologies might be able to manage oversupply, for example efficient energy storage
devices. For now, there is only one way for Germany to deal with oversupply which also allows it to
increase in capacity on the grid, and that is having strong export capabilities. Strong export capabilities
is something that Namibia does not currently have, for this reason, potential oversupply is an issue

that needs to be kept in check.

Concerning grid stability, the German grid has become more stable since the implementation of
renewables. In 2015, the average power outages per consumer amounted to 12 minutes and 42
seconds, according to the Federal Network Agency (Bundesnetzagentur). In 2014, the average outage
was 12 minutes and 17 seconds. When systematic monitoring started in 2006, average outage times
were almost ten minutes longer. When comparing Germany’s blackouts to the blackouts of other
European countries, Germany fares well landing 4™ best, Figure 21 shows the ranking using the 2013
average and a five-year average leading up to 2013. In 2013, wind and solar made up 40% of the
installed capacity in Germany. This shows that it is possible to manage a grid system with a high
penetration of RE but as mentioned previously, high export capabilities, flexibility and effective grid

management is required.
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Figure 21: Comparison of blackout minutes for European countries. (Council of European Energy Regulators, 2015)

2.5: International case studies conclusions

2.5.1: Status quo concerning RE grid-integration in Namibia

For Namibia’s economy to continue growing, there is a need for increased power production. At the
moment, Namibia is dependent on neighbouring countries for its power supply. In order to become

independent and self-sufficient, the country needs to increase its generating capacity.

Namibia has an abundance of solar and wind energy potential and has already started with the
implementation of integrating renewable energy plants into the grid. The NIRP aims to have an RE
based best-case scenario of 1 169 MW online by 2035, which is a 68% penetration of RE into the
grid.
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2.5.2: International best practices

Governmental policies play a major role in the deployment of RE. To allow immature, new RE
technologies to enter the energy mix, the government must set up certain structures that make
these technologies economically viable. It is possible to process and add large amounts of RE onto
the grid in a short amount of time but it requires precise and efficient decision-making and
regulation. It must also be kept in mind that the economics of the energy sector is complex and care

needs to be taken when implementing new finance structures and regulations.

Accurate forecasting is very important for RE. Most negative factors concerning RE are associated
with its inherent variability. However, there are ways to mitigate or manage certain negative factors
by carefully monitoring the grid and using accurate forecasts for the weather and the supply and
demand. With regards to modelling the effect of intermittent RE added to the grid in Namibia, there
are existing modelling tools that can be used. Without considerable storage available on the grid,
the variability of renewable energy will start to have a negative effect on the grid at high level of
penetration. For this reason, the penetration percentage must be monitored. At a penetration higher
than 40%, it is expected that the grid will start to face challenges. However, the examples of Costa
Rica, Australia and Germany show that high penetration of intermittent RE can be managed. This
management must be accompanied by robust transmission design, energy storage considerations,
the ability to import and export electricity and good grid code procedures. Due to the low levels of

RE penetration in Namibia, RE growth can be promoted while integration studies are conducted.

Special attention needs to be paid to backup and safety systems when integrating a variable source
of energy into the energy mix. In the case of the South Australia blackout, the automatic under
frequency load shedding scheme was not able to react fast enough to account for the sudden loss in
power. This could be solved by implementing faster monitoring and decision making technology

which can cope with rapid shutdowns.

2.5.3: Policy and economics

The Energiewende and EEG programmes demonstrate the power of policy and regulation. The
implementation of these programmes had a drastic effect on the German energy sector. These
programmes led to the increase of capacity of RE from 16% of installed capacity in 2002 to 53% in
2016. This rapid increase can be seen as a success for RE, but such rapid changes in a conventionally
slow moving sector like the energy sector, are inherently problematic. In 2010, the German
Government had to drastically reassess the additional incentives being provided to the solar industry
as the growth of the industry outperformed the expected targets. The high surcharges were ‘over-
incentivising’ the implementation of RE and making electricity unaffordable. This led to problems for
business owners and citizens as daily expenses skyrocketed. The ‘over-incentivising’ of the RE sector

led to the installation of RE plants at a rate that by far exceeded the originally expected one, which in
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turn led to an oversupply of electricity. Fortunately, Germany is a well-connected country in terms of

power grid and it was therefore able to export the surplus electricity.

2.5.4: Technical aspects of RE

Low capacity factors proved to be prevalent for wind and solar but with a trend that sees the capacity
factors improving. As mentioned previously, low capacity factors, high volatility and high capacity have
led to oversupply, which is a technical and economic problem. In terms of grid stability, the grid has
become more stable with the increase in RE penetration. This is due to the export capabilities of

Germany as well as effective and efficient energy management.
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3: Modelling parameters

In order to evaluate the impact of new intermittent RE generation in the Namibian power system

and hence determine the RE target for Namibia, the following studies were conducted:

e Load flow analysis

e Contingency analysis

e Fault level, grid strength and power quality

e QV analysis at different buses in Namibian system

e Reliability assessment

3.1: Namibian power system and operational requirements

Figure 22 shows a single line diagram of the backbone network (132kV and more) of Namibian grid.
The Namibian power system is characterised by long high voltage (HV) transmission lines that are
lightly loaded with few rings and many radial systems constructed in a quest to reach numerous
sparsely distributed loads countrywide. Namibia registered a peak demand of 669 MW (including
Scorpion mine?) on 14 June 2016 while the minimum demand registered in the same year was

229 MW. The two largest consumers in Namibia are the Scorpion Mine and the City of Windhoek.

2 Scorpion mine is situated south-west Namibia near the town called Rosh Pinah and supplied directly by
Eskom, with a wheeling agreement with NamPower. Though the Scorpion Mine is supplied directly from
Eskom, it is electrically connected to the Namibian power system and should therefore be considered for any
electrical analysis.
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Figure 22: Single line diagram of the backbone of the Namibian power system

During normal network conditions, the power flows from Eskom substations towards Windhoek City
(Van Eck Substation) and then to Omburu Substation to supply the northern and the western parts
of the country. The power from Ruacana also flows toward Omburu Substation. The HVDC line is set
to allow power flow in either direction, but with the norm being to import from Zambia to Namibia.
The Namibian grid does not have adequate rotating mass (inertia) for stable operation and thus the
Namibia power system relies on Eskom network for providing necessary inertia for stable operation.
In addition, due to long transmission lines in mostly radial configuration and lack of synchronous
generators, the fault levels of the network are known to be very low, which is one of the

characteristics of a weak network.

The current Namibian power system is operated based on conventional practice where the power
balance is maintained by tracking a variable load demand with predictable and dispatchable
generation supply. However, introducing RE into the network means that the energy source itself
will be fluctuating and thus managing the supply becomes more difficult, especially without accurate
forecasting of the intermittent RE. The higher the component of uncertainty, the higher the
complexity and the level of resources required to deal with the dispatch process. Therefore, for

system operators and reliable supply, the penetration rate of the intermittent RE relative to the
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demand is important. The worst-case scenario is usually when the demand is at its minimum and the

intermittent RE sources are generating at maximum installed capacity. During this worst case

scenario and other network conditions experienced due to high penetration of intermittent RE

sources, the system operator should still ensure that the grid is operated so that it remains in the

“normal state”, which according to the Namibian Grid Code (Electricity Control Board, 2005), occurs

when the Namibian power system is meeting the following criteria:

The immediate demand can be met with the available scheduled resources, including any
expensive contingency resources;

The frequency is within the range 49.5 to 50.5 Hz;

The voltage at all connection points is within the statutory limits stipulated in the Network
Code;

The transmission lines and substation equipment are loaded within respective thermal
ratings;

The grid is configured such that the faulted equipment can be isolated from the grid; and

The SAPP control performance criteria are not consecutively violated.

In summary, the normal state of the network means that the generation capacity is sufficient to

match the forecasted load demand with enough operating margin necessary to ensure the power

quality, security and reliability of the grid.

3.2:

Network data provided by the Client

The client, directly or through different stakeholders, supplied the following data to assist in studying

the impacts of new RE in the Namibian grid:

3.3:

The line loadings (MW) and busbar voltages (kV) of majority of substations in the Namibian
grid for the period between January 2015 and April 2017. The data is attached in Appendix
Al;

A detailed PowerFactory (DigSilent) model of the Namibian grid, which will be further
discussed in the next sections;

A list of RE systems (both small and large scale) currently installed on the Namibian grid as
shown in Appendix A2. Note that, due to the difficulty in acquiring rooftop PV data, it is
highly likely that there are rooftop PV installations that are not indicated in Appendix A2;

A list of all committed RE projects that will be connected to the grid soon are shown in
Appendix A3.

Model verification and preparation
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The network model provided consists of several variations which store the future network
infrastructure expansion projects within the Namibian grid in the next two years. These projects are
classified into base case, high probability, medium probability and low probability. Only the base
case and high probability variations were activated for this study and these are listed in Appendix
B1.

In addition, each load in the model is assigned a range of values that is selectable by date and time
(characteristics). Each value indicates the maximum demand or forecasted maximum demand of
each specific load. It is assumed that these values are accurate enough for the purpose of this study.
Different predicted dates for each considered scenario were thus defined in order to allow relevant

load adjustments and variations to be activated.

Note that the model provided does not include detailed models of other networks within the SAPP
region. However, the model provided consists of relevant external grid representations of active and
reactive power flows into the Namibian grid. These are assumed accurate for the purpose of this

study.

Before detailed studies were conducted, few preliminary load flow checks were done as part of

model verification. These comprised the following:

e System load check: This was to check if the total system load is matching the historical data
provided.

e Load violation check: This was to ensure that no equipment is overloaded. All the lines were
loaded within their rated capacity. However, six transformers were loaded above 100% of
their rated capacity and these are shown in Appendix B2.

e Voltage regulation check: This was to check if all the voltages are within the range specified
by the Namibian grid code. Most busbar voltages were within the required limits. However,

four busbars were below the required limit and these are also shown in Appendix B2.

Note that the transformer overloads and voltage violations above represent problems in the network
or the grid model provided by the client for the purpose of this study and are independent of the
intermittent RE penetration. Therefore, these overloads are not relevant within the context of the

impact of new intermittent RE in the grid.

In summary, the following are some of the important aspects that were verified before running each

detailed simulation:

e Correct date for simulation;
e Correct variations active;
e Correct study cases active;

e Correct operational scenarios active;
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e Correct voltage ranges set;

e External grid fault levels, X/R ratio and C-factor;

e Acceleration time constant set to 9999 to represent a large magnitude transmission system;
e Station controllers installed, active and set to correct model;

e System load, load violation and voltage violation checks.

3.4: RE models used

Since this study is based on possible future scenarios, the detailed design information of some RE
plants is not known and hence it is important to make necessary assumptions about the type and
performance of the RE plant up to the point of connection. The power system tools such as
PowerFactory (DigSllent) usually consist of generic RE models, which provide a good representation
of the response of RE plant sufficient for most power system analyses. In cases where the RE plants
are already existing, generic models should be adjusted appropriately in order to accurately
represent the conditions of the actual plant. In cases where the actual conditions of the RE plant are
not known or do not exist, key elements of connection conditions are proposed and the generic
model is adjusted to comply with those proposed conditions. Consequently, the results of all studies
are only valid under the assumption that the actual installed RE plants will comply with the proposed
conditions or that the actual behaviour will not significantly deviate from the proposed conditions.
The next sections detail some of the key modelling assumptions that where considered in cases

where the actual RE plant information was not known or did not exist.

3.4.1: General RE plant configuration

The utility scale PV plant is typically arranged as shown in Figure 23. The same layout applies to a
wind farm with the grouped PV modules replaced by wind turbines. The PV modules and wind
turbines are connected to the respective LV busbars through DC to AC and AC to AC converters

respectively as also shown in Figure 23.

The wind turbine/PV module unit will usually have off-load tap changer that is at a certain tap
position depending on the unit location relative to other units. The tap position is only changed
following a significant configuration change of the entire plant. The grid transformer will usually have
an on-load tap changer controlling the MV voltage to a value of 1 pu. This is because the reactive
power capability of modern wind turbines and PV converters is heavily dependent on the AC terminal
voltage. The full reactive power capability is only realised when the AC terminal voltage is at 1 pu. If
the RE plant cannot meet the required power factor at the point of connection, additional reactive

power compensation is required and added on the MV busbar close to the point of connection.
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Figure 23: Typical configuration of a PV farm (Cabrera-Tobar, et al., 2016).

3.4.2: Voltage control

The study assumes that the reactive power capability for both wind and solar is 0.95 power factor

leading ( injecting) and lagging ( absorbing) at the point of connection.

The typical wind/PV plant will also consist of a central voltage controller responsible for controlling
the voltage at the point of connection. The controller can be set to one of the following control
modes: reactive power, voltage, voltage droop or power factor. These control modes provide
different advantages during different operating conditions. For example, if the voltage at the point
of connection becomes too high due to active power injected by the RE plant, it is recommended to
use the leading power factor control mode. The reactive power control mode is preferred when the
impact of the RE plant is at a minimum but the system voltages are too low or high and no other
method (tap changer, capacitor banks, etc) is available to control them. The voltage control is ideally
the preferred mode, but sometimes the RE plant is too small to make any impact on voltage at the
point of connection. Therefore, direct control of the voltage to a target value is not appropriate as it

would normally result in the RE plant operating at full leading or full lagging MVAr for the majority
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of time. Instead it is typical to control reactive power export based on a voltage target and a reactive
power slope (voltage droop control). This approach is shown in Figure 24. In this example there is a
target of 1pu and a slope of 4%. Therefore, if the point of connection voltage is at 1pu then the RE
plant will operate at unity power factor (0 MVAr) at the point of connection. If the point of
connection voltage drops to 0.96pu then the RE plant will export MVAr equivalent to 0.95 power
factor. Conversely if the point of connection voltage increases to 1.04 then the RE plant will import
MVAr equivalent to 0.95 power factor. The slope can be adjusted by the system operator in order to
achieve different change in MVAr relative to the voltage changes. In the simulations for this report

a target of 1pu and a slope of 4% have been used.

Target Voltage = 1.0pu
1.04pu Range : 0.95 - 1.05pu
4% _—
Slope — | 1.0pu
0.96pu
Qmin 0 Qmax
PF=0.95 lead PF=0.95 lag

Figure 24: Concept of a voltage droop control

3.4.3: RE models in PowerFactory (DigSilent)

Figure 25 and Figure 26 show the generic composite frame of the PV system and fully rated converter
based wind turbine from PowerFactory (DigSilent), respectively. The diagrams represent a complete
model of their respective RE plant. These models were used in this study and control methods were

applied as discussed in Section 3.4.2: Voltage control.

63



Study on Grid Integration of Intermittent Renewable Energy in Namibia Aug-18

Uarray
0
larray 0
Solar R E
EimOs! d ref
Photovoltaic Model DC Busbar and Capacitor Mode 8 14 re -
EimDsl ElmDs! 17 Lo i
1 N
1 q_ref 1
Temperature the 2
EimDs| 1 vdcref .
Coniroller
g EimDsl
PowerlMeasurement AC Vottage uac 2
aPQmea* Sta'Vmea Static Generator
EimGenstat
Slow Frequ M Fmeas ActivePowerReduction pred 3
ElmPhi* EimDsl
PhaseMeasurement | L sinref cosref
m

Figure 25: Frame definition of PV system
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Figure 26: Frame definition of full rated wind turbine

3.5: Considered scenarios

The following case studies were proposed by the consultant and agreed upon by the client and

different stakeholders during Workshop 1, held on 18 August 2017.

Table 13: Case studies from Workshop 1

Name of Case Study

Case Study Description

2017- Base Case

This is a base case without any intermittent RE connected. The
date for all the simulation scenarios under this case study was

set to June 2017.
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2017- Existing RE connections This case incorporates all existing intermittent RE projects.
This was assumed to be approximately 60 MW, which is the

amount of RE connections in Namibia as of June 2017.

2018- Committed RE This is a scenario where all the currently committed
connections intermittent RE projects are connected to grid. The committed
connections amount to about 185 MW by the end of 2018.
Consequently, the date was set to December 2018 for all the

simulation scenarios under this case study

2019- 50% of the forecasted | This is a possible future scenario when the intermittent RE
system maximum demand connections supply 50% of Namibian forecasted maximum
demand. It was assumed that the RE connections in this case
amount to about 300 MW and this is expected to happen by
the end of 2019.

2020- 75% of the forecasted | This is a possible future scenario when the intermittent RE
system maximum demand connections supply 75% of Namibian forecasted maximum
demand. It was assumed that the RE connections in this case
amount to about 580 MW and this is expected to happen by
the end of 2020.

For each case discussed above, different studies were carried out for the following scenarios that

are representing the worst-case operating conditions of the network:

e Maximum load during day-time, maximum solar and wind production, Ruacana in service;

e Maximum load during day-time, maximum solar and wind production, Ruacana out of
service;

e Minimum load during day-time, maximum solar and wind production, Ruacana in service;

e Minimum load during day-time, maximum solar and wind production, Ruacana out of

service.

The forecasted maximum load demand is already included in the model provided and was used as

such. The minimum load demand was obtained from the historical data provided.

It has already been mentioned that Ruacana only operates during wet seasons (usually between

February and May), while it remains out of service for the remainder of the year. The historical data
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provided confirms the same. However, usually when Ruacana is out of service, there is an increase
of power imports from ZESCO (from about 50 MW to about 120 MW). This is to prevent voltage
collapse on the northern part of the country as a result of long transmission lines from Eskom
network. The same operating conditions were applied in all relevant simulation scenarios, i.e. in all
the scenarios where Ruacana was out of service, the power import from ZESCO was increased to
120 MW.
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4: Results and analysis

This section presents the results of the simulations conducted during the study. Due to the size of
the network, the study consists of high volume results, most of which are contained in the
Appendices of this report. However, the important findings will be summarised and emphasised in

this section.

4.1: Load flow analysis

The new power plants will inject active and reactive power into the grid, and the power flow
characteristics will change, potentially exceeding static thermal and voltage limits, which require
permanent solutions such as grid upgrades. Load flow analysis is one of the most common network
studies, which reveals the electrical performance for specified condition when the network is
operating under steady state. It provides the information about power flows (real and reactive), line
and transformer loadings, losses throughout the system and voltage at different points in the

system.

For each scenario considered, as shown and discussed in Section 3.5:Considered scenarios, the load
flow analyses were conducted and the results were compared to the base case results. Note that the
generation-load balance during different RE penetration levels was maintained firstly by reducing
the power imports (firstly Eskom and then ZESCO) and then Ruacana units in case the first reduction

was not sufficient.

The complete load flow results of each scenario are shown in Appendix C. These consist of all busbar
voltages and loading of all transmission lines in the Namibian power system. Table 14 provides a
summary of load flow results obtained from all cases considered, which include the total system
generation, load and active power losses of Namibian grid. Note that in general, the PowerFactory
model provided did not include information relating to copper and no load losses of the transformers

and thus the losses shown in Table 14 are purely based on transmission line losses.

Table 14: Load flow analysis results

2017- Base Case
Case PGen Pimp Pren PLoad PLosses AP Losses
MW MW MW MW MW MW
Max. Load, with Ruacana 335.00 567.86 0 841.05 61.81
Min Load, with Ruacana 335.00 12.85 0 315.47 32.22
Max. Load, no Ruacana 0 955.35 0| 841.05 114.30
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Min. Load, no Ruacana 0| 33459 0| 31547 19.12 0
2017- Existing RE connections
Case Pgen Pimp Pren PLoad PLosses AP Losses

MW MW MW MW MW MW
Max. Load, with Ruacana 335.00 498.70 61.50 841.05 54.45 7.36
Min Load, with Ruacana 279.77 0 61.50 315.47 26.10 6.12
Max. Load, no Ruacana 0 876.68 61.50 841.05 97.43 16.87
Min. Load, no Ruacana 0 271.22 61.50 315.47 17.56 1.56
2018- Committed RE
Case PGen Pimp Pren PLoad PLosses AP osses
MW MW MW MW MW MW
Max. Load, with Ruacana 335.00 401.41 185.50 869.30 52.91 8.9
Min Load, with Ruacana 157.91 0| 18550| 326.41 17.30 14.92
Max. Load, no Ruacana 0 773.90 185.50 869.30 90.40 23.9
Min Load, no Ruacana 0 158.87 185.50 326.41 18.27 0.85
2019-50% of the forecasted maximum demand
Case Paen Pimp Pren PLoad PLosses APLosses
MW MW MW MW MW MW
Max. Load, with Ruacana 335.00 282.79 303.50 880.80 40.49 21.32
Min Load, with Ruacana 40.00 0 303.50 329.92 12.71 19.51
Max. Load, no Ruacana 0 634.48 303.50 880.80 57.18 57.12
Min Load, no Ruacana 0 38.66 303.50 329.92 12.25 6.87
2020-75% of the forecasted maximum demand
Case PGen Pimp Pren PLoad PLosses AP osses
MW MW MW MW MW MW
Max. Load, with Ruacana 335.00 27.77 585.00 897.83 49.94 11.87
Max. Load, no Ruacana 0 356.26 585.00 897.83 43.44 70.86
Min Load, no Ruacana 0| -21948| s8s.00| 33023 35.20 |G

In general, the results of the load flow analysis suggest that the inclusion of the new RE generation
at considered penetration levels improves the power flow characteristics of the network. All the bus
voltages can be adequately maintained between 0.95 and 1.05 per unit, and all the lines are loaded

within their rated capacities.

Figure 27 shows the change in technical losses as a function of RE penetration levels (load scenarios).
It can be seen from Figure 27 that, in cases before RE capacity of 300 MW, the overall technical losses

of the network reduce (as compared to those of the base case) as RE capacity increases. This is

69



Study on Grid Integration of Intermittent Renewable Energy in Namibia Aug-18

because most of the RE plants in Namibia are small in capacity (about 5 MW), implying that most of
the generated power is consumed locally, which reduce the power that is transmitted over the long

backbone transmission lines and hence the overall losses.

—4#— Max Load- No Ruacana Max Load- with Ruacana
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Figure 27: Change in technical losses versus RE capacity

However, from RE capacity of 300 MW going up and mostly during minimum load scenarios, the
technical losses of the network start to increase as compared to those of the base case. This is
because not all the generated power can be consumed locally, and the surplus needs to be
transmitted to the other parts of the network, resulting in increased line current of most lines in the
network as opposed to the base scenario where the line current of most lines (usually radial lines) is

only determined by the load connected to the line.

Table 14 shows an overview of the most heavily loaded backbone line for each considered case. In

most cases, the new RE plants relieve the loading of most lines in the network.

Table 15: Most heavily loaded backbone lines during different simulation scenarios

2017- Base Case
Case Line Load (%)
Max. Load, with Ruacana Khan-Lithops 220kV 60.70
Min Load, with Ruacana Ruacana-Omburu 330KV 38.78
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Max. Load, no Ruacana Sesheke-Zambezi 220kV 69.88
Min. Load, no Ruacana Otjikoto-Rundu 132kV 22.84
2017- Existing RE connections

Case Line Load (%)

Max. Load, with Ruacana Khan-Lithops 220kV 38.52
Min Load, with Ruacana Ruacana-Omburu 330kV 33.74
Max. Load, no Ruacana Van Eck- Auas 1 and 2 220kV 57.06
Min. Load, no Ruacana Oshivelo T-off-Otjikoto 132kV 18.25

2018- Committed RE

Case Line Load (%)

Max. Load, with Ruacana Karas T-off- Harib 220kV 47.33
Min Load, with Ruacana Dolerite- Lichen 132kV 22.39
Max. Load, no Ruacana Van Eck- Auas 1 and 2 220kV 57.08
Min Load, no Ruacana Dolerite- Lichen 132kV 22.43

2019-50% of the forecasted maximum demand

Case Line Load (%)

Max. Load, with Ruacana Ruacana-Kunene 330kV 38.99
Min Load, with Ruacana Kokerboom-Namib 2 132kV 23.95
Max. Load, no Ruacana Van Eck- Auas 1 and 2 220kV 39.94
Min Load, no Ruacana Kokerboom-Namib 2 132kV 23.95

2020-75% of the forecasted maximum demand

Case Line Load (%)

Max. Load, with Ruacana Kokerboom-Namib 2 132kV 41.36
Max. Load, no Ruacana Kokerboom-Namib 2 132kV 41.15
Min Load, no Ruacana Kokerboom-Namib 2 132kV 44.50

It is important to note that, the load flows of the predicted future study cases depend heavily on the
size and the location of the new RE plants. If the location and size of the considered connections are
changed, the load flow characteristics will also change. However, these results reveal that during low
penetration of RE plants, there is high chance that the generated power is consumed locally,
resulting in a decreased loading of most lines and hence a decrease in technical losses. As the

penetration level of RE plants increases, there is high chance that generated power will not be
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consumed locally, resulting in increased loading of most lines due to long distance transmission of

surplus power and hence an increase in technical losses.

In summary, the load flow analysis suggests that the inclusion of new RE plants improves the power

flow characteristics of the Namibian network at low levels of penetration (up to 300 MW).

4.2: Contingency analysis

The purpose of contingency analysis is to identify the overloads and voltage problems that can occur
due to failure or loss of an element (e.g. generator, transformer, transmission line, etc.) in the power

system.

For all the cases considered, contingency analyses were conducted in order to assess the impact of
new RE generation on the network following a loss of any transmission and distribution line (N-1
contingency) in the Namibian network. Note that Ruacana generation contingencies have already
been considered in the load flow analysis above and hence generator outages were not considered
in this section. Line loadings and busbar voltages were monitored to determine if any post
contingency impact was outside of operational post-fault limits. The following line loading and

busbar voltage limits were considered:

e 0.95to 1.05 per unit pre-fault bus voltage required
e 0.9to 1.1 per unit post-fault voltage range required

e 100% post-fault transmission loading permitted

The transformers and busbars that were already exceeding these limits during normal conditions, as
shown in Appendix B2, were not included in the contingency results since those are existing

violations and were not caused by any contingency.

The complete contingency analysis results are shown in Appendix D. According to these results, there
is no line overload that occur due to any transmission or distribution line outages in the Namibian
network. This emphasises the fact that the Namibian network lines are very lightly loaded as already

observed through load flow analysis.

The results also show that parts of the network experience voltage drops as a result of outages of
some lines, especially backbone lines. These low voltages, however, are not due to RE connections
but the network itself. In fact, as more RE generators are connected to the network, some low

voltages during different contingencies are mitigated.

The network also experiences few high voltages due to some contingencies during different
scenarios, most of which are also experienced during base scenario. This can be a problem with the

model or existing problems which have nothing to do with the new RE connections.
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4.3: Fault levels

The strength of the grid is determined by its impedance and mechanical inertia. The Namibian grid
is connected to a very strong Eskom grid through very long transmission lines. That is, the inertia of
the system is practically high, but so is the impedance due to long transmission lines. As a result, the
short circuit capacity of the network is also low and this reduces even further during contingency

conditions (N-1 scenario).

One way to measure the strength of the grid is to consider the short circuit ratio (SCR) of the network.
This is nothing more than a ratio of the system short circuit AC power (MVA) to DC power (MW)
injection at the specified bus. It must be noted that SCR is not a strength indicator of an entire
system, but a measure of the system strength at the specified point. Therefore a system consisting
of numerous generators and transmission lines will have a different value of the SCR at each specific
bus. The measurement of SCR is an acceptable method to decide whether the grid is strong or weak.
If the SCR is less than 10, then the grid is considered weak and if the SCR is greater than 10, then the
grid is considered strong. Strong grids can accommodate high penetration of distributed generation
without violating the grid code requirements while weak grids may experience power quality
problems even at low penetration levels. Another similar method of measuring the strength of the
network is to consider the reactance to resistance ratio (X/R). If the X/R ratio is less than 0.5, then

the grid is considered weak and vice versa. (Grunau & Fuchs, 2012)

The three phase short circuit power of each busbar in the Namibian grid with and without Ruacana
is shown in Appendix E1. The ratio of this short circuit power to RE capacity connected to that specific
busbar is the SCR as already explained earlier. Conversely, given the short circuit power of each
busbar, we can determine the maximum RE capacity that can be connected at each busbar to ensure
the SCR remains at least 10. These RE capacities for each busbar are shown in Figure 28 as different
bar graphs that are classified according to the voltage levels. Most existing RE plants are connected
on 11kV, 22kV, 33kV, 66kV and 132kV busbars and similarly, most future RE plants will be connected
on the same voltage levels and hence Figure 28 shows these levels only. Note that, Figure 28 only
shows the graphs obtained when Ruacana is out of service since that is the worst-case scenario. In
addition, the load has minimum impact on the short circuit power of the Namibian network (due to
lack of significant rotating loads) and hence the load changes were ignored. Furthermore, the names

of all busbars are not shown on the bar graphs, however, these can be seen in Appendix E1.
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Figure 28: RE capacity that can be accommodated at each busbar without violating the SCR lower limit of 10

It can be seen from the graphs that most 11kV busbars can only accommodate less than 5 MW of RE
capacity, to ensure that the SCR is at least 10. Similarly, most 22kV and 33kV busbars can only
accommodate less than 10 MW of RE capacity while most 66kV and 132kV busbars can only
accommodate less than 20 MW of RE capacity. It is clear that the short circuit power of most busbars
is low and thus restricting the amount of RE capacity that can be connected on the busbar without

violating the recommended SCR limit of 10.

In summary, the fault levels in the Namibian network are very low, largely due to long transmission
lines. The majority of the busbars can only connect less than 10 MW if the SCR limit defined by the
international standards is not to be violated. This complements well the results obtained in Section
4.1: Load flow analysis. If small RE plants (less than 10 MW) are connected in the Namibian network,
the SCR limit will likely not be violated and there is high chance that the injected power is consumed

locally, avoiding transmission losses as discussed in Section 4.1: Load flow analysis.

4.4: QV analysis
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The QV analysis is one of the voltage stability studies and it shows how variations in reactive power
(Q) affects the voltage (V) in the network. The QV relationship thus shows the sensitivity and

variation of bus voltages with respect to reactive power injections or absorptions.

It has already been established in the previous sections that the fault levels on the Namibian network
are low and thus the network has low SCR and hence weak. In weak networks, there is strong
dependency between voltage and real or reactive power, meaning that a small change in real or
reactive power result in a large change in voltage. This becomes an issue with reactive power
capability requirements from the grid code. The requirements might need to be adjusted in other
specific parts of the network to avoid violating voltage limits stipulated in the Network Code of the

country.

For the QV analysis, some of the existing RE connections were considered. Each selected generator
has been placed into unity power factor control mode, and the range of QV curves were produced
at each point of connection. Figure 29 shows the results obtained for Gobabis, Luderitz, Karibib and
Grootfontein 11kV busbars for the maximum load condition with Ruacana. At each of these busbars,

there isa 5 MW RE plant connected.

If the reactive power capability of +/- 0.05 pu is assumed, then the graphs show that if the RE plants
connected at Luderitz and Grootfontein 11kV busbars inject maximum active power and reactive
power at the same time, then the voltage at the point of connection will exceed 1.05 pu. This means
that such plants should always be operated in leading power factor, which thereby limit the reactive

power support of such plants during faults.
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Figure 29: QV curves for Gobabis, Luderitz, Karibib and Grootfontein 11kV busbars

Figure 30 contains similar results for Aussenkehr and Osona 22 kV busbars, and Lorelei, Kokerboom
and Trekkopje 33kV busbars. There is also existing 5 MW plant at each of these busbars. As expected,
the slope of the obtained graphs is steeper, indicating that these busbars are in stronger networks
as compared to the ones in the previous example. For the Trekkopje 33kV busbar, the slope is even
steeper because the fault levels are higher on that busbar. Therefore, it will be difficult for the plant
connected on that busbar to impact significantly on the voltage of that busbar. In this case, voltage
droop control method is recommended. However, this also indicates that even a larger plant could

be connected on that busbar before any voltage exceedance could occur.
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Figure 30: QV curves for Aussenkehr and Osona 22kV busbars, Lorelei, Kokerboom and Trekkopie 33kV busbars

In summary, the examples provided emphasise on the results obtained in section 4.3: Fault levels.
In stronger parts of the network, more RE capacity can be integrated without running into the risk
of any voltage exceedance while in weaker parts of the network, small capacity of RE can still have

a significant impact on the voltage at the point of connection.

4.5: Reliability assessment

Reliability is the ability of the power system to deliver electricity in the quantity and quality
demanded by customers. Wind and solar resources are inherently intermittent and the power
generated will continuously change following any weather changes. It is important to verify that the
operating reserves are adequate so that the system can meet the load demand during RE power
intermittence and in case where one or more units are out of service. There are usually two
approaches used for assessing the generation adequacy of a power system: deterministic and

probabilistic.
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4.5.1: Deterministic approach

In a deterministic approach, the reliability criteria can be defined in a number of ways. A widely used
deterministic criterion is the N-1 criterion, which means that there must be sufficient spinning
reserve on the system such that no load will lose power if any one line or generator fails. One other
method for defining deterministic criterion is the reserve margin approach, where the spinning
reserve on the system should be equal to a certain percentage of the annual peak demand. In some
cases, the amount of spinning reserve should be a percentage of annual peak demand plus some

fixed amount of capacity.

4.5.2: Probabilistic approach

In probabilistic approach, the system adequacy is mostly assessed by the loss of load probability
(LOLP) and the expected unsupplied energy (EUE) criteria. LOLP is a projected value of how much
time, in the long run, the load on a power system is expected to be greater than the capacity of the
available generating resources. This is expressed in days per year or hours per year or as a
percentage. EUE on the other hand is the quantity of expected energy that a system would not be
able to serve with the planned generation system in a given year. It is expressed either in MWh or
as a percentage in which case it is equal to the expected unsupplied energy divided by the annual

energy demand and multiplied by 100.

In this study, a LOLP criterion value of 5 days per year was adopted for the period from 2016 to 2020
and 2 days per year for the balance of the study horizon, which allocates adequate time to achieve
the reliability goal. The EUE criterion has been used as companion criteria with EUE not to exceed a

value of 1%.

4.5.3: SAPP reserve requirements

Namibia is @ member of SAPP and thus required to operate its power system within the operating
guidelines of SAPP, which also include a reliability criterion. The SAPP reliability criterion is that the
reserve capacity obligation of a member utility for any given period is to be equal to 10.6 % of the
annual system peak of such a member utility for a thermal generating plant and 7.6 % for a hydro
generating plant. A weighted average is applied to members who have a mixed system which implies
an overall reserve of less than 10% for Namibia. The SAPP criterion is defined based on the
deterministic approach. Since the reliability assessment in this study is based on the probabilistic

approach, verification will be made to ensure that the SAPP operating guidelines are not violated.

4.5.4: LOLP and EUE calculations

In order to probabilistically assess the reliability of the Namibian power system for different

proposed study cases, it is important to give an overview of some of the key inputs that will
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significantly impact the results. Table 16 summarises the existing generation units in Namibia and

their respective assumed forced outage rate (FOR) as of 2017.

Table 16: Existing local generation in Namibia as of 2017

Generation Number of Unit capacity Forced Outage Availability

units (MW) Rate (%) (%)
Ruacana 4 3x85, 1x92 4 96
Van Eck 4 30 10 90
Anixas 3 7.5 5 95
Utility scale PV 11 5 3 97
Rooftop PV 30 3 97
Wind 1 5 2 98
Total 579.5

The annual projected peak demand in 2017 is 693MW (excluding scorpion). It is clear that the

available local capacity cannot supply the peak demand and in fact, not all of this capacity is available

during system peak. For example, system peak usually occurs in the evening hours, and there is no

sunshine during that time, meaning that the PV contribution is negligible. On the other hand, the

wind is also an intermittent source, and its availability during peak hours is not entirely guaranteed.

In addition, Van Eck cannot contribute its rated capacity during peak hours until the refurbishment

project is completed by the end of 2018. Consequently, the reliability analysis in this study considers

the following assumptions:

e PV plants do not contribute to the system peak and wind only contributes 20% during peak

hours.

e PV and wind contributes equal capacity for all unknown future connections.

e Van Eck contributes 60MW to the system peak in 2017 and 2018 cases, and 120MW in 2019

and 2020 cases.

e Scorpion Mine is not considered on this calculation since it is supplied by Eskom.

e Imports contribute 350MW to the system peak for all the cases considered.

Table 17 summarises the considered maximum generation capacity available during system peak for

the considered cases.
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Table 17: Assumed maximum generation capacity available during system peak

Generation Maximum power output during system peak (MW)
2017 2018 2019 2020
Ruacana 347 347 347 347
Van Eck 60 60 120 120
Anixas 22.5 22.5 22.5 22.5
PV 0 0 0 0
Wind 1 10 21.5 49.5
Imports 330 330 330 330
Total 760.5 769.5 841 869

Table 18 summarises the load growth projections (according to the NIRP) for the considered cases.

Table 18: Load forecast of Namibia until 2020

2017 2018 2019 2020
Peak demand (MW) 693 733 758 786
Increase from 2017 (MW) 40 65 93

Table 19 summarises the results obtained from the calculations, including the LOLP and EUE. It can

be seen from Table 19 that the considered reliability criteria are not violated for all the case studies

considered. The impacts brought by RE plants are not clear due to some of the assumptions made

above.
Table 19: LOLP and EUE values for case studies considered
Year Local Imports Total Annual Reliability
capacity capacity peak
MWLy | W) | vw)
Reserve LOLP EUE
MW % Day/year | %
2017 430.5 330 760.5 693 67.5 9.7 1.48 0.0031
2018 439.5 330 769.5 733 36.5 5 1.54 0.0033
2019 511 330 841 758 83 10.9 1.46 0.0030
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2020

539

330

869

786

83

10.6

1.43

0.0029
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Conclusion

A literature review on status of renewable energy in Namibia was conducted. The following can be
concluded:

e Namibia is a country with abundant natural resources for electricity production. These resources
include the hydro potential that is already utilised, abundant sunshine, wind and biomass. Namibia
is currently producing an insufficient amount of electricity to cover its needs. This results in
dependence on other countries for electricity imports, leaving the country’s economic growth
vulnerable. The Namibian government is determined to reduce the country’s dependency on
electricity imports in order to promote significant industrialisation and improve the livelihoods of
its citizens by addressing bottlenecks resulting from the limited locally generated electricity. It is
clear that RE will form a large part of the Namibian energy supply in the future. However, in order
to ensure a smooth transition to renewables, the impact which these inherently intermittent
resources have on the grid must be investigated to enable implementation of appropriate

mitigation measures.

A literature review on international experience on renewable energy integration was also
conducted. The countries considered include, South Africa, Australia, Costa Rica and Germany. The
following can be concluded:
e The renewable energy growth can be promoted while integration studies are being conducted;
e High penetration of intermittent RE can be managed (as proven by experiences in Spain, Portugal,
Germany, Ireland, Australia and Denmark);
e Robust transmission design and grid code procedures are important;
e The power system characteristics determine the associated intermittent RE integration issues as
well as the most suitable solutions for such issues and

e The existing modelling tools can be used to study the impacts of intermittent RE.

The impacts of new intermittent renewable energy generation in Namibian power system were
evaluated by conducting different studies including; Load flow analysis, contingency analysis, fault
levels, grid strength assessment, power quality, reactive power-based voltage control (QV) analysis
and reliability assessment. The following can be concluded:

e The intermittent renewable energy penetration in Namibia will be mostly limited by the load

demand of the country, long transmission lines and hence high impedance of the network.
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Due to long transmission lines, the renewable energy should be consumed by local distribution
networks to avoid long distance transmission that can significantly increase technical losses of the
system. Thus, the renewable energy plants should be sized in such a way that all renewable energy
generated could be consumed locally even during low loading conditions. It is thus recommended
that the renewable energy capacity added to the Namibian grid should not exceed the minimum
load demand during the day, ranging from 300 MW to 350MW for the current grid configuration.
In addition, exporting the renewable energy power to neighbouring countries is not
recommended due to increasing technical losses.

The Namibian network has low fault levels. This has a direct impact on the power quality at the
point of connection of renewable energy plants. The short circuit ratio was used in the study to
measure the level of renewable energy where there was a high possibility of violating power
quality requirements. Due to low fault levels of the network, it is recommended that the RE
connections be kept to less than 10MW per connection point to avoid power quality violations. If
larger renewable energy systems are to be connected, detailed grid studies should be conducted

to inform decisions on relevant mitigation measures or solutions.

In such cases the corresponding renewable energy grid codes should be reviewed and updated,

considering the specific network characteristics.
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Appendix A. Supplied data

The Appendices are too long to incorporate in a printed format, as such, it is attached as a zip file to

the document.

Appendix Al: The line loadings (MW) and busbar voltages (kV) of majority of substations in Namibian
grid for the duration between January 2015 and April 2017.

Appendix A2: A list of RE systems (both small and large scale) currently installed on the Namibian

grid.

Appendix A3: A list of all committed RE projects that will be connected to the grid in the near future

Appendix A.zip
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Appendix B.

Model verification data

The following data was utilized in the development of the mode.

B.1: Future planned projects

Target Commission

Project Date

Aussenkehr 132kV 09/2018
Calueque Upgrade 08/2018
Cuito Upgrade 10/2018
Karasburg Upgrade 05/2018
Kunene-Omatando 330kV 06/2019
Masivi-Shiyambi 132kV 05/2019
Ohama Substation 11/2018
Okapya Upgrade 04/2018
Ruacana 330/132kV and Hippo | 03/2018
Rundu 66/11kV Upgrade 06/2018
400kV Auas-Gerus 2017 11/2019
Sekelduin Substation 06/2019

B.2: Overloaded transformers & Voltage limit exceedance

Capacity

Overloaded transformer | (MVA) Loading
(%)

Bokomo T3 66/11kV 2 | 137.0208
Onuno TRFR. 1 10 | 117.7128
Leutwein TRFR. 1 1| 110.5962
Baobab T1 66/33kV 10 | 108.6317
Okahandja TRFR. 1 10 | 102.7755
Ondangwa TRFR. 1 10 | 100.0545
Voltage limits
Busbar Voltage (pu)
Mahango 66kV 0.93
Navachab 66kV 0.94
Bakomo 11kV 0.92
Von Bach Booster 11kV 0.93
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Appendix C. Complete load flow results

Appendix C contains too much information to display and is thus compressed into a zip file. The excel

sheets can be obtained in this file and is divided into the following:
Appendix C1: Base case

Appendix C2: Existing RE

Appendix C3: Committed RE

Appendix C4: 2019 forecasted RE

Appendix C5: 2020 forecasted RE

Appendix C.zip
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Appendix D. Complete contingency analysis results

Appendix D contains too much information to display and is thus compressed into a zip file.

&
q
i

Appendix D.zip
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Appendix E. Maximum RE capacity per busbar

Appendix D contains too much information to display and is thus compressed into a zip file.

Appendix E.zip
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Appendix F.

Namibia Vision 2030

Relevant Policies

Year ‘ 2004 Responsible authority National Planning Commission
Vision 2030 is a long-term national vision for Namibia; envisaged at
Background transformation the country into an industrialised nation with a viable
natural resources based export sector.
e There are no explicit energy targets set in the Vision 2030. However, the
production of energy from renewable sources (solar, wind, water) by
2030 is both envisaged and explicitly stated.
e Other stated energy related strategies relevant to this study include:
o Promoting self-sufficiency and access to energy services.
e aleas) o Encouraging local participation in major projects, and ensuring
policies & targets that projects are vendor-oriented.
o Adhering to sound environmental standards in the distribution
and consumption of energy.
o Emphasising social development, human technical capacity

building and regional development in the production and

distribution of energy.

Namibia’s Fourth Nat

ional Development Plan 2012/13 to 2016/2017

policies & targets

Year 2012 Responsible authority ‘ National Planning Commission
The NDP4 forms part of the revolving five-year NDP frameworks that feed
into Vision 2030. The NDP4 envisages to achieve the three overarching goals
Background . . i .
of high and sustained economic growth, employment creation, and
increased income equality.
Energy infrastructure is identified as one the basic enablers for economic
Energy related

development. A general energy target to expand the internal generation
from 400 to more than 750MW by 2017 is explicitly stated.

Harambee Prosperity

Plan 2016/17 — 2019/20

Year 2016

Responsible authority ‘ The Office of the President

Background

The HPP complements the NDPs and the Vision 2030. It is a focused and
targeted approach to achieve high impact in defined priority areas. The Plan
is premised on the following four pillars:

o Effective Governance,
o Economic Advancement,

o Social Progression, and
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o Infrastructure Development.

Energy related
policies & targets

Under the ‘Infrastructure Development’ pillar, the plan explicitly
acknowledges that the current shortage of locally generated electricity
needs to be urgently addressed since it could become a bottleneck that
inhibits higher growth and development in the country.

The Plan sets an energy target of increasing locally generated electricity
capacity from 400MW in 2015 to 600MW by 2020.

The review of the single buyer model is stated as one of the strategies
to ensure that the set electricity supply targets are met during the
Harambee period, i.e. by 2020. As part of this strategy, the government
will promote the involvement of independent power producers in the
local electricity market, so that NamPower will not be solely burdened

with the responsibilities of electricity generation and transmission.

White Paper on Energy Policy

Year 1998

Responsible authority Ministry of Mines and Energy

Background

The Namibian Energy Policy is aimed at achieving effective governance,
security of supply, social upliftment, investment and growth, economic
competitiveness and efficiency, and sustainability.

Energy related
policies & targets

The government of Namibia through the White Paper aimed that by
2010, 100% of the peak demand and at least 75% of the electric energy
demand be supplied from internal sources.

The White Paper acknowledges that the potential use of renewable
energy technologies such as hydro-power, wind turbines, and large
scale solar power plants for grid-connected electricity can contribute
towards achievement of the policy goals around sustainability and
security of supply.

Issues around high import dependency and few local sources of
electricity supply are noted as some of the major problems
characterising the country.

The White Paper also explicitly acknowledges the fact that public funds
alone might not be sufficient to cater for all investments in new power

generation projects hence the need to involve the private sector.

B.2-7




Study on Grid Integration of Intermittent Renewable Energy in Namibia Aug-18

Private sector involvement in the form of Independent Power Producers
(IPPs), Build-Operate-Transfer (BOT) schemes, and management
contracts is highly recommended.

e The White Paper stipulates that government agencies, investors and
energy users should make energy technology decisions based on the
life-cycle costs, not the initial costs.

e The undertaking of Environmental Impact Assessments for all major

energy-related projects is also boldly stipulated.

Draft National Renewable Energy Policy for Namibia

Year 2016 Responsible authority Ministry of Mines and Energy
The National Renewable Energy Policy is envisaged to provide guidance on
Background how Namibia can develop the renewable energy sector and scale-up the

contribution of renewables in the country’s electricity mix.

e The following energy related targets among others are included in the

Draft Policy:

o Namibia to aim to become energy-independent, and also become a
net electricity exporter by 2030 by leveraging its renewable
resources.

o 70% or more of electricity installed capacity in Namibia should be
from renewable sources by 2030.

e The Draft Renewable Energy Policy also explicitly confirms its support
eyl for “the adoption of a market structure in Namibia that enables IPPs to
policies & targets generate and sell electricity to off-takers other than the Single Buyer”.

It enables distributed generation from various technologies and

resources.

e The Draft Renewable Energy Policy further calls for:
o Establishment of a dedicated department by 2017 to increase the
diversity and scale of financing options for public and private
renewable energy projects in Namibia;

o Creation of financial incentives to support local manufacturing of

renewable energy systems and equipment;
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o Ashift towards auction-based system for renewable energy projects
above 10MW; and

o A consideration of public finance options (e.g. green bonds,
preferential interest rates) in order to promote the development of

renewable energy projects in Namibia.

NIRP 2016 Final Repo

rt

Year 2016

Responsible authority Electricity Control Board

Background

The National Integrated Resource Plan (NIRP) can be understood as a
master plan for the electricity supply industry in Namibia. The plan assesses
the full range of electricity supply options that could meet Namibia’s
expectations and compare these on an objective basis using accepted
analytical methods. Furthermore, the plan also looks at electricity demand
management options that can be explored in Namibia.

Energy related
policies & targets

e The draft NIRP explicitly acknowledges that Namibia has one of the best
environments for use of CSP and Solar technology for large-scale
electricity generation.

The NIRP assumes at least 1557 MW and at most 2 077 MW of
renewable energy sources to be included in the Namibian electricity
generation mix by 2035.

The NIRP was developed on the assumption that US$1 would be

exchanged for N$16.

Intended Nationally Determined Contributions

Year 2015

Responsible authorities ‘ Government of Namibia

Background

The Intended Nationally Determined Contributions are part of a new
international agreement where countries agreed to publicly outline the
post-2020 climate actions they intend to undertake. The INDC of the
Republic of Namibia to the UNFCCC is one such public outline, which shows
the government’s commitment to fight climate change.

Energy related
policies & targets

Through its INDC, the government of Namibia envisages to reduce about
89% of the country’s GHG emissions by 2030. As part of the plan, the INDC
calls for an increase in the share of renewable energy (hydro, solar, wind,
and biomass) in electricity production from 33% in 2010 to about 70% in
2030; a clear testimony of the government’s continued interest in
renewable energy.
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Appendix G. Relevant RE regulations and legislation

Electricity Act, 2007

Status ‘ Promulgated

Year 2007

Background

The promulgation of the Electricity Act (No. 4 of 2007) repealed the
previous Electricity Act (No. 2 of 2000).

Aspects to consider in
this study

The Electricity Act of 2007 makes provision for private participation in the
Namibian electricity sector. Section 2 of the Act establishes an
independent regulator, the Electricity Control Board (ECB). The core
mandate of the ECB is to exercise control over the electricity supply
industry with the main responsibility of regulating electricity generation,
transmission, distribution, supply, import and export in Namibia.

o Under section 2 (d) of the Act, the ECB is mandated to ensure

a competitive environment in the Namibian electricity
industry.

o Under section 2 (e) of the Act, the ECB is mandated to
promote private sector investment in the electricity industry,

in accordance with prevailing Government policy.

Draft Energy Regulator Bill
Status Draft
The Energy Bill seeks to expand ECB’s authority beyond the electricity
sector and establish a single overarching energy regulator (i.e., the
Bl Namibian Energy Regulatory Authority) for the country with powers over

the operation of electricity supply infrastructure and other energy related
activities in Namibia. Once promulgated, the Energy Bill will repeal the
Electricity Act 4 of 2007.

Aspects to consider in
this study

Under section 4 (d), the Bill also seeks to facilitate private, public and
private-public partnerships and investments in the energy supply. One of
the mandates of the established energy regulator is to facilitate private
sector investment in the energy industry as informed by government
policy. As a result, the promulgation of this Energy Regulator Bill would
make it possible for IPPs to take part in the Namibian electricity
generation and transmission market.
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Appendix H. Australian detailed case study

Case Study- South Australia Black System

On Wednesday 28 September 2016, at 16:18, electricity supply in South Australia was lost with a
Black System occurring across the state. The case study is presented in three sections, pre-event,
events resulting in Black System and post-event.

1. Pre-event

The electricity transmission network in South Australia extends across some 200,000 square
kilometres of diverse and rugged terrain, operating at voltages of 275, 132 and 66 kV. The network
includes 91 high-voltage substations with approximately 5,600 circuit kilometres of transmission

lines (ElectraNet, 2017). Figure 31 presents a map of the South Australian electrical network.

B.2-11



Study on Grid Integration of Intermittent Renewable Energy in Namibia Aug-18

2 Olympic Dam it Leigh Ck Coalfield
Olympic Dam Leigh Ck
West South
Woomera
Pimba
Mt Gunson
leurcodia

Transmission Network
275 kV OH Transmission Line
e I 275 kV OH Transmission Line owned by Others
--------- 275 kV UG Transmission Cable
132 kV Transmission Line
) " 3 132 kV Transmission Line owned by Others

66 kVT ission Line

Assets State Regions

® 275KV Substation Metro

® 132KV Substation 1 Eastern Hills

® 66 kV Substation ® Riverland
A Wind Farm % Mid North
(.) Future Substation Eyre Peninsula

Power Station Upper North SR8

A Pumping Station South East S

Figure 31: South Australian electrical network (ElectraNet, 2017)

Before the blackout event, there was approximately 1 826 MW of power online. Figure 32 presents
the generation mix moments before the blackout. As the figures shows, almost half of the supply
was made up of wind power, with imported energy making up a third and thermal generation making

up a sixth of the generation mix.

At the time of the Black System, there were severe weather conditions in South Australia. A report
from Weatherzone, a South Australian weather company, confirmed that:
e There was an “intense low pressure system” that “brought severe weather to South
Australia” from Wednesday 28 September 2016 until early Friday 30 September 2016.
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e The low-pressure system and associated pre-frontal trough and cold front “triggered
especially severe thunderstorms (including tornadoes)” as it crossed South Australia on 28
September 2016.

e The “complex weather system affected large parts of southern and south-eastern Australia,
with damaging to destructive winds, widespread thunderstorms, cloud to ground lightning
strikes, damaging hail, and heavy rainfall (leading to flooding) over South Australia in

particular”.

Thermal generation ®Wind generation Import from Victoria

Figure 32: Generation mix pre-event (AEMO, 2016)

On the 28th of September 2016 at 16:18 and 16 seconds, the South Australia electrical grid suffered
a total shutdown and all 1826 MW’s were taken off-line. The extreme weather conditions
mentioned above played a large role for the blackout and are discussed in the following section.

2. Cause of event

Immediately prior to the event, 883 MW of South Australia wind generation, 330 MW of gas
generation, and 613 MW of electricity imports via two interconnections with Victoria were
collectively supplying the 1 826 MW of electricity demand of South Australia’s 850 000 electricity

customers.

The extreme weather conditions mentioned above resulted in five system faults within a period of

88 seconds on 28 September 2016, with three transmission lines ultimately lost to the power system.
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In response to these faults, and the resulting six voltage disturbances, there was an unexpected
sustained reduction of 445 MW of wind generation to the north of Adelaide. Once this drop had
taken place, the main interconnector line that was originally supplying the 613 MW load, Heywood

Interconnector Line, made an effort to supply the 445 MW which had been cut-off.

This resulted in the Heywood Interconnector overloading. To avoid damage to the interconnector,
the automatic-protection mechanism activated, tripping the interconnector. This event resulted in
the remaining customer load and electricity generation in South Australia being lost (referred to as
a Black System). This automatic-protection operated in less than half a second at 16:18 resulting in
the South Australia regional electricity market being suspended. (AEMO, 2016)

3. Post-event and restoration

A ‘Black System’ start is a pre-defined and practised plan that was activated following assessment of
the electricity system, public and employee safety. At 17:23, AEMO directed the South Australia
transmission network owner ElectraNet to progressively energise the main Victorian interconnector
through to Adelaide to start Torrens Island Power Station and provide a basis to allow customer

supply to be restored.

Restoration of electricity supply started in Adelaide at 19:00. By midnight on Wednesday 28
September 2016, 80-90% of electricity (that could be restored) was restored. The remaining
electricity load could not be restored, as the loss of three of the four 275 kV transmission lines north
of Adelaide, together with the unknown status of the fourth line (which required physical
inspection), effectively cut the South Australia transmission grid in two, isolating the north of the

state.

In accordance with standard industry practices to protect public safety and the safety of ElectraNet’s
field crews, the transmission lines north of the Adelaide metropolitan area could not be re-energised
before visual inspection on the morning of Thursday 29 September 2016. Continued poor weather
conditions and high winds kept helicopters grounded, making slower ground patrols of the

transmission network necessary.

The northern line was confirmed intact and was re-energised at 12:15 on Thursday 29 September
2016, allowing some electricity to be restored in the northern region. At 21:00 on Friday 30
September 2016, the last remaining segment of transmission supply, the southern Eyre Peninsula,
was restored. Temporary transmission tower structures owned by ElectraNet were deployed, and
also contributed by network owners in other states to assist in the restoration.

4. Event details

In the events leading up to South Australia region Black System, generation reduction occurred at

nine wind farms. There was no reduction in thermal generation. Each reduction coincided with a
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drop in voltage observed at the wind farms’ connection points. Details of the generation reduction

and the observed voltage levels are shown in the following table:

Table 20: Reduction in generation during the event (AEMO, 2016).

Generating system that Gerneration Generation at
exhibited an active power prior to the the end of the
Time reduction event (MW) event (MW)
16:18:09.2 | Bluff WF 42 9
16:18:09.2 | North Brown Hil WF 87 21
24
16:18:09.2 | Hallet WF 36 | (approximate)
24
16:18:09.2 | Hallet Hil WF 34 | (approximate)
16:18:15.1 | Hornsdale WF 84 -2
16:18:15.2 | Snowtown WF 104 -2

At 16:18:00, just prior to the trip of the Davenport, the flow on the Heywood interconnector was
approximately 525 MW. Note that this is within normal operating limits of up to 600 MW transfer

from Victoria to South Australia. The reduction in generation during the event is shows in Table 20.

The reduction in generation during the event, combined with oscillations caused by faults on the

transmission network, caused the flow on the Heywood interconnector to increase to approximately
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850 — 900 MW by 16:18:15. Flows between 850 — 900 MW are in excess of the design limits of the

interconnector. The load on the Heywood separation line can be seen in Figure 33.

™ Heywood Separation 28/9/16 16:18 AEST
HYTS - SESS Line MW Flow
o See detailed view
800
Davenport - Belalie
275 kV line reclose
o line open and lockout V

MW

A
0 s
L %
«-ﬂhw/\'w-m“ o Dy \«/»M”" /
400 PARAAA A AAN
66 kV Fault in Adelaide
300 Metro Region
Two phase fault Templers West

i - Brinkworth 275 kV line,
200 no reclose, line opened and
lockout

Belalie - Davenport 275 kV line

single phase fault, first opening

Time (hh:mm:ss)

Figure 33: Heywood line separation (AEMO, 2016)

Protection settings are in place to avoid damage to network and generation infrastructure in the
event of system faults. These settings mean that equipment will open automatically to avoid system
damage. At 16:18:15.8, in response to the high power flows on the Heywood interconnector, the
protection at South East substation operated to open the Heywood interconnector. Figure 34 presents

a detailed view of the flow on the Heywood interconnector line during the event.

Generator performance standards after 2007 require generating units to remain on line for a Rate
of Change of Frequency (RoCoF) of 1 Hz/second for 1 second as a minimum, and up to 4 Hz/second
for 0.25 seconds. RoCoF must be maintained within this limit to prevent damage to generating units
and effective operation of protection relays and emergency control schemes such as the automatic

Under Frequency Load Shedding (UFLS) scheme.
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Figure 34: Detailed Heywood line separation (AEMO, 2016)

The UFLS scheme in South Australia is designed to trip customer load to restore the balance of supply
and demand following an event such as this one. The current UFLS design in South Australia is

capable of restoring the balance of supply and demand when RoCoF is up to 3 Hz per second.

This reduction in generation and immediate compensating increase of imports on the Heywood
Interconnector resulted in the activation of Heywood’s automatic Loss of Synchronism protection
mechanism, leading to the ‘tripping’ (disconnection) of the Heywood Interconnector. As a result,
approximately 900 MW of supply from Victoria over the Heywood Interconnector was immediately
lost, and the remaining generation in South Australia was unable to meet the South Australia load.
The sudden and large deficit of supply caused the system frequency to collapse more quickly than
the UFLS scheme was able to act, resulting in the South Australia region Black System.

5. Wind turbine shutdown

The variability of wind power is one of the most well know characteristics of the technology; it was
initially thought that this was the reason for the wind turbine shutdown. After a more detailed

investigation it was found that the shutdown of the turbines was actually due to another reason.

Wind turbines are designed so that upon detecting a low voltage at their terminals, the normal

steady-state control is suspended and a sequence of actions is performed, referred to as fault ‘ride-
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through’ mode. The purpose is for the wind turbine to remain connected to the grid and provide
support to the voltage recovery at the point of connection. Wind turbine control systems are set to
provide a fault ride-through response when voltage dips to below 80% to 90% of its normal voltage

as seen at their low voltage terminals.

The size of voltage dips observed by South Australia wind turbines online at the time of the event
was sufficient for ten of the thirteen wind farms online to activate their fault ride-through mode.
Depending on the wind farm, this mode of turbine operation was activated between three and six
times. The turbines were able to ‘ride through’ these voltage disturbances only to be shut down due

to an additional safety setting.

All South Australia wind turbines have a control system that takes action if the number of ride-
through events in a specific period exceeds a pre-set limit. If the pre-set limit was exceeded in the
event, each wind turbine either disconnected from the network, stopped operating (remained
connected with zero output) or reduced its output. The pre-set limit varied from wind farm to wind
farm, and some were set low enough for the six voltage disturbances in the event to exceed their
limit. This control system caused nine wind farms to reduce output when the number of ride-through

events caused by voltage disturbances exceeded the pre-set limits. (AEMO, 2016)

Other potential causes for the unexpected power reduction have been subject to analysis by AEMO,
including wind turbine disconnection due to excessive wind speed. Typically, wind turbines exhibit a
protective behaviour known as ‘over-speed trip’ to protect themselves from excessive mechanical
stress in high winds, typically 90 km/h or more. Approximately 20 MW of wind power was

disconnected due to excessive wind during the event.
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