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Abstract — Renewable energy resources are contributing evermore to the generation
mix worldwide, however, expanding grids in size and complexity have given rise to un-
foreseen complications such as frequency oscillations, voltage sags and spikes, and power
outages. In 2013, nearly 100% of electricity generation in Iceland was from hydropower
and geothermal sources; there is also high potential for wind and tidal energy, both
options are being explored and would benefit from additional technologies to manage
fluctuations and store energy surplus. Landsnet hf. is the sole transmission system
operator (TSO) responsible for energy balance in Iceland. On the consumer side, load
variations represent difficulties for utilities to meet ever-changing demand. Research indi-
cates high-capacity electricity energy storage (EES) has the potential to be economically
beneficial as well as carbon neutral, all while improving power and voltage quality, peak-
shaving, reducing the number of grid failures and smoothing out natural fluctuations in
renewable energy (RE) sources. Two complex resource deployment scenarios are modeled
using GridCommand™ Distribution: (1) large-scale EES at the transmission level, and
(2) small-scale community energy storage at the residential level. These scenarios are
demonstrated to behave harmoniously in the Icelandic power system. Results reveal 10
MWh capacity battery EES at a density of 60% in the transmission model provides opti-
mal performance conditions. The residential model requires a lower EES density of 30%
using 45 kWh capacity batteries. Optimal conditions are defined by EES performance
metrics, and signify improvements in power quality, energy balance, and peak-shaving
when electricity demand is at its highest. EES technologies are presented and tested at
different locations across the Icelandic grid to predict which solutions are best for the
future development of the electricity system. The role of EES integration into Iceland’s
electricity grid has been explored with primary focus on improving energy efficiency, grid

optimization, transmission and distribution control, and maintaining infrastructure.
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Chapter 1

Overview

1.1 Introduction and Background

With ageing infrastructure and renewable energy (RE) generation on the rise, there has
never been a more urgent need for a modern electricity grid. Many envision this mod-
ernized smart grid based on its capacity to integrate RE sources, being virtually carbon
neutral, featuring improved voltage control, demand response and supply flexibility. Cur-
rently, the leading technology for achieving these modifications rests in grid electricity
energy storage (EES). The technology exists today, however the need now is to provide

tactical solutions, not technologies.

Energy storage is not a new concept in itself. Since the early uses of biogas for energy
production and the invention of the first electrochemical battery in 1800 by Alessandro
Volta, energy storage has become common for many household and industrial applica-
tions (Yang et al., 2011). It has also been an integral component of electricity generation,
transmission and distribution (GT&D) systems for well over a century (ABB, 2012). Tra-
ditionally, the capacity for EES has been met by the physical storage of energy reserves in
fossil fuels and harnessed by power plants, as well as through large-scale pumped hydro
storage (PHS) plants (ABB, 2012). The power landscape has changed dramatically in
recent years, bringing the proliferation of modern RE sources as a means to meet today’s
energy and environmental demands, albeit these changes have given rise to a surprising
number of unforeseen obstacles. At the beginning of its development, RE generation
technology focused more on harnessing the maximum power from renewable resources,
ignoring the need for power system reliability and stability (Yang et al., 2011). Output
fluctuations from renewable energy sources otherwise known as intermittencies, which
are common with wind, tidal and solar photovoltaic (PV) generation, lead to variability

and uncertainty in electricity production to the grid (Lavine et al., 2011; Yang et al.,

1



Chapter 1. Introduction and Background 2

2011; Rahman et al., 2012; ABB, 2012). Such fundamental changes in the design and
controllability of the grid call for smart, efficient power GT&D networks, and energy

storage solutions.

Assessing and planning for future changes to the Icelandic power system are best explored
with advanced modeling tools. This study uses GridCommand™ Distribution (GCD)
and GridLAB-D™ (GLD) softwares for its analysis of two complex resource deployment
scenarios. Multiple configurations of EES technologies are tested at different locations
across the Icelandic grid to predict which solutions are best for the future development of
the electricity system with energy storage. Results underscore the intended motivations
behind the research, highlighting improvements in Icelandic grid energy efficiency, main-
taining infrastructure, dampening load variations, taking advantage of energy arbitrage,
and sparking concepts for a smarter grid with greater transmission and distribution con-
trol. Landsnet has installed a very workable transmission network across the country;
therefore the main goal here is assessing how best to implement EES devices for storing
Iceland’s annual energy surplus, as well as helping establish smart grids for better voltage
control and distribution on the local scale. Goals and study relevance will be outlined

next.

1.2 Smarter Grids: Goals, Relevance and Motivations

Electricity networks are in a continual state of change, propelled by many interconnected
factors: ageing infrastructure, installation of distributed generators, increased alternative
energy, regulatory incentives and the availability of new technologies. A smart grid in-
telligently integrates the actions of all connected users — producers, consumers and those
that do both — in order to efficiently deliver sustainable, economic and secure electricity
supplies as efficiently as possible (Wade et al., 2010). Rollout of smart grid technology
also implies a fundamental re-engineering of the electricity services industry. Generally
speaking, technical infrastructure retrofits would be necessary in the Icelandic power
system, however these additions would help tack on several years to the lifecycles of cur-
rent infrastructure by alleviating stress-points across the grid. This research defines EES
as a key component in smart technologies that contribute to energy efficiency, voltage
control, reduced risk of oscillations, maintaining infrastructure, integrating intermittent
energy sources, and energy balancing, which are all imperative research objectives. The
data collected from the simulations are used to evaluate the impacts of new smart grid

technologies.
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According to Landsnet (2013A), “power generated into the grid cannot be stored, therefore
power must be consumed as soon as it is generated”. In other words, electricity produc-
tion equals consumption at any given time. Utilities must prepare detailed day-ahead
schedules to ensure this delicate balance of electricity generation and consumption is
met, deriving the second motive for investigating EES in Iceland. The power schedules
state that the amount of electricity they intend to generate or purchase for the next day

equals their intended sale to customers or other power companies.

In Iceland, generating companies and suppliers are referred to as Balancing Responsible
Parties (BRPs). Although a BRP submits to Landsnet a schedule that is in balance
for the next day, deviations often occur in practice because power consumption can-
not always be predicted perfectly. An energy market equipped with energy storage and
smart technologies could potentially integrate with utility and BRP demand response
programs, engage in permanent load shifting, reduce peak demand and cope with dis-

tributed generation.

Another major goal of this thesis is to create a strategic and logical approach to grid
optimization using energy storage solutions for the Icelandic utilities to consider moving
towards 2020 and beyond. Achieving this formula for success involves two parts: con-
ducting a detailed analysis of the Icelandic power system after increased EES capacity
has been installed, and secondly communicating the results of these simulations in a
manner that is constructive for an economically viable and environmentally beneficial
outcome. Researching EES in Iceland offers tremendous upside, and should be viewed
as a template by other countries for improving their existing grids. It is important for
Iceland, a model country in renewable energies, to lead by example and set a precedent

for developing its smart grid.

Should the Icelandic government agree to terms with the UK for subsea transmission
of Iceland’s renewable energy, EES is imperative to manage such a large change in the
power system, one that would effectively alter Iceland’s electricity market from a bal-
anced islanded network to an unbalanced system. The environmental footprint of grid
infrastructure has also come under increased criticism in recent years. Lessening en-
vironmental impacts and protection from the unpopular damming of scenic rivers and
landscape for hydropower is another motivation for this thesis, and since EES allows
for the efficient integration of the country’s unrivaled potentials in alternative energy
sources such as geothermal, wind, and tidal, the concept of planning a grid to accommo-
date these changes became apparent. Finally, the possibility to store 100% renewably
sourced electricity derived the third motivation to investigate EES in Iceland. A grid
capable of storing 100% renewable electricity and the roughly 10% annual energy surplus

may alleviate concerns of rising electricity prices in the country through a better energy
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arbitrage system. These research objectives fall in line with the Landsnet priorities of be-
coming a leader in the introduction of smart grid solutions focusing on renewable energy,
to foster energy-market innovation through increased value creation and sustainability
(Landsnet, 2011).

1.3 Research Questions

Six overarching questions govern the direction of this research project and how it seeks

to achieve its goals:

1. What role does energy storage (ES) play for grid optimization, energy arbitrage

and peak reduction?

2. Which of the following EES configurations are most efficient in terms of grid opti-
mization:
(a) Transmission level (large-scale storage);
(b) Distribution level (small-scale, community energy storage);
(c) Clustered versus evenly distributed storage.
3. Does GridCommand™ Distribution allow for accurate representations of power

flows (both real and reactive) in the grid, and can both complex resource deploy-

ment scenarios ensure grid storage optimization?

4. Will identifiable weaknesses within the Landsnet transmission system be improved

or solved with the aid of EES integration in GridCommand™™?

5. How will EES address concerns of rising electricity prices and energy arbitrage in

Iceland?

6. What does the future hold in store for energy storage?

1.4 Scope of Study

1.4.1 Overall Thesis Structure

Once sufficient background has been provided on the Icelandic power system and its
electricity market in chapter 2, technical aspects of energy storage are then covered
in chapter 3. Next, this thesis will move on to its second phase by explaining the

methodology (chapter 4), demonstrating the simulation results (chapter 5) and providing
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a comprehensive analysis of significant findings (chapter 6). A base case representing the
present day layout of the grid is shown, next the performance metrics section examines
the impacts of EES by comparisons between the base case and the case with newly added
technologies. Post-processing on all simulations appears in graphs and tables to better
interpret the data, followed by recommendations for Iceland to consider moving towards
2020, the possibility for future studies, a summary of the findings and how they answer

the research questions, and lastly concluding statements.

1.4.2 Resource Deployment Scenarios

Approaching the design and analysis of future grid alterations requires simulations to
be created with specific scenarios in mind to refine the scope of models in the GCD
program, which bears hundreds of possible analytical tools and options. Therefore, the
plan for drafting scenarios with high priority needs for the Icelandic power system was

imperative.

Grid energy storage and its optimization are the main focus of this thesis. It is intended to
serve as a reference for power systems engineers, planners, and policymakers interested in
improving energy efficiency and taking full advantage of the environmental and innovative
stronghold Iceland is fortunate to possess. While the emphasis is on technology, this
study also addresses the significant policy, market, and other non-technical factors that
may encumber the proposed solutions. It will provide a short background of Iceland’s
electricity markets, a review of the country’s power system from producer to consumer
including the relevant companies in charge of GT&D, a technical and economic summary
of leading-edge EES technologies, and the solutions to the following two (2) resource

deployment scenarios:

1. Li-ion community energy storage (CES) of varied densities arranged in evenly dis-

tributed configurations; and

2. Sodium sulfur (NaS) electricity energy storage for the transmission system in Ice-

land, of varied densities and in both evenly distributed and clustered configurations.

Economic aspects of energy storage are identified in the EES review (chapter 3), though
considered beyond the intended scope of this technical and simulation-focused thesis.
Therefore, there is room for further exploration into the economic aspects of energy stor-
age and grid optimization in Iceland. Explicit analysis of power system oscillations are
excluded for two reasons: (a) small signal stability (SSS) analysis has already been con-

ducted for the Icelandic grid, and (b) GCD intrinsically incorporates these calculations
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of real and reactive (or “imaginary”) power flows when running simulations. This project
also excludes solar PV additions to the grid, as Iceland is not currently considering

widespread PV installations.

Temporal or time series data are modeled with a 12-month time signature ranging from
00:00:00 of January 1, 2012 to 23:59:59 of December 31, 2012. Simulations with the
addition of EES are conducted using a three-day timestamp from July 7 to July 9, 2012
to keep results consistent. Transmission-level and industrial loads used in GCD models
are representative of 2012 with the same timeframe. More information on timestamps

and time signatures in the data can be found in the methodology chapter.

The geospatial scope is limited to Iceland, which is modeled by identifying the geographic
locations of infrastructure in the Icelandic power system. Latitude and longitude coordi-
nates were obtained using Landsnet’s single-line diagram of the grid (see Appendix), an
interactive satellite map of the transmission system from Loftmyndir (Loftmyndir, 2013),
and Google Maps for cross-referencing location coordinates to the third decimal place
to match Icelandic networks. Residential feeders were adapted from generic residential
feeders to match Icelandic residential networks, stressing the importance of scale and

detail to ensure the accuracy of each model and its results.

1.5 Research Protocol

Preparations for this project began by reviewing scientific journals and past academic
research papers to form the basis of interpreting existing information on the technical
aspects of the Icelandic power system and its energy markets. Next, articles on grid
optimization, management, and electricity energy storage with a largely international
perspective. From here, focus was refined to drafting ideas and concepts tailored to
Icelandic markets and infrastructure aimed towards developing a transmission and resi-
dential level smart grid. In order to achieve this, large and comprehensive datasets were
required to gain a thorough understanding of the intricacies within the Icelandic power
system and to build a model. Public and some private files were made accessible in
the forms of digital Excel copies, raw text (ASCII) files, and comma-separated values
(CSV) tables from Landsnet, Orkuveita Reykjavikur (OR), and Landsvirkjun. Advanced
modeling software GridCommand™ and GridLAB-D™ were sought to assist in ana-
lyzing the Icelandic grid with new EES features for areas that were deemed feasible and

advantageous to the country.
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1.6 Contributions

The research intends to contribute to the state of knowledge in power systems analysis
for Icelandic utilities and academic institutions alike seeking to investigate grid energy
storage optimization and smart grid technologies. By providing a framework for planning
infrastructure proliferation as well as specifically detailing the benefits of energy storage
to the Icelandic power system, it will contribute an innovative approach to improving
grid efficiency, managing peak demand and ease Landsnet’s efforts in energy balancing,
reducing power outages and disturbances, and ensuring high power and voltage quality.
Most importantly, in the spirit of GridLAB-D™ and its open-source collaboration ef-
forts, the codes developed for this study are openly available for any future studies under
the Creative Commons “CC BY 8.0” license. Allowing for a meaningful re-interpretation
of the grid provides the grounds necessary for addressing the proposed research ques-
tions and motivations of this thesis. Iceland is in a unique position when it comes to
its energy future, and by exploring its electricity system in a manner that considers new
technologies, other countries can potentially derive their grid developments and increase

renewables penetration using a similar approach presented herein.



Chapter 2

The Icelandic Power System

To serve as a background for this thesis, a synopsis of the current power system in
Iceland is provided while underlining the main goals and objectives of the research. The
three largest companies generate 97% of total electricity produced and are active in
the wholesale market. The dominant producer, Landsvirkjun, produces 74% of total
electricity. Smaller producers either sell directly to their own retail division or enter 7-10

year contracts with retail sales companies (Orkustofnun, 2011).

2.1 Electricity Markets and Energy Reality

Iceland is rich in RE resources compared to the country’s energy requirements and de-
mands. In 2013, nearly 100% of electricity and energy for heating were generated from
renewable hydropower and geothermal sources, along with small contributions from two
wind turbines. Consequentially, this abundance of RE draws significant interest from
energy-intensive industry and data centres, of which consume roughly 80% of total elec-
tricity, including 74% used by the aluminum industry alone in 2009 (Lochet et al., 2012,
Orkustofnun, 2011). Landsvirkjun and Landsnet (2013A) reported residential loads uti-
lize only 5% of total electricity, and still per capita electricity consumption is the highest
in all of Europe (Orkustofnun, 2011; Landsvirkjun 2013). This statistic is considered
to be a misrepresentation inflated by the overwhelming electricity demand by power-

intensive users.

Orkustofnun is the National Energy Authority (NEA) in Iceland, and together with
the Icelandic Parliament, the Althingi, implemented a set of common rules governing
the internal market of electricity known as the Electricity Act, no. 65/2003 in 2003

(Orkustofnun, 2011). The Act has been amended several times in the years since, and
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is broad in scope, containing comprehensive legislation on the generation, transmission,
distribution and supply (sale) of electricity all as part of a competitive market (Orkustof-
nun, 2011; Lochet et al., 2012). Iceland’s parliament also recently adopted Master Plan
for Hydro and Geothermal Energy Resources, a blueprint for the utilization of natural
resources in the near future. Any planning of the grid’s future development must be
based on the guidelines set out in the Master Plan as well as on projected economic and
population development. Landsnet is the independently managed transmission system
operator (T'SO), and solely responsible for delivering electricity to the six main distri-
bution system operators (DSO) and energy-intensive industry (Landsnet, 2013A). All
DSOs have exclusive rights to distribute electricity in designated areas of operation, the
six companies include: Reykjavik Energy, Rarik, HS Orka, HS Veitur, Orkusalan and
Westfjords Power (Drevdal et al., 2011; Orkustofnun, 2011). The NEA regulates the
transmission and distribution companies, ensuring their delivery of high quality electric-
ity and security of supply. Landsnet constantly monitors frequency and voltage quality
in the entire transmission system with a target system frequency of 50 Hz implying sat-
isfactory quality of electricity. According to Landsnet (2013A), under normal operating
conditions the average operating frequency measured over 10 seconds must be within the

following quality limits:

50 Hz + 1% (i.e. 49.5—50.5 Hz) 99.5% of the time.
50 Hz + 4 / 6% (i.e. 47.0—52.0 Hz) 100% of the time.

Security of supply is defined as the reliability of the entire power system and encompasses
all links of the value chain of electricity supply, including the generation of electric energy,
distribution of electric energy, and trading and retail (Haarla et al., 2011; Grave et al.,
2012). Utilities in Iceland must therefore ensure consumer demand for electric energy is
covered at the present day and in the future in an uninterrupted and sustainable manner
(Batlle and Rodilla, 2010; Landsnet, 2013A). The concept especially applies to supply
security during peak hours, noting the ability of the electric system to withstand sudden

disturbances or failures.

Electricity trading may now occur through bilateral contracts and is on the verge of
changing the future of Iceland’s energy markets (Orkustofnun, 2011; Lochet et al., 2012).
According to the stated objectives of the Electricity Act, it is intended to encourage an
economical electricity system, thereby strengthening Icelandic industry as well as regional
developments. To reach this goal, it was sought to create a competitive environment for
the generation and sale of electricity, encourage efficient and cost effective transmission
and distribution of electricity, ensure the security of the electricity system and interests
of consumers, and promote utilization of RE resources (Landsvirkjun, 2013B). Since the

grid is balanced with no connections to larger, unstable foreign markets and with high
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controllability over geothermal and hydropower, energy balancing is relatively simple
compared to North American and European markets. That means electricity is delivered
in real-time with customer demand at a high security rate. However, due to the variation
in river flows, customers in the Icelandic power system can negotiate to take out a certain
amount of the total energy as secondary energy (METSCO, 2013). The secondary energy
is then sold at a lower rate than the primary energy, but the delivery is only guaranteed
up to a specific minimum amount. This represents another area EES can earn its keep,

by improving energy reserves and arbitrage.

Energy arbitrage is the act of buying low and selling high (in terms of electricity pricing).
Arbitrage involves purchasing inexpensive electricity when its demand and cost are low
(i.e. at night); and then selling the electricity when demand and price are high during
the day (ESA, 2013). Storage systems that operate in this market generally have the
capacity to store large amounts of energy, interact with the power grid at the transmis-
sion level, and operate on a diurnal cycle of charge and discharge. Examples of this EES
include pumped hydro plants, compressed air electricity storage facilities, and large bat-
tery installations. As a result, power intensive industries that have a certain flexibility
to reduce consumption during dry spells in power supply can find it beneficial to take a

part of the power at a lower price in the form of secondary energy.

The electricity system has an installed capacity of 2119 MW and is currently being
increased in one location at Budarhals power station (Landsnet, 2013A). Annual power
consumption in Iceland increased from 16.3 TWh/a in 2009 to 17.7 TWh/a in 2013;
see Table 2.1. Generation capacities are shown in Table 2.2. The increase in electricity
demand from power intensive industries has called for considerable investments in the
transmission system.

TABLE 2.1: Electricity consumption and demand growth between 2009 and 2014 (pro-
jected) is expected to rise by 2.6 TWh, a 15.95% increment in the period (Landsnet,

2012B).
Energy 2009  Energy 2013 Energy 2014  Growth  All time peak  Peak 2014/15
[TWh/al [TWh/al [TWh/al [%/a] [MWh/h] [MWh/h]
Iceland 16.3 17.7 18.9 3.2% 2.108 2.411

TABLE 2.2: Net addition in generation capacity (Landsnet, 2012B).

Hydro  Geothermal Other Installed capacity  Available capacity

[MW] [MW] [MW] [MW] at peak [MW]
Installed capacity in 2011 1,842 542 100 2,484 2,344
Net addition until 2014 95 124 0 219 2,562

Electricity in Iceland is transmitted on to the national power grid, a circular pass-through
system that is renowned to be one of the most secure and modern power grids in the

world (Haarla et al., 2011; Landsnet, 2012A). Electricity consumers can connect to the
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power grid almost anywhere they wish, regardless of their energy supplier (Orkustofnun,
2011). Locations near power plants and with several connections offer the most secure
transmission of electricity. The physical layout and technical aspects of the grid are

detailed next.

2.2 Present Day Grid Infrastructure

The Icelandic power system is a balanced, isolated system with no present-day connec-
tions to other countries, although a submarine cable connecting the UK grid (Germany
and Norway also being discussed) is being widely debated (Hreinsson, 2013). New in-
frastructure development requires extensive planning and consultation with numerous
stakeholders, whose standpoints can vary immensely (Landsnet, 2011). Small structural
and installed capacity changes to the grid are occurring at the time this thesis was

written.

The transmission grid consists of 3,204 km of overhead transmission lines, while the
length of the DSO network (sum of all DSO’s cable infrastructure) is approximately
22,565 km (Landsnet, 2013A). The transmission system connects 72 substations, with
77 supply points, of which 19 are power plants, five are power-intensive industries, and
53 are supply points to the DSOs (Landsnet, 2013A). For example, Landsnet transfers
electricity to Reykjavik Energy through 12 supply points (Al to A12).

The transmission system operates at voltages of 33 kV, 66 kV, 132 kV and 220 kV — see
Figure 2.1. For the most part, the 132 kV lines form a ring network around the whole of
the country. Everything below the 33 kV voltages occurs at 11 kV, which is then finally
brought down to 400 V or 230 V and supplied to residential and some commercial loads
by the DSOs — see Figure 2.2. The main residential load centre is in the southwest part
of the island in the Greater Reykjavik Area.

High-voltage AC (HVAC) overhead cables transmit electricity in Iceland on the trans-
mission level. Landsnet’s transmission towers are made of either timber or steel, in-
corporating design elements that allow infrastructure to tolerate high winds and icing
events (Landsnet, 2013A). Another important infrastructure requirement applies to the
distance of conductors from the ground, whereby line voltage is the main determinant for
the height of transmission towers. As a general rule, the higher the voltage the greater
the tower height will be (Landsnet, 2013A). For this reason, the towers for 220 kV lines
are made of steel with concrete foundations. Therefore, weather and line voltage are the

main determinants for building materials used in the grid.
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There are currently no EES installations existing in Iceland, though the infrastructure
is more than capable of integrating battery or other storage devices. The Icelandic
power system does make use of dynamic VAr compensators (DVC) and other flexible
AC transmission systems (FACTS) devices to control oscillations (such as harmonics and
feedbacks that cause voltage sags or spikes, weakening power quality). For instance, one
dynamic reactive power system unit is installed at the 132 kV Hryggstekkur substation
in the east of Iceland, and connects to the Fljotsdalur substation at the Karahnjikar
power plant, which is primarily supplying 540 MW power to the Alcoa aluminum plant
(Gudmundsson et al., 2006) (see Figures 2.3 and 2.4). There is also a reactive power
compensator (for MVAr) that has recently come online at the Grundartangi industrial site
at Klafastadir. The compensator will increase the transmission capacity to Grundartangi
and enable Landsnet to meet increased power demand without the need for additional
power lines. Another benefit of this device is enhanced grid voltage control, having a
predictable positive effect on power quality and the operation of the whole grid (Landsnet,
2013A). However, once electricity is in the grid, there is no current technology for its
storage. The single-line diagram shown in Figure 2.3 is only a small portion of the
entire Landsnet grid, where circular objects pictured denote generating units such as
power plants, triangular objects denote load centres, thick lines show electrical buses
and finally thin lines denote branches. Nominal line voltages are shown numerically
beneath buses, while real powers (MW value) are given above branches and reactive
powers (MVAr value) below the branch. Figure 2.4 illustrates the voltage and current
control and monitoring abilities of the same Hryggstekkur DVC system shown in Figure

2.3.
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FIGURE 2.3: Landsnet’s DVC installation at Hryggstekkur substation shown in single-
line diagram.
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Backup power generators are somewhat common too, especially for emergency power
situations. Construction of a new backup diesel generator at Bolungarvik substation is
currently underway with six power generating sets for prime power output of 1800 kW, up
to 1500 RPM at 50 Hz (Landsnet, 2013A). Another generator located in Hafnarfjorour
uses jet motors for provisions to the Alcan aluminum plant. However, these backup
generators do not have remotely as much functionality as the EES solutions (Li-ion CES
and NaS batteries) may offer the future grid, mainly because generators are unable to
buffer small, rapid fluctuations in real and reactive power as efficiently as EES due to

their discharge times as explained in the EES review chapter.

Another important consideration is the visibility of power infrastructure and the ef-
forts that must be made to rethink Iceland’s transmission routing and siting (Landsnet,
2012B). Landsnet seeks to construct fewer overhead, high-capacity transmission lines
to lessen the number of lines across the country’s landscape in the future, minimizing
the grid’s visual impact. It is significant to note that the current grid is not up to the
task of connecting new power stations envisaged in the Master Plan (Landsnet, 2012B).
At present, it only has enough capacity to connect the prospective power station on
the lower Pjorsa river. Furthermore, heightened generation and thereby transmission
demand calls for greater capacity and flexibility in the grid’s operation, which will not
be achieved without further strengthening the network. It is the author’s opinion that
wisely sited EES will offer a technical and aesthetic advantage in contrast to scarring the

Icelandic landscape with more elaborate transmission networks, towers and cables, such
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as the planned Skrokkaldalina line that would pass through the heart of the country’s

highlands and national park. Figure 2.5 shows Landsnet’s vision for Iceland’s future grid.
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FIGURE 2.5: Next generation of Landsnet prominently features new transmission line
Skrokkaldalina crossing through the heart of the country’s highlands and national park
(Landsnet, 2013A).

2.3 Grid Failures, Disturbances, and Power Outages

Although Landsnet operates a balanced, relatively modern grid in comparison to the
size and complexity of many European and North American markets, there are still
several inherent complications with its transmission and distribution. Most of the grid
disturbances, however, are triggered by extreme Icelandic weather events. In fact, the
year 2012 saw an unusually high occurrence rate of grid disturbances with severe storms
acting as the prime culprit in every power outage (Landsnet, 2013B). Some cases even
producing permanent damage to the grid, for instance, on January 10 and 11 the “Salty
Storm” caused a number of transmission level failures in west Iceland. Heavy saline
ocean spray was deposited on electrical equipment; the salt buildup eventually caused
a substation in the Southwest called Brennimelur to explode and catch fire, leading
to a four-hour transmission level power outage. This poses another area of perceived
opportunity for energy storage in Iceland, for when several locally deployed NaS batteries

can supply microgrids with power during transmission disturbances.
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Two conflicting Landsnet reports (Performance Report, Landsnet (2013B); and Annual
Report, Landsnet (2013A)) recount a total of 55 and 88 disturbances in 2012, respectively.
These disturbances accounted for unsupplied energy to customers totaling 5703 MWh
for the year, much higher than 4900 MWh from the preceding year (Landsnet, 2013B).
Backup generators operated during disturbances in 2012 produced 1.174MWh. The main

grid failure incidents were as follows:

e January 10, 11 storms triggered multiple transmission disturbances across the grid,
particularly in west Iceland where saline build-up on electrical equipment pro-
duced a four-hour outage at the Brennimelur substation. This resulted in a sub-
stantial curtailment for power-intensive consumers at Grundartangi. Considerable
flashovers also occurred in south and west Iceland. Energy not supplied to dis-
tributors (excluding power-intensive industries) measured 51.98 MWh (Landsnet,
2013B).

e February 22 failures at Fljotsdalur substation tripped large oscillations in east
Iceland, including Fljotsdalur Line 3. Energy not supplied measured 126 MWh
(Landsnet, 2013B).

e September 10, an intense northerly storm swept over the country with snow and
ice buildup on power lines. Laxa Line 1 tripped, followed shortly by Kopasker Line
1 and Krafla Line 1. When the Blanda Line 2 tripped at midday, north Iceland was
without power from Varmahlid east to Krafla, including the towns of Saudarkrokur,
Akureyri and Dalvik. The weight of the ice and snow caused all damaged earth lines
to sag down into the phase conductor, catastrophically damaging the transmission
cables. Energy lost was recorded at 674 MWh (Landsnet, 2013B).

e November 1, another powerful northerly storm ripped through the country, trig-
gering a number of serious trips in the distribution networks and other parts of
the system. Most notably, the Fljotsdalur Line 2 tripped, quickly followed by the
Sigalda Line 4/Prestbakki Line 1 (which both failed twice). Energy not supplied
totaled approximately 38 MWh (Landsnet, 2013B).

e November 5, saline-saturated winds hit Iceland’s Southwest region, causing massive
large-scale outages in the Greater Reykjavik, which was without power for four

hours. Energy not supplied was assessed at 74.5 MWh (Landsnet, 2013B).

e November 20-22, Talknafjorour Line 1 tripped five times due to icing and a storm
that swept through the Westfjords. Energy not supplied measured 87.8 MWh
(Landsnet, 2013B).
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e December 29, upon the arrival of the storm the Westfjords lost power first for a
lengthy period, as did the town of Olafsvik. The Olafsvik Line was badly damaged,
with a total of 67 towers broken. Towers on the Geiradalur and Mjoélka Lines were
also damaged. Minor failures occurred on the Breididalur and Télknafjorour Lines.
The Laxa Line suffered two breakdowns but was quickly repaired as the weather
in the northeast was much more favourable than in the west. This storm caused

extensive outages, with energy not supplied totaling 1911 MWh (Landsnet, 2013B).
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Potential EES Technologies

3.1 Terminology and Applications

The basic role of energy storage is to absorb energy when renewable energy output is high
or while demand is low, and to discharge that energy during low RE output (i.e. low-
wind days) or during peak-demand. Choice of storage technology is strongly influenced
by the intended application to the grid and the duration for which the ES system may
need to continuously charge or discharge. There is no single ES system that meets all

grid applications. Three grid energy storage applications are summarized:

1. Power quality: Stored energy, in these applications, is only applied for millisec-
onds to minutes, assuring uninterrupted power supply (UPS) and voltage frequency
regulation. Frequency regulation means maintaining a smooth voltage across the
grid, preventing fluctuations in signals and reducing stress on transmission lines

and power plants (Kaldellis and Zafirakis, 2007; Rahman et al., 2012).

2. Bridging power: Stored energy used for minutes to hours, maintaining network
continuity when switching from one source of energy generation to another or
during transmission outages. This is also sometimes referred to as spinning reserve

(Kaldellis and Zafirakis, 2007; Rahman et al., 2012).

3. Energy management: Storage media in this application is used for many hours,
to decouple the timing of generation and consumption of electric energy. Typically
called load leveling, which is the charging of storage when electricity cost is low
(Kaldellis and Zafirakis, 2007; Rahman et al., 2012).

18
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3.2 Direct and Enabling Technologies

The technologies deployed as part of the simulation’s complex resource scenarios can
be placed in one of two categories: direct and enabling. Direct technologies are those
that provide direct benefit to the system. Enabling technologies are those that may
not provide a direct benefit to the system, but they enable other beneficial technologies.
As an example, a communications network does not provide any reduction in energy
consumption, but it does enable demand response systems that create reductions in

energy consumption (Schneider and Bonebrake, 2012).

3.2.1 Direct Technologies

The following technologies that will be specifically analyzed using GCD simulations are
selected based on the motivations for this thesis and the technologies that are available
within the GCD program for modeling. Direct technologies chosen for deployment in
GCD include:

1. Energy storage (ES) — NaS and CES Li-ion for peak-shaving and voltage control,

2. Demand response (DR) — Time of use (TOU) with/without enabling technology.

3.2.2 Enabling Technologies

Despite their lack of direct benefits, these technologies form the foundation necessary for
the technologies that do provide direct benefits to the system (Schneider and Bonebrake,
2012). These technologies are outlined in the following sections and include: (1) smart
meters, (2) communication infrastructure, (3) human machine interfaces, and (4) battery

management systems.

3.2.2.1 Smart Meters

Traditional electromechanical metering devices have proven to be accurate and reliable
over multiple decades, but have the significant disadvantage of requiring manual data
collection, which is a tedious, time-consuming task; there is no network connectivity. The
deployment of new “smart meters” is the second largest component to future Icelandic
grids (next to EES) as it enables the proper functioning of EES and improves demand
response. These new meters allow one-way or bi-directional communications via a wired

or wireless communications network. Communications to the customer can now include
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time-based electricity rates or event-triggered signals, and allow the customer to read
their meters quickly and more easily to adjust consumption patterns (Schneider and
Bonebrake, 2012).

3.2.2.2 Communications Infrastructure

Communications infrastructure, both wireless and wired, is an excellent example of en-
abling technology, for it does not provide any direct benefit to the system. However,
direct technologies, such as demand response, would not be possible without a support-
ing communications infrastructure (Schneider and Bonebrake, 2012). For the purpose
of the conducted analysis that follows, it is assumed that the required communications
infrastructure is available, but it will not be simulated in these experiments. Zero latency

and infinite bandwidth is assumed.

3.2.2.3 Human Machine Interface

Human Machine Interfaces (HMI) can exist in many forms, but is strictly an enabling
technology seen in residential networks. For instance, in a single-family residence, the
HMI can range from a simple thermostat to a fully functional home energy management
system. An HMI might also allow users to see the current price of electricity, adjust their
consumption accordingly, or interact with an energy storage system (like an electric car).
By providing an end-user with more information about the current price of electricity
and the state of their consumption, the effectiveness of demand response opportunities

is dramatically increased (Schneider and Bonebrake, 2012).

3.2.2.4 Battery Management Systems

Battery management systems (BMS) are centralized controller objects responsible for di-
recting battery functions and communications in electricity networks. In GridCommand™
and GridLAB-D™ the BMS controller monitors current and voltage from one or more
battery cells and determines if the current is above or below a predetermined value. If
for example the current is below the predetermined value (e.g. at nights), the BMS dis-
connects the battery cells from the load once the voltage falls below a voltage threshold
(e.g. 11 kV). Once disconnected a reset signal is required to reconnect the battery cell(s)
to the load. These BMS objects provide a host of other applications such as protecting
batteries from operating outside its safe operating area, monitoring its state of charge,

and even controlling its climate and environment.
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For the Icelandic models retrofit with Li-ion and NaS batteries, the BMS technical spec-
ifications and system architecture are prudently defined using parametric analysis inside
GCD. These parameters include charge setpoints, peak-shaving setpoints, charging and
discharging rates, etc. All setpoint parameters can be referred to in the parameter tables

from chapter 5.

3.3 Technical Considerations of EES

Performance requirements of EES are dependent on cycle life, state of charge (SOC)
or depth of discharge (DOD), energy-to-power ratio, discharge times, and application.
For example, to regulate frequency, the EES capacity may not need to be long lasting
(minutes can be sufficient) but it must have a long cycle life because the system is likely
to encounter multiple daily charge-discharge events. In comparison, energy management
applications such as load leveling require systems with huge capacities (i.e. MWh or even
GWh) that are capable of discharge durations for hours to days. For this application,
preferred EES will have high round-trip efficiency (RTE) and a large DOD, along with
low operation and maintenance costs. Below are some key terms, as well as Table 3.1

that categorizes EES based on these technical aspects.

e Cycle life: Number of complete charge-discharge cycles an energy storage system
can perform before its nominal capacity falls below 80% of its initial capacity (Yang
et al., 2011). Key factors affecting cycle life are time (¢) and the number of charge-
discharge cycles completed (N). Lifetimes of 2000 to 4000 cycles are typical of
most batteries, equating to around 8 to 15 years, respectively (ABB, 2012).

e Depth of discharge: DOD refers to the extent a storage device can discharge its
total capacity. DOD affects cycle life, for instance, if the device is only partially
discharged each cycle, then the cycle life will be much greater (Yang et al., 2011).
Also called state of charge (SOC).

e Round-trip efficiency: RTE is the standard measure of an electricity storage de-
vice’s efficiency in the grid as the AC-to-AC RTE, written as AC kWhgy,t/kWhyy,.
However, this is not always the value reported, especially for devices that store
DC energy such as capacitors and DC batteries (Denholm et al., 2010). In some
cases, the DC-to-DC RTE may be reported and additional losses in power conver-
sion efficiencies must be considered if the device is to provide applications in the
grid (Denholm et al., 2010). The mean RTE for most ES devices is around 75%
(Denholm et al., 2010).
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e Discharge time: Measured from milliseconds to hours, the suitability of an ES
system for a specific application (i.e. power quality, bridging power, energy man-

agement) correlates to its energy-to-power ratio and is determined by two factors:

— Power density: Indicates the ability to provide instantaneous power. High

power density technologies can discharge large amounts of energy quickly,

[KWh/kW]

— Energy density: Indicates the ability to provide continuous energy over a

period of time. High energy density technologies discharge for long periods,

[Wh/kg]

TABLE 3.1: Four categories of EES discharge times, their applications, energy-to-power
ratios, and examples of potential EES technologies.

Discharge Applications and Description Energy-to-Power Examples

Time Ratio
-Resources discharge for milliseconds to Superconducting magnetic

Short minu’Fes.. . <1 energy storage (SMES),
-Provide instantaneous power quality, flywheels (FES), double
UPS, and voltage frequency regulation. layer capacitors (DLCs)
-Resources discharge for minutes to hours. Lead acid (LA), nickel
-Provide power quality, UPS, and bridging cadmium (NiCd), lithium

Medium power, consumer-side time-shifting, and 1to 10 ion (Li-ion), sodium
generation-side output smoothing for sulphur (NaS), vanadium
mitigating RE’s uncontrollable variability. redox batteries (VRB)
-This category is predominantly batteries.
-Resources discharge for hours to days. Hydrogen gas (H,) and
Med-Long -Primarily for load leveling energy 5 to 30 synthetic natural gas

management, and can assist RE (SNG)
integration.
-Resources discharge for days to months. Pumped hydro storage

Long -Useful for seasonal time-shifting and load > 10 (PHS), compressed air

leveling. Expensive and less efficient.

-Strictly used for energy management.

energy storage (CAES),
redox flow batteries (RFBs)

3.4 Potential EES Technologies

Energy storage systems are hereby classified as one of three (below) and compared using

discharge times, rated power and system power ratings in Figures 3.1 and 3.2.

1. Mechanical systems (e.g. PHS, CAES, FES)

2. Electrical systems (e.g. capacitors and EDLCs, SMES)

3. Chemical systems (e.g. flow batteries, LA battery, Li-ion battery, NaS battery,

NiCd battery, etc.)
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Rated Power

100MWL
10 MW
1MW -
Battery Electric Vehicle
(NiMH and Li ion)
100 kW CAES Compressed Air ES
DLC Double Layer Capacitor
FES Flywheel Energy Storage
H2 Hydrogen Storage
""" LA Lead Acid Battery
10kW |- Li-lon Li lon Battery
Na5 Sodium Sulphur Battery
1 T PH5 Pumped Hydro Storage
A 1 ~ RFB Redox Flow Battery |
T SMES Superconduct. magneticES
1 kW ! . ) Pl I } SNG Synthetic Natural Gas
0.1 kWh 1kWh 10kWh 100 kWh 1 MWh 10 MWh 100 MWh  1GWh 10 GWh

FI1GURE 3.1: Comparison of rated power, energy content and dicharge times of various

EES technologies. Lower left area of figure denotes short discharge times strictly for

power quality; the centre shows medium to long discharge times for bridging power; and

the upper right area shows examples of long discharge time ES technologies for energy
management (ESA, 2009).
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FIGURE 3.2: Energy storage size and discharge times ranked according to the three
applications: (1) power quality, (2) bridging power, (3) energy management.
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N.B. This paper focuses primarily on chemical systems. For the purposes of Icelandic
transmission and distribution, battery energy storage devices offer the most promising

option based on the technical and economic summaries.

3.4.1 Electrical Systems

Electrical EES devices are the only known technology to store electrical energy directly
into electric current (Rahman et al., 2012). Two systems are reviewed: (1) superconduct-

ing magnetic energy storage (SMES), and (2) electric double-layer capacitors (EDLCs).

1. SMES systems store electricity in the magnetic field created by flowing direct cur-
rent (DC) in a superconducting coil that has been cryogenically cooled (Yang et
al., 2011; Rahman et al., 2012). A diagram of a basic SMES system is shown in
Figure 3.3. Once the superconducting coil is charged, the current will not decay
and the energy can be stored almost indefinitely (Chen et al., 2009; Rahman et al.,
2012). This stored energy can be released back to the grid simply by discharging
the coil of its current. Of all EES technologies, SMES loses the least amount of
electricity in the energy storage process; they are highly efficient, with a round-trip
efficiency greater than 95% (Rahman et al., 2012). Well suited for maintaining

power quality and frequency regulation.

Helium vessel

Power
Refrigeration switching and
system " conditioning
equipment

Superconduction -
coils

FIGURE 3.3: Superconducting magnetic energy storage system.

However, the major problems confronting the implementation of SMES units are
the high capital cost of the superconducting units, energy requirements for su-
percooling the coils (refrigeration system) and the environmental issues associated

with strong magnetic fields (Rydberg, 2011; Rahman et al., 2012).

2. EDLC systems, also known as supercapacitors, are storage devices with unusually
high power density compared to common capacitors. Sparing the complicated
physics of how they maintain charge, supercapacitors applications are principally
for power quality and UPS, given the high power energy outputs over a short

duration.
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3.4.2 Chemical Systems

The oldest method for storing electricity is in the form of chemical energy within bat-
teries (ABB, 2012). Battery systems range from historically proven technologies (lead
acid invented in 1859), to more modern inventions such as NiCd, NaS, Li-ion, and flow
batteries (Electric Power Research Institute, 2010). New and exciting EES developments
include graphene and magnesium-antimony (Mg||Sb) batteries (Sadoway et al., 2012).
Please note there has not been sufficient research conducted on graphene batteries for
grid ES to include in this study. The following section outlines major EES high-powered

batteries, and Table 3.2 summarizes the chemical systems based on technical data.

1. Lead acid battery (LA) consists of a positive electrode made of lead dioxide and a
negative lead electrode, commonly separated by sulfuric acid electrolyte. Nominal
cell voltage is measured at 2.0 V (Rahman et al., 2012). LA batteries are a popular
storage device for power quality, maintaining UPS, and other applications (Yang et
al., 2011). However, it has low cycle life (meaning it degrades quickly) and presents

environmental issues when disposing of lead (Rahman et al., 2012).

2. Nickel cadmium battery (NiCd) comprises a nickel hydroxide positive electrode
plate and a cadmium hydroxide negative plate, separated by an alkaline electrolyte
(Rahman et al., 2012). Nominal cell voltage is 1.2 V (Rahman et al., 2012). NiCd
batteries are reliable, require low maintenance, and have high energy density (50
— 75 Wh/kg); disadvantages include low cycle life and difficulty disposing of cad-
mium, which is a toxic heavy metal (Yang et al., 2011; Rahman et al., 2012)

3. Sodium sulfur battery (NaS) consists of liquid sulfur at the positive electrode and
liquid sodium at the negative electrode (see Figure 3.4). During discharge, the
electrolyte allows Na™ ions to flow through as electrons flow in the external circuit
of the battery producing nearly 2.0 V (Rahman et al., 2012). This process is
reversible as charging causes the sodium ions to recombine as elemental sodium.
20% self-discharge occurs, and overall efficiency is 90% including heat losses. Initial
capital cost is high, as is the operating temperature at over 300°C (Rahman et al.,
2012).

4. Lithium ion battery (Li-ion) stores electrical energy in electrodes made of Li-
intercalation (reversible flow) compounds (Yang et al., 2011). During charge and
discharge, Li" ions transfer across an electrolyte (see Figure 3.5). Nominal cell
voltage measures 3.2-3.7 V (ESA, 2009). Li-ion EES mitigates uncontrollable
variability in RE generation output, offers reduced transmission costs, frequency
regulation, and locational dependency challenges (wind farms tend to be far from

load centers) of RE integration (Electric Power Research Institute, 2010).
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5. Vanadium redox battery (VRB) consists of three major components: electrolytes,
electrodes and membranes. The electrolyte is one of the most important compo-
nents, being not only the conductor of the ions, but also the energy storage medium
(Rahman et al., 2012). Hence, the volume of the electrolyte determines the elec-
tricity storage capacity of the battery. Nominal cell voltage is between 1.15-1.55 V
(ESA, 2009). Figure 3.6 illustrates a generic VRB, showing all 3 components.

Load @ Discharge
o
, —
5 DC source ~/+ Charge fa)

Negative electrode Solid electrolyte Positive electrode
(Na) (Beta—Alumina tube) (S)

FIGURE 3.4: Main features of NaS battery.

Charge (energy storage) —» e-

e- —af— Discharge (power to the device)

Gathodeny

Al current collector
Cu current collector

Separator

FIGURE 3.5: Main features of Li-ion battery.
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Source: ESA, 2009

FIGURE 3.6: Main features of a vanadium redox battery.

TABLE 3.2: Technical comparison of electrochemical systems for EES applications
(Sources: Yang et al., 2011; Rahman et al., 2012.)

Technology Energy density Operating temp Discharge time Self-discharge Cycle life RTEjc
(Wh/kg) (C) (% per month) (deep cycles) (%)

LA 25-40 -40 — 60 up to 8 h 4-50 1000 50-175

NiCd 30 —-45 -10-45 upto4h 5-20 2500 55-170

NaS 150 — 240 300 — 350 4-8h negligible 4000 80 —90

Li-ion 50 -170 -25—-40 upto4h 2 4000 94 — 99

VRB 10-20 0-40 4-12h 3-9 5000 80— 90

3.5 FEconomic Considerations of EES

For technically viable EES alternatives, economic comparisons may be made to find the
best one. Cost represents the most fundamental issue of EES for achieving widespread
market penetration (Yang et al., 2011). Two important factors influence the feasibility
of EES projects: (1) capital costs, and (2) life-cycle costs. Appendix A compares EES

by capital costs and life-cycles.

1. Capital costs are typically expressed in terms of the unit cost of power ($/kW) for
power applications (i.e. frequency regulation), or the unit cost of energy capacity
($/kWh) for energy applications (i.e. load leveling). The capital charge rate (also
referred to as a fixed-charge rate or capital recovery factor) falls under capital
costs and refers to the fraction of the total capital cost that is paid each year to
finance the plant, including other required expenses such as permits and licenses.
(Denholm et al., 2010). It should be noted that this cost does not include any

operation and maintenance (O&M) costs.
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2. Life-cycle costs are expressed as the unit cost of energy ($/kWh), or power per-
cycle over the lifetime of the unit. These costs are experienced continually over the
useful life of the battery and any associated equipment, including O&M, salaries
for labour, fuel and power costs, repair parts, costs of insurance and taxes, and

associated overhead costs (Eyer and Corey, 2010; Denholm et al., 2010).

Previous studies indicate the cost of electricity storage needs to be comparable to the
cost of generating electricity to be competitive (Yang et al., 2011). This equates to a life
cycle cost for EES as low as 8 — 10 ¢/kWh per cycle (Yang et al., 2011). Likewise, for
capital costs to be competitive, the desired estimate assuming a life cycle of 15 years (or
4000 cycles, 5 cycles per week), 80% RTE and minimal O&M (5-10%) would be around
$1300/kW (Yang et al., 2011). Beyond the life cycle cost is the social cost that considers
environmental impacts, such as the cost associated with reducing COo emissions by

deploying RE sources and advanced storage systems.

3.6 Summary of EES Technology

The serious challenges electrochemical storage technologies face was found to include:
cycle life, depth of discharge, reliability, efficiency and economics (Rahman et al., 2012).
Electrical EES systems (i.e. SMES) are deemed far too costly for widespread market
penetration in Iceland’s energy storage sector. Therefore, it appears to be two low cost
EES systems that are most suitable: Lithium-ion batteries and NaS batteries. While re-
sults indicate VRBs are the "most promising" option among other batteries considered,
GridCommand™ and GridLAB-D™ do not support this battery type for parametric
analysis at this time. Therefore, the first and second battery options, Li-ion and NaS
respectively, are selected because GCD and GLD do contain program packages for mod-
eling these batteries. The models used in this thesis incorporate Li-ion for community
energy storage and NaS batteries for transmission level storage of 1 MW and greater.
Results from this EES review chapter elucidate which battery storage technologies would
be most suitable for the intended applications of maintaining power quality, real and re-
active power peak-shaving and voltage control in Iceland. Table 3.3 gives a technical and
economic summary of potential EES technologies, and Table 3.4 further supports why

Li-ion and NaS batteries are ideal for renewable energy storage in Iceland.
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TABLE 3.3: Advantages and disadvantages of the technical and
EES for RE integration.

economic aspects of

Technology Advantages Disadvantages Application Commercial Cost Remarks
Maturity
1) Electrical EES
] Low ?nergy denslty Power quality ) High produ‘ctlon Suitable on1¢
SMES High power and high production, Medium and operational short durations
) management . .
operational costs cost in sec or min
Long cycle life, high . Power qualit; . High production Suitable for
EDLC g y' ) & Low energy density « v Medium E0P )
efficiency management cost short durations
2) Chemical EES
Limited cycle life, Bridging power
N . . Renewables
LA Low cost environmental and energy High Low capital cost i k
. integration
concerns in disposal management
High power Power qualit;
Nicd o High cost, low RTE A it Hieh cost Renewables
o] sing o] o]
! ens.l _y’ 18 and low cycle life and bridging 8 181 Cos integration
efficiency power
Ener Renewables
NaS Lower costs Low power density £ Medium Low cost ) )
management integration
(Energy mode)
. Power quality . Suitable for
NaS Lower costs Low energy density Medium Low cost )
( and UPS heavy-industry
Power mode)
High power Power quality P it
Li-ion density, high High cost and bridging Medium High capital cost ower quaiity
- management
efficiency power
Lower costs, good . Bridging power ) Renewables
VRB .. Low energy density and energy Medium Low cost and power
efficiency
management plants

TABLE 3.4: Main features of most suitable EES technologies for renewable energy
storage in Iceland (Source data: Rahman et al., 2012). VRB batteries are found to be
most favourable here, however are not available in GCD or GLD.

Technology Li-ion NaS VRB SMES NiCd
Efficiency (%) 97 85 85 99 63
Cycle life charge/discharge 4,000 4,000 5,000 7,500 2,500
Size range (MW) 1-100 0.15-10 0.5-100 0.001-10 1-10
Operation temp (°C) —25-40 300-350 0—-40 -50 —-10-45
Energy density (Wh/kg) 60 85 20 Low 38
Self discharge (losses) Negligible 20% per day Small Small 0.6% per day
Environmentally safe Yes Yes Yes No No
Disadvantages High cost High temp Low en'ergy Very high cost Heavy. me'tal cd
system, losses density recycling issues
Top Choice First Second Most promising = =
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Methodology and Materials

This chapter provides an overview of the two softwares GridCommand™ Distribu-
tion and GridLAB-D™ computational calculations using the Newton-Raphson solver
method, its function in power systems simulations, and describes the residential and
transmission models used for parametric analysis. The processes for data acquisition,
conversion, programming the model into the software, and mathematical derivations used

for obtaining results are also outlined.

To analyze a power system and achieve accurate results, a detailed model with repre-
sentative data is critical for reproducing a digital recreation that fully encompasses the
complexities and dynamics of the system. Advanced software was called on for envision-
ing a future grid with powerful distributed energy resource modeling tools for effective

planning, testing and resource allocation. Two relatively new computer programs were
essential: GridLAB-D™ (GLD) and GridCommand™ Distribution (GCD).

Icelandic utilities Landsnet and OR store their data in formats not directly compatible
with GCD and GLD, therefore, addressing this issue required unique data conversions
into a format readable by the programs. This thesis models the infrastructure present in
the real national grid and at the residential level. Examining the impacts of new tech-
nologies in the complex resource deployment scenarios is done using (1) a custom-built
transmission network for Iceland and (2) a prototypical residential distribution feeder
with minor adjustments to match Icelandic feeders for the distribution level analysis.
By utilizing representative technologies and prototypical distribution feeders, which are
generic residential networks configured to represent Icelandic residential loads, power
infrastructure and technology, it will be possible for this study to estimate the feeder
level impact of each new technology added, such as community energy storage, or CES,

for instance. Once the impact of the technologies has been evaluated on the residential
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level, the study then explores the impacts associated with deploying energy storage tech-
nology on a national level. This approach is similar to the methodology in the DOE’s
(2012) Ewvaluation of Representative Smart Grid Investment Grant Project Technologies:
Distribution Automation. With one exception, while the residential feeders deploy Li-ion
battery CES, the transmission model attaches NaS large-scale energy storage devices

capable of storing upwards of 1 MW.

4.1 GridLAB-D™

GridLAB-D™ (GLD) is the adaptable simulation environment that passes third-party
data and scripted commands to generate output files for analysis in grid management
projects (Carlon, 2012). Therefore, it was used almost exclusively for data input of the
raw and ASCII text files received from Landsnet and OR. The GLD algorithm calculates
millions of states for independent devices (for example residential or industrial loads,
energy storage devices, etc.), each described by models and equations relevant to the
specific grid’s power flows. At its simplest, GLD examines the interplay of every part of
a power system. It was used for scripting the main transmission model, which was later
passed to GridCommand™ to produce the grid for testing future scenarios with NaS
energy storage. GLD is also an open-source tool, thus the code written for this thesis is

made available online.

GridLAB-D™ accepts files with the extension .GLM (stands for GridLAB-D model)
for processing, each simulation being run several times over the course of many days to
generate output files with extensions .CSV (comma separated value). The resulting .CSV
files were finally loaded into GridCommand™ for post-processing in order to create the
plots and graphs seen in the results chapter. Figure 4.2 shows succinctly how this data

conversion and processing works across different programming platforms.

The advantages of GLD’s algorithm over traditional finite difference-based simulators
are: (1) it handles unusual situations more accurately; (2) it accepts widely incongruent
time scales, ranging from sub-seconds to many years; and (3) it integrates with new
modules and third-party systems easily. For this project, partial datasets from Landsnet
and OR were either incomplete or incompatible with the programs; GLD accounted for
these issues with presets designed to work without the use of reduced-order models for
the aggregate behavior of electrical systems. Therefore, GLD is able to avert the danger

of erroneous or misapplied assumptions (Carlon, 2012).
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4.2 GridCommand™ Distribution

GridCommand™ Distribution (GCD) is the second simulation environment with a
graphic user interface that was developed by Battelle Memorial Institute as part of the
DOE Smart Grid program, using algorithms developed with Pacific Northwest National
Laboratory (PNNL). PNNL was also behind the creation of the GLD algorithm, which
is what makes these two programs so harmonious. The software is a front-end for the

open-source GLD.

GCD parsed the GLD code written for this project and compiled it into a detailed
planning model for the parametric analysis of electricity networks, deploying smart grid
technologies that encompass a wide array of devices and operating policies such as EES
systems, distributed generation (DG), line configurations, transformers, demand response
tariffs, volt-VAr optimization (VVO), PHEVSs, and so on. GCD objects can be displayed

down to the individual household level with remarkable detail; see Figure 4.1.
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FIGURE 4.1: Graphical user interface (GUI) in the GridView feature of GCD software.

In summary, GCD is the software responsible for adding EES technologies to the circuit
models built within GLD, allowing for the additions of multiple device configurations,
assessing complex resource deployment scenarios, and providing insight into grid sensi-
tivity and capacity under changing conditions. Power flow calculations were performed

in GLD, and post-processing analysis was performed in GCD’s plotting interface.
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4.3 Data, Data, and Data

4.3.1 Data Acquisition

Identifying the geospatial location of infrastructure in the Icelandic power system was
crucial for maintaining model accuracy. Latitude and longitude coordinates were ob-
tained using Landsnet’s single-line diagram of the grid (see Appendix B), an interactive
satellite map of the transmission system from Loftmyndir (Loftmyndir, 2013), and Google
Maps for cross-referencing location coordinates to the third decimal place. Geospatial
data for each point can be seen in Appendix C, along with variables for bus voltage, real
power, and reactive power. From the transmission system data shown in Appendix C,
33 major loads are defined in Iceland; five of which are power-intensive industries: Al-
coa, Becromal, Century Aluminum, Elkem, and Rio Tinto Alcan. The remaining 28 are
major distribution feeders to municipalities, residential areas, and external commercial
activity. Substations are denoted with (SS), loads (L), industrial loads (IL), and power
plants (PP).

Time signatures for baseline power flows span the period from January 1, 2012 to De-
cember 31, 2012, as specified in the scope of this thesis. Three-day simulations from
July 7 to July 9, 2012 were run for comparing baseline models to models with EES
added. Temporally, the data ranges from seconds, minutes, hours, days, and months on
an annual basis. Reykjavik Energy provided basic residential load flow data, however
Landsnet was unable to disclose power flows for their substations and power-intensive

customers, declaring it private, sensitive information.

4.3.2 Data Entry and Conversion

Each object within the grid was assigned a corresponding node or link definition;
node objects include substations, transformers, capacitors, industrial loads and power
plants, 1ink objects connect node objects together and include overhead power-lines,

underground lines, and conductor specifications.

Landsnet operates its power systems planning and conducts analysis using a program
called PSS/e, which is modeling software with different code formatting to GridLAB-
D™ GLM files. PSS/e data was extracted as rich text, parsed using Python scripting
language, and power values then compiled for every load and generator bus in the Land-
snet grid (refer to tables in Appendix C). Once all geospatial data was compiled for each
object in the grid, the script for the Icelandic power system was written inside GridLAB-

D™ to be later used as an input file for parametric analysis (addition of new technology)
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within GridCommand™ . Next, the resulting .GLM file from GridCommand™ is passed
back to GridLAB-D™ to generate output files in .CSV format, and finally these .CSV

files added to the plotting interface in GridCommand™ to produce the final results.

This file conversion and data entry process across different programming platforms is
illustrated in Figure 4.2, which is organized by placing the software platform in the blue
upper blocks, while the lower blocks show points that are separated into three parts:
the first bullet denotes the platform process, the middle points are platform inputs, and
the last bullet denotes the platform outputs. This creates a flow of inputs and outputs

across the programming softwares.

* Data * Building GLM * Parametric * Processing * Post-
acquisition file analysis secondary Processing

* Raw data * Lat/Long * New GLM * CSV File input
« PSS/e File  Grid infrastructure * Power Flow « Plotting

« Satellite map infrastructure * Adding EES Calculations Graphs,
« Power flows * Nodes, links and CES * Outputs CSV Calculations,

* Appendix C ¢ Primary GLM « Secondary Files Results

(See Table) GLM

FIGURE 4.2: Data conversion process across multiple programming platforms.

4.4 Power Flow Model Calculations

First, a little history to help visualize the bus concept — the electrical bus derives its
name from old transit buses with overhead bars for its passengers without a seat to hang
on to during motion. One can then imagine these long handlebars as the electrical buses
that carry electricity, and the passengers as the loads. Hence, the philosophy of a bus
bar with terminated conductors feeding their respective loads. Electric grids contain
specific information at each load bus and generator bus. A bus without any generators
connected is called a load bus, whereas a bus with one or more generators is a generator

bus. Lastly, a slack bus is any randomly selected bus that has a generator (Mork, 2000).

The goal of any power flow study is obtaining complete phase angle and voltage magni-

tude information for each bus in the power system, where,

0 = phase angle (4.1)

|V| = voltage magnitude (4.2)

In a power flow model, it is assumed real power (P) and reactive power (@) are known

for each load bus (refer to P and @ values in Appendix C). For this reason, load buses
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are also known as P(Q buses. Generator buses assume real power (Pg) and voltage
magnitude (|V|) are known. For the slack bus, it is assumed voltage magnitude (|V])
and voltage phase angle () are known. Datasets obtained from Landsnet and OR provide
this information on P power, phase angles and magnitudes, which are incorporated into

the models.

For any system with N buses and R generators, there are then 2(N—1)—(R—1) un-
knowns. Therefore, to avoid the simulation from incorporating any new unknown vari-
ables there must be 2(N—1)—(R—1) equations to prevent additional unknowns. Power
balance equations can now be called on for calculating real and reactive power for each

bus. These equations are written as follows:

N
0=—Pi+ Y _|VillVil(Gikcosbir, + Bxsinby) (4.3)
k=1
N
0 = —Qi + Z |VZHV]€|(G“€COSQM — szSanlk) (4.4)
k=1

Where P; is the net real power injected at bus 4, conversely ); the net reactive power
injected at bus ¢, G;; is the real power admittance corresponding to the ith row and
the kth column, B, is the reactive or imaginary part of the element, and finally 0,

represents the difference in phase angle between two buses (Mork, 2000).

4.5 The Newton-Raphson Method

The Newton-Raphson method, or NR method, is the algorithm used for solving power
flow analyses run in every simulation for this experiment. Simply thought of as a lin-
ear approximation for nonlinear systems, when properly used it provides exceptional

accuracy in replicating power systems.

Performing power flow studies of this nature require linear programming for calculating
optimal power flows before and after the addition of EES to the residential and trans-
mission models. Optimal conditions are herein determined by the EES densities and
configurations that ‘solve’ threshold setpoints, which is deemed the most energy efficient
EES arrangement in terms of P@) reductions and voltage regulation. This means of
analyzing optimization is explained further in chapter 5.1. The NR method estimates
any unknown variables in the power system, such as voltage magnitudes and angles at

load buses, and phase angles at generator buses. Next, for each of the power balance
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equations given above, the result of a linearized power system can be expressed as the

following matrix:

Al | AP
=-J° (4.5)
AlV] AQ
Where J is a matrix of partial derivatives known as a Jacobian, (J),
JAP  JAP
)
g=| °V (4.6)
IAQ  JAQ
30 oV|
Now we can rearrange equations 4.5 and 4.6 for the relation in equation 4.7:
Ad AP
/] = (4.7)
AlV| AQ

If real power (P) and reactive power (@) are calculated, it follows that AP; and AQ;
can be found using a rearranged form of the power balance equations (4.3, 4.4) called

the mismatch equations:

N
AP = =P+ > Vil Vil (Gikcostiy, + Bisind) (48)
k=1
N
AQi = ~Qi + 3 IVillVil(Gircostis — Bsinda) 49)
k=1

All terms in the Jacobian and in the mismatch equations are evaluated using present
values for V', 6 and 6. Convergence is finally determined by monitoring the mismatch
vectors of equations 4.8 and 4.9. Testing for |[AP;| < e at all PQ buses, and testing
for |AQ;| < e at all PQ buses is performed with ¢ = 0.001 per unit. Typically, the
() mismatches are greater than P mismatches, thus convergence often depends on AQ
(Mork, 2000).

4.6 GCD Transmission Model of Iceland

The culmination of data entry, conversions, and .GLM file input into GridCommand™
can be seen in Figure 4.3. The graphical user interface shows the GCD programming

environment for simulations and its GridView mapping feature. From here, the model is
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run through parametric analysis for the computer-assisted addition of new EES technolo-
gies (large-scale NaSfor the transmission model) with manually controlled parameters.
This forms the basis of answering the research questions of this paper and addressing one
of the two complex resource deployment scenarios. We refer to this new transmission
system in Figure 4.3 as the ‘IceOpt’ model, the five red objects demarcate the most

power-intensive industrial loads in Iceland.
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FIGURE 4.3: Enhanced screenshot of the final transmission model seen in GridView of

GCD.

4.7 The Quadrant Concept

Four areas of potential weakness in the Icelandic power system are identified. Due to
the size and scale of this project, sectioning the grid into quadrants would help with
organizing parametric analysis and is intended to inject additional clarity into the or-
ganization and discussion of results. Ideally, because the entirety of the grid forms a
ring network stretching around the perimeter of the country with no transmission lines
crossing through its interior mainland, the quadrant concept would place high-capacity
(10 MWh) NaS energy storage in the following designated areas: (I) Northwest quad-
rant [Case0[; (II) Northeast quadrant [Casel]; (III) Southeast quadrant [Case2|; (IV)
Southwest quadrant [Case3|. Figure 4.4 represents these four areas as four distinct cases
labeled Case 0 to Case 3 to be modeled in GCD.
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Installing large MW-scale energy storage units at specific substations in each of these
quadrants (four attachment sites total) are expected to yield greatest energy efficiency
and grid EES optimization given the right configuration. Two attachment points for EES
in each quadrant were tested; the EES configuration (or arrangement) that achieves
greatest peak power and voltage reduction is deemed to be the best configuration for
energy storage in Iceland’s national grid. In total, eight attachment sites leads to many
possible combinations to simulate. However, using Landsnet performance reports from
the past three years we were able to narrow this number of possible combinations to
just four configurations based on documented transformer weaknesses and transmission
system failures. It may be worth investigating all possible combinations in future studies.
The rationale for selecting the sites is discussed later in this chapter. Refer to Table 4.1

for the breakdown of each case’s potential EES connection points.

TABLE 4.1: Each case with two potential EES connection sites tested in

GridCommand™
Option A Mjolka Hryggstekkur Holar Brennimelur
Option B Hrutatunga Flj6tsdalur Prestbakki Hamranes
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FIGURE 4.4: Quadrants used in analysis of EES for four case studies across Iceland.

Attachment of energy storage devices occurs at transformer and meter objects within

the .GLM code. Since transformer objects contain variables for nominal voltage, real
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and reactive power, it makes sense for them to act as the connection points for EES
technologies that specifically control voltage and PQ in measured amounts. For example,

the transformer at Mjolka is one of eight tested EES connection points.

The rationale behind choosing the four individual locations, aside from the perceived
benefits of optimizing power flow, is each quadrant poses a risk for signal instabilities,
power outages, voltage oscillations, high rates of energy consumption, and other instances
of weakness. Each quadrant in fact poses its own unique problems. The Northwest
quadrant (Case 0) experiences the highest amount of severe weather events that are most
often responsible for frequent winter blackouts across the Westfjords. The nature and
magnitude of these grid-compromising storms can be found in chapter 2.3. It should also

be noted that all four quadrants are at risk of extreme weather-related grid disturbances.

The Northeast quadrant (Case 1) has the second highest energy consumption by heavy
industry in all of Iceland, giving rise to widespread voltage oscillations and reduced
power quality in the area (Landsvirkjun, 2013B). Gudmundsson et al. (2006) describe
the transmission system in eastern Iceland as relatively weak given the extensive power
plants and aluminum smelters located there. In fact, the operation of the Karahnjtukar
hydropower plant and heavy industry has a protracted impact on the 132 kV bus with
which they connect, placing pressure on the Fljoétsdalur and Hryggstekkur substations
and affecting other loads in surrounding areas (Gudmundsson et al., 2006). For this
reason, Landsnet installed a dynamic VAr reactive compensator (also called a DVC)
to improve system stability, increase voltage regulation, and ensure high power quality

levels in the area.

In the Southeast (Case 2), 132 kV transmission lines Prestbakkalina and Sig6ldulina are
two of the longest cables between substations (Prestbakki, Holar and Sigalda) in the
entire grid, and despite a greatly reduced electricity demand in the Southeast quadrant,
weakness does occur in the form of transmission line losses. Substations connecting these
lines Holar and Prestbakki can become taxed by loads and overwhelmed by generation
in neighbouring quadrants (Landsnet, 2012A). Finally, the Southwest area of Iceland
(Case 3) dominates the commercial and residential power-flows, as well as three of the
five major power-intensive users: Century Aluminum, Rio Tinto Alcan, and Elkem.
Landsnet (2013B) reports Brennimelur substation suffered an explosion and caught fire
during a severe weather event that brought saline water and flash freezing in January
2012. Brennimelur has the single highest real power flowing through it measuring 632.6
MW (Orkustofnun, 2013). Slightly south of Brennimelur substation, the Hamranes 220
kV /132 kV transformer experiences some of the highest measured demands in the entire
national grid (Landsnet, 2013A; Orkustofnun, 2013).
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For these reasons, the eight EES attachment points have been carefully selected for

parametric analysis testing inside the GCD transmission model.

4.8 GCD Prototypical Residential Model

Prototypical residential feeders were incorporated into the research as well to contribute
fine-scale resolution to the grid and smarter community energy storage planning. These
simulations were necessary for testing the impacts of EES on various levels of the Ice-
landic power system as part of the second research question. The residential feeders used
in this experiment were originally designed by PNNL and GLD developers to provide
researchers with an openly available set of generic distribution feeder models, which are
representative of those seen in the United States (Schneider and Bonebrake, 2012). To
account for the inconsistencies between American and Icelandic residential feeders, a
distribution model that most closely matches Icelandic networks was chosen to alleviate
the constraint of available data from electric utilities in Iceland. This feeder is a repre-
sentation of a lightly populated urban area, composed of single and multi-family homes,
moderate commercial loads, and light to medium industrial loads (large industrial loads
are integrated in the transmission model). This feeder also supplies a university and a
nearby domestic airport. Approximately 25% of the circuit-feet are overhead lines while
the remaining 75% are underground lines. The majority of loads are located relatively
near the substations, and finally this is an 11 kV feeder with a peak load of approximately
6,700 kVA, averaging 1600 kVA (Schneider and Bonebrake, 2012; Orkustofnun, 2013).
A visualization of this generic feeder is shown in Figure 4.5 and Figure 4.6, which was
created by Michael A. Cohen (2013) using Graphviz in GridLAB-D™ and a ruby script
for translating .GLM files. In these figures, the origin points of each object is arbitrary
and without any true physical location (unlike the IceOpt transmission model). Refer to

Table 4.2 for the object’s legend.
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tions (Cohen, 2013).

Visualization of the residential feeder used in baseline and EES simula-

FIGURE 4.5:
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FIGURE 4.6: Close-up of generic feeder used for residential simulations (Cohen, 2013).

TABLE 4.2: The object legend for the residential feeder visualizations.

GridLAB-D object Graph representation Notes
Overhead line Thin blue line Length is roughly to scale
Underground line Thin brown line
Node, triplex node Black dot
Swing bus node Magenta double octagon Looks like a bullseye
Triplex node with real Orange house Area is proportional to peak real power
power demand demand (same scale as load)
Capacitor Green double circle
Fuse Short magenta line
Load Lavender square Area is proportional to peak real power
demand (same scale as triplex node)
Meter Lavender circle
Recloser Short gray line flanked by magenta
Regulator Short gray line flanked by green
Switch Short yellow line
Transformer Short green line
Triplex line Thin gray line
Triplex meter Orange circle

One may think of the residential feeder simulations as the experimental calibration be-
fore beginning simulations on the manually scripted, larger transmission model scenarios.
Through the procedures of this thesis, the residential feeder simulations proved to be im-
perative in the debugging of the transmission model, improving its accuracy and therefore
the final results. The apparent lack of residential feeder data (i.e. at the metered house-
hold level) in Iceland represents a significant data gap in this research; employing a

prototypical feeder was the simplest and most effective solution.
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4.9 Procedure, Assumptions and Data Gaps

The unavailability of Landsnet power flow data for their substations and power-intensive
customers represents a constraint in the transmission model that was partially solved in
two parts: (1) statistically scaling all five industrial loads in the model to meet 80% of
electricity consumption; and (2) applying a reference schedule for power flows. For the
first solution, considering heavy industry comprises 80% of all electricity consumption
in Iceland, it is therefore plausible to state of the 17.7 TWh of electricity produced
in 2012, approximately 14.0 TWh represents the demand of power-intensive industry
(Landsvirkjun, 2013B). This is consistent with reports from Orkustofnun (2012) and the
Ministry of the Environment. The electricity market in Iceland is therefore split into

three parts:

1. Industrial loads (80%)

2. Commercial loads (15%)

3. Residential loads (5%)
The five major industrial loads selected in the model are the five most productive and
energy-intensive aluminum smelters in Iceland: (1) Rio Tinto Alcan, (2) Alcoa, (3)

Century Aluminum, (4) Becromal, and (5) Elkem. Their locations can be seen on Figure

4.3. Each plant uses roughly 2.8 TWh per year based on this first assumption.

17.7TWh % 80% = 14.2 TWh consumed by 5 industrial loads (4.10)
14.2
& = 2.8 TWh electricity consumed by each industrial load (4.11)

...and for all remaining loads

17.7TWh % 20% = 3.5 TWh consumed by all remaining loads (4.12)

Of course, this is a rough approximation since larger industrial sites such as Alcoa con-
sume more electricity than smaller production plants like Elkem, however, the absolute
industrial consumption remains the key while each individual load remains relatively con-
sistent. Furthermore, PQ) power measured at each industrial load was available for the
simulations, which in effect partially compensates for this assumption. The above calcu-
lations are taken into account in the transmission model by using a multiplier function on

power flow schedules for each load. Load files were originally written for commercial and
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residential entities, but can be scaled up or down based on load size, therefore the indus-
trial loads and large distribution feeders attached to the transmission system needed to be
scaled according to the load’s player files using the base_power_schedule.value(z)
multiplier function. Player files are load schedules that contain standard load flow data
varied by time, and are therefore responsible for causing the fluctuations of data in
GridLAB-D™ simulations. Player files are also capable of variable scaling and being
weighted to match desired load characteristics (Schneider and Bonebrake, 2012). By
scaling industrial loads to match 80% of electricity demand, while all other loads are
scaled to 20%, the ratio for industrial loads versus remaining commercial and residential
loads becomes equivalent to x multipliers 14.2 and 3.5, respectively (see equations 4.10
and 4.12).

Another important assumption involves the power-flows of heavy industry, an equivalent
number of industrial loads to account for 80% of the generation side output. Aluminum
smelters are clients of Landsvirkjun and Landsnet, and for this reason their information
on power-flows and hourly energy consumption are private and were not made accessible
for use in this study. As a result of this data gap, a standard player file for industrial
power-flows was available which detailed consumption levels of the plants and basic
heating and cooling schedules. Though these data are not exact, they do provide a good
estimate of industrial consumption patterns and additional detail to the power system
model. Player files and schedules were adjusted to match Icelandic seasonal variation,

explained further in chapter 5.2.1.

Part of the procedure for running simulations within GridLAB-D™

was setting the
NR solver variable to iterate 100 times over in each of the residential and transmission
model simulations. This iteration value was not selected arbitrarily, because the more
iterations that are run brings the number of unknown variables in the power system
closer towards 0. Theoretically, we could execute an infinite number of iterations to find
a perfect representation of the model, however, it is assumed that the process has worked
sufficiently with NR x 100 given the relaxed convergence tolerance with the 10 times &

variable (specified in chapter 4.5).

Lastly, there are minor uncertainties in latitude and longitude coordinates for node and
link objects, set to + .005 degrees. Transmission lines also appear as straight lines
in the GCD IceOpt model when in reality they a more sinuous, however, their physical

layout in the GCD model has no bearing on the accuracy of our results.
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Results and Post-Processing

Voltage, real and reactive power flow plots form the basis of these results and present
new findings for the impacts of electricity energy storage in an energy market with 100%
renewable generation. EES attachments to residential and transmission networks are
performed using the GridCommand™ parametric analysis tool. Post-processing of the
output files takes place within the GridCommand™ plotting interface (essentially MAT-
LAB Plots), and allows for the assessment of the following EES performance metrics:
(1) voltage control, (2) peak-shaving, (3) power quality, (4) energy arbitrage, (5) UPS,
and (6) consumer-side time-shifting; each applied on residential and transmission scales

of the Icelandic power system.

5.1 Performance Metrics

Six performance metrics are assessed based on the ability of EES to stimulate reductions
in the baseline voltage, baseline real power, and baseline reactive power. Reductions
below a predetermined threshold setpoint allows for the measurement of the degree of
success resulting from EES actions. Thresholds for real and reactive power are herein
presented as integrals of both the baseline curve and the resulting curves from the addi-
tions of EES. Thresholds for voltage are defined by the deviation from the mean annual
voltage. If the actions of EES cause a shift below the threshold setpoint, then the perfor-
mance metric is considered to be solved. Furthermore, for certain power events there is
a quantity of energy that will be reduced by EES action, even if the threshold is not met
(Wade et al., 2010). For example, take a situation where baseline power flow is running
at 250 MW, and the EES system causes a shift down to 227 MW, not crossing the hy-
pothetical 220 MW threshold but still producing a significant improvement nonetheless.

45
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For the purpose of this study, the lowest EES density that crosses below the threshold

is deemed most efficient and to be the optimal condition.

Table 5.1 outlines the performance metrics for voltage and power, along with their re-
spective thresholds for each model: residential and transmission. Real power thresholds
are derived from 10% reduction targets from the real power baseline integrated over three
days. Reactive power thresholds are also derived from the EES’ ability to reduce reactive
power flows by 10% below the baseline integrated over three days. Voltage thresholds are
calculated differently, derived from the EES’ ability to maintain voltage within 1% of the
average annual voltage (found to be 11.1 kV in the residential feeder, and 33.1 kV in the
transmission system). Choosing the setpoints for voltage and power in the two models
involved identifying the needs of the Icelandic utilities, system weaknesses gathered from
performance reports (Landsnet, 2012B), the timestamps of the simulations, and play to
the strengths of the energy storage technologies selected for our study. This experimental
design ensures a way of better assessing the effects of EES in the power system by means
of quantitative analysis.
TABLE 5.1: Thresholds setpoints for real and reactive power are expressed as integrals

over three days, using 10% reduction targets from the baseline. Voltage is expressed as
the mean voltage over three days with variance limits of 1%.

Li-ion CES in NaS EES in Performance Metrics
Residential Model Transmission Model
"I‘,lglrte::eolds for 11.1+0.11 kV 33.1+0.34 kV Voltage control, quality
Thresholds for 197.92 MW 9,05 x106 MW Peak-shaving, energy arbitrage,

UPS, consumer-side time-shifting
2.44 MVAr 2.98 x10* MVAr Power quality, peak-shaving, UPS

Real Power
Thresholds for
Reactive Power

When results indicate power or voltage curves operate below its thresholds, the lowest
EES density that produces the curve will suggest optimal battery densities and config-
urations. Tables 6.1, 6.2 and 6.3 in the discussion and analysis chapter summarizes the

findings using this approach.

5.2 Complex Resource Deployment Scenarios

Each simulation run in GridLAB-D™ generated .CSV output files for post-processing

d™ Once the output files were created they were placed into GCD’s

in GridComman
plotting interface for comparisons between “baseline data” (model without new infras-
tructure) and the impacts EES solutions introduce to the system. A breakdown of how

simulations were divided follows:
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1. Li-ion CES battery solutions:

(a) Residential feeder to gather baseline data (without EES)

(b) Residential feeder with the addition of Li-ion CES
2. NaS EES battery solutions:

(a) Transmission model to gather baseline data (without EES)

(b) Transmission model with the addition of NaS batteries

5.2.1 Complex Resource Scenario One: Li-ion CES Battery Solutions

Currently, there are numerous available CES schemes that implement some form of grid
optimization and other energy storage benefits. For the purposes of this first analysis,
an openly available CES scheme is utilized on the residential feeder. The parameters
for the CES batteries and BMS are provided in Table 5.2. Figures 4.5 and 4.6 illustrate
the scale and layout of the residential feeder tested for CES enhancement. Again, this
serves as an approximation to an Icelandic residential feeder, and is less precise than
the transmission system reproduced for this paper, however since Landsvirkjun (2013)
and Orkustofnun (2013) account for residential electricity use to be in the 5% range of
Iceland’s total consumption, the prototypical model employed here still indicated the
improvements CES can have on the distribution level despite its seemingly insignificant

share of Iceland’s electricity demand.

Two types of simulations were run on these residential feeders: (a) one baseline sim-
ulation, and (b) four distinct CES simulations of varied densities or concentration of
batteries in the system. The parametric analysis wizard in GridCommand™ has a
built-in function for varying the amount (density as a percentage) of EES integrated into
the system. In this case, CES D20 represents a 20% density of CES in the feeder and is
equivalent to 150 installed batteries; this being half the number of batteries integrated
than CES D40, a density of 40% and roughly 300 batteries, for instance. The mini-
mum number for CES density parameters was set at 10%, while the maximum set at
40%, with an inclusion rate of 10. Therefore, parametric analysis attaches CES at four
different densities: 10, 20, 30, and 40. GridCommand™ has another function for se-
lecting one of two EES configurations, either (a) clustering the CES technologies around
a specific point in the grid, or (b) evenly distributing the batteries at the predefined
densities. For the simulations in this section, all CES batteries are programmed to be
evenly distributed across the feeder (clustering of EES will occur in the transmission
model). Battery and BMS parameters are all designed for managing the electricity of a

small number of households for each battery. Finally, once the simulations were plotted
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and ready for post-processing, the optimal density of CES in the residential feeder is

then mathematically derived using GCD’s plotting interface and calculation toolbars.

TABLE 5.2: Parameters for CES batteries and BMS controller objects used in the
residential feeder.

CES Battery: Battery_capacity 45 kWh
Battery_size HOUSEHOLD
Battery_type Li-ion
Nominal_voltage 11 kV
Rated_power 45 kW Maximum power used by device.
Reserve_State_of_charge 0
Round_trip_efficiency 0.90
State_of_charge 1.0
CES Controller: Charge_setpoint 600 kW Charging occurs when demand is below limit.
Peak_shaving_setpoint 1000 kW Tells controller when to switch batteries on.
Fixed_charge_rate 0.5 kW
Fixed_discharge rate 1 kW
Islanded_mode FALSE The feeder is attached to others.

Inverter:

Parametric Analysi

Max_charge_rate
Max_discharge_rate
Max_discharge_rate_reactive
Peak_shaving_method

Generator_mode
Generator_status
Inverter_efficiency
Inverter_type
Phases
Rated_power
Density

Name

1
1

1
LOAD_FOLLOWING

SUPPLY_DRIVEN
ONLINE

0.9
FOUR_QUADRANT
ABCN

45 kW

10%, 20%, 30%, 40%
CES

Discharges when feeder regulator is
above the peak_shaving_setpoint value.

Density-dependent parameter, varies 4 times.
Community energy storage.

N.B. During the islanded mode of operation the CES control system continuously adjusts
output active and reactive powers in order to keep the energy balance and maintain
voltage close to their nominal values. Islanded mode is enabled in the IceOpt transmission

model simulations.

Figures 5.1 and 5.2 illustrate the baseline real and reactive power flows, respectively, in
the distribution feeder for 2012. Power fluctuations in both these figures are derived from
real data on a slightly different schedule from seasonal variations in Iceland, which tend
to exhibit maximum power flows during winter months November to April, and lesser
power flows characteristic of summer months May to October. Therefore, the schedules
needed to be offset to account for this annual variation using the standard player files
for loads. In GLD, the player’s values can be used as a schedule transform, allowing
specific data sets to be played to the objects in the grid without the memory overhead of
the schedule. In other words, the players were adjusted by shifting their time values by
half a year and placing what would have been peak summer months to be peak winter
months in order to reflect more accurately Icelandic seasonal power flows. This kind of
data alteration does not compromise the integrity of the results because player files are
designed to be flexible and scaled up or down. Furthermore, since EES simulations are
tested on only three days of the year and considering the main goal of this thesis is to

demonstrate the impacts of implementing EES technologies in Iceland’s power system,
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Figures 5.1 and 5.2 are simply intended to give the reader a more indicative idea of how

the distribution feeder functions on an annual basis.

The aforementioned player schedules are based on real load flow or power consumption
data, and each schedule is imported as a file in the code of every simulation that was
run through GLD. Together, the real data along with the player files are responsible for
causing the power and voltage fluctuations on an hourly, daily, and monthly basis as seen
in Figure 5.1 and 5.2. Baseline curves for power and voltage fluctuations are defined as

any curves resulting from simulations run without the addition of EES.
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FIGURE 5.1: Baseline power flows in a prototypical residential feeder over 2012.

In Figure 5.3, natural voltage fluctuations within the baseline feeder over the course of the
year are shown. This plot did not require the same data schedule offset as the power flow
figure because feeder voltage remains relatively consistent throughout the year. Changes
made to the nominal voltage of the prototypical feeder .GLM file can be seen along the
y-axis of Figure 5.4, where voltage is plotted with kV units. Nominal voltages within the
.GLM were scaled up from 7 kV to 11 kV to match residential output voltages to homes
in Iceland, before they are scaled down to 230 V for household appliance use. This is a

common 11 kV residential feeder.
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The results in Figure 5.4 depict the baseline real power flows from Figure 5.1 on a three-
day time period, offering a close-up of power peaking at 1287 kW between 16:00h and
20:00h, with a minimum of 438 kW from 00:00h until 5:00h. Mean real power in the
feeder is 8539 kW, standard deviation is 2550 kW over these 3 days.
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FIGURE 5.4: Real power flow across the entire feeder over a three-day timescale in July.

Results in Figure 5.5 depict baseline voltage fluctuations on a three-day time period, the
mean voltage of the curve is 11.20 kV, and standard deviation is 6.10. Although less
of a trend appears here than in power flows, voltage spikes in the baseline are still seen

around the same times as peak power in the late afternoon and evenings.

The following plots illustrate the valuable impacts CES have on the same distribution
feeder. As per Table 5.2, the batteries are in load-following mode, sensing power at the
transformer level, and monitored using a BMS centralized controller object. The most
significant improvements to the load flows of this feeder are seen in voltage control and
peak-shaving when voltage spikes between 18:00h and 20:00h. Figure 5.6 compares CES
at densities 10%, 20%, and 30%, excluding density 40% because Figure 5.7a indicates no
gainful improvements between lower densities 30% and 40%. Therefore, increasing the
CES density to 40% would produce little to no enhancements and work against achieving
grid optimization with storage. Figure 5.7b illustrates the negligible difference between
densities 30% and 40%.
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FIGURE 5.5: Feeder voltage exhibits a more characteristic fluctuating tendency.

The next series of plots depict the effects of CES on power flows, both real and reactive,
in the residential feeder. Peak-shaving is the main performance metric to be determined
from the results. Following the Li-ion battery and BMS parameters set in Table 5.2,
the battery systems begin charging at 600 kW (600,000 W on the y-axis in Figure 5.8)
obeying the charge setpoint at 600 kW in the parameters table. Figure 5.8 also shows
the BMS batteries gradually turning on at 1000 kW in order to further reduce real power
towards the peak-shaving setpoint. CES with density 40 has the greatest impact on
real power peak reduction. Figure 5.9 explicitly shows the charge and discharge cycles

beneath the real power flow curves.

Figures 5.10 and 5.11 integrate the areas beneath the baseline real power curve (without
energy storage) and the CES D30 real power curve, respectively. This function provides
the total amount of real power in the feeder at the time. The integrated value for the
baseline curve totals 219.91 MWh of real power within the entire feeder over the three-
day simulation period. The integrated value for the new feeder with a 30% density of
CES evenly distributed throughout totals 196.45 MWh, much less real power than the
baseline curve over three days. Finally, CES D40 offers the greatest improvement in
power reduction, though such a high density of energy storage may not be the most
realistic option for the residential feeder. The design of this experiment also stipulates

that the lowest density to bring about a 10% reduction from the baseline would be
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FIGURE 5.6: CES at varied densities working to maintain voltage at a more desirable

level. As the voltage curve spikes near 18:00h the CES system works to stabilize the

fluctuations. Densities 30% and 40% are more effective in voltage regulation than the
lower densities.
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FiGURE 5.7: CES comparison between densities 30 and 40. A close-up of wvoltage

regulation is shown in Figure 5.7b shows clearly there is little improvement between

densities 30% and 0%, suggesting the 30% density is the optimal CES concentration
for this residential feeder.
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FIGURE 5.8: CES reducing real power flows to enhance peak-shaving during max de-

mand.
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FIGURE 5.9: CES supplementing real power flows over the three days, with its charge
and discharge cycles shown coinciding with the rise and fall of real power within the
feeder.
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selected, which in this case would be CES D30. Nevertheless, the real power flow for
CES_ D40 was integrated to yield a total of 186.62 MWh beneath the curve and is shown
in Figure 5.12.
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FIGURE 5.10: Integrated power flow beneath baseline curve equals 219.91 MWh.
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FIGURE 5.11: Integrated power flow of CES D30 real power curve equals 196.45 MWh.
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FIGURE 5.12: Integrated power flow of CES D40 real power curve equals 186.62 MWh.

Results in Figures 5.13 and 5.14 suggest CES exerts effective reduction in reactive (or
imaginary) power as it peaks each day in this sequence as well. Figure 5.13a plots
baseline real power and reactive power control with CES for a comparison. Figure 5.13b
brings the real power baseline down to the reactive power baseline. The integrated
reactive power using CES D30 is 1.22 MVAr, and CES D40 is down at 0.61 MVAr,
while the integrated reactive power of the baseline curve is much higher at 2.71 MVAr.

See Appendix D for integrations.
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— CES_D20_Reactive_Power_A.imag
— CES_D30_Reactive_Power_A.imag
— CES_D40_Reactive_Power_A.imag

1250000

1000000

750000

Power (W)

500000

250000

O N o ] O N ] N N N N O
00_00-9 ‘00-9 o 00'.9 600‘,0 © 00-9 do‘oo'.o 105.0 o 00».0 d)‘“g.'o do‘°°-'0 o 00'.‘3 600'.0
. : . e : B A% e : B : e
July 7 - July 9, 2012

FIGURE 5.13: Baseline real power plotted against reactive power below from three dif-
ferent CES density installments.
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FIGURE 5.14: Real power baseline is brought down to the reactive level for better com-
parison between baseline and EES curves.
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5.2.2 Complex Resource Scenario Two: NaS Battery Solutions

In this group of simulations, first the optimal density of energy storage is found employ-
ing the same techniques as the previous section on the Icelandic transmission network.
This involves comparing real, reactive power and voltage curves for various EES densi-

d™ parametric

ties that are evenly distributed across the grid using the GridComman
analysis tool. Once the best EES density for the grid is identified, the second part of
results in chapter 5.2.2 places NaS batteries clustered in targeted locations in each quad-
rant while keeping the EES density constant at the optimal level. In this way, varying
EES attachment points in the transmission model is the second phase for pinpointing
optimized conditions; therefore, configuration of energy storage in the IceOpt model was

the key to the trials of this section.

Important changes have been made to the EES parameters and BMS controller object
that better suit this much larger capacity grid. Table 5.3 outlines the parameters for
the IceOpt simulations to first determine the optimal battery density. The density of
NaS batteries are once again a measure of the concentration of battery systems evenly
distributed in the feeder, which are set to 40%, 50%, 60%, and 70%. Noting that densities
60% and 70% are fairly unrealistic and yield almost identical results, they are nevertheless
shown because the lower densities 40% and 50% had little to no effect on power and
voltage. These matters are more closely explained in the discussion and analysis chapter.

TABLE 5.3: Parameters for NaS batteries and BMS controller objects used in the IceOpt
transmisston model.

Variables Parameters Notes
NAS Battery: Battery_capacity 10 MWh
Battery_size LARGE
Battery_type NaS
Nominal_voltage 33 kV
Rated_power 10 MW Maximum power used by device.
Reserve_State_of_charge 0
Round_trip_efficiency 0.90
State_of_charge 1.0
NAS Controller: Charge_setpoint 600 MW Charging occurs when demand is at this limit.
Peak_shaving_setpoint 1200 MW Tells controller when to switch batteries on.
Fixed_charge_rate 0.9 MW
Fixed_discharge rate 1 MW
Islanded_mode TRUE The grid is not attached to others.
Max_charge_rate 1
Max_discharge_rate 1
Max_discharge_rate_reactive 1
Peak_shaving_method LOAD_FOLLOWING Discharges when regulator is above the
peak_shaving_setpoint value.
Inverter: Generator_mode SUPPLY_DRIVEN
Generator_status ONLINE
Inverter_efficiency 0.9
Inverter_type FOUR_QUADRANT Quadrant concept describes grid sectioning.
Phases ABCN
Rated_power 10 MW
Parametric Analysi Density 40%, 50%, 60%, 70% Density-dependent parameter, varies 4 times.
Name NAS Battery Large-scale transmission level storage.

Figure 5.15 is the result of real power flow simulated for all of 2012, using the same

timestamp and schedule as the residential simulations. Figure 5.16 shows reactive power
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flows for the year, and Figure 5.17 illustrates voltage fluctuations on an annual basis. If
these figures look similar to those plotted in chapter 5.2.1. using the residential feeder,
that is because both codes share the same timestamp, scheduling and player files. For
keeping results consistent, the same three-day simulation was used: July 7-9, 2012 for

the national grid.

Results in Figure 5.15 and 5.16 show important unit changes to the y-axis label, which
is scaled up from W to kW since this is a much larger, national power system with far
more power than the residential feeder modeled in the previous section. The same can be
said for the voltage scale between residential and transmission systems, in Figure 5.17,
the y-axis is scaled up from 11 kV to 33 kV to match the output nominal voltage from
the Landsnet grid.
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FIGURE 5.15: Annual baseline real power flow for the Icelandic power system model.

Figure 5.18 shows real power flow over the same three-day period. The large voltage
spike in Figure 5.19 is most likely attributed to program error, considering it occurs at

an off-peak hour.
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FIGURE 5.16: Annual baseline reactive power for the Icelandic model.
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FI1GURE 5.17: Annual baseline voltage fluctuation in the Icelandic model.
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FIGURE 5.18: Power flow across the Icelandic power system over a three-day timescale
n July.
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FIGURE 5.19: Baseline voltage running throughout the transmission model.
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Results in Figure 5.20 and 5.21 demonstrate NaS integration’s ability to regulate voltage
within the grid. Much like the CES plots, higher densities have a greater propensity for
reducing voltage fluctuations. Figure 5.21 shows only densities 50% and 60% because
the difference between density 60% and 70% is deemed insignificant. The behaviour of
NaS D40 is unexpected, and believed to be attributed to the battery system attempting
to adjust in response to the baseline voltage spike at the onset of the simulation on July
7.
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FIGURE 5.20: All tested densities of NaS voltage curves plotted with baseline voltage.
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FI1GURE 5.21: Voltage curves for baseline and densities 50 and 60 only.
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The next series of plots investigate the effects of evenly distributed NaS batteries at
different densities on the real power baseline. Figure 5.22 shows all EES densities and
baseline data. There are four phases defined in each simulation of the electricity system:
phases A, B, C, and N, or neutral. Real power curves for densities 60% and 70% are
believed to drop below the baseline throughout the course of the simulation due to the A
phase (A.real) plotted in Figure 5.22, and also possibly because these two EES densities
are so large. The plot in Appendix E was performed for real power flows using the B
phase (B.real) and shows different results. Real power curves for densities 60% and 70%
do not continually reside below the baseline curve in this B phase plot, suggesting that

phase selection is also critical in assessing the impacts of EES technologies in distribution

networks.
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FIGURE 5.22: Real power flow comparisons between baseline and increasing NaS den-
sities.

Figures 5.23, 5.24, and 5.25 are integrated beneath the selected curve to quantify how
much real power is removed from the Icelandic grid with the addition of various EES
densities. Baseline real power within the power system over the three selected days in
July totals 228 GWh when integrated. In comparison, NAS D60 reduces real power to
204 GWh, and NAS D70, the highest density tested, reduces real power even further
totaling 194 GWh within the grid over three days when integrated.
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FIGURE 5.23: Integration of the baseline real power flow curve, equals 228 GWh.
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FIGURE 5.24: Integration of the NaS_ D60 real power flow curve, value equals 204
GWh.
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FIGURE 5.25: Integration of NaS D70 real power flow curve, value equals 194 GWh.

Plotting reactive power shows new interesting trends in its performance metrics for the
IceOpt model. Figure 5.26a shows the baseline real power flow along with the reactive
power flows of all NaS densities tested. Figure 5.26b brings the baseline down to the
reactive level to give a better indication of reactive power control with the addition of
NaS. Figure 5.26¢c compares the two lowest EES densities 20% and 40%, while Figure
5.26d shows reactive power in the B phase (as opposed to A).

There is a clear nonconformity seen in the plots with NAS D40 in the A phase. It
appears to be minor feedback caused by the initial voltage spike seen in the baseline
on July 7, just before 6am. What makes the reactive power plot in 5.26b truly odd is
that the lower density, NAS D20, appears more adept at stabilizing reactive power in
the grid. This was the only phase and plot to show this abnormality, therefore it was
included as part of the results along with the B phase plot to stress the importance of
avoiding NAS D40 as the optimal EES density for which to test our four simulations at

various configurations in the IceOpt model.

Four conceivable EES configurations were tested; Table 5.4 details each location-specific
configuration across quadrants of the Icelandic grid. Landsnet performance reports from
2011-2013 helped narrow down the possible combinations by identifying system weak-
nesses. EES systems were easily added to the IceOpt model using GridCommand™ and

its simple “add new technology” function. This allowed the connection of NaS batteries
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FIGURE 5.26: Reactive powers of all NaS simulations plotted with the baseline reactive
and real power.

directly to user-defined transformer or substation objects in the model. The following

results in Figure 5.27 and 5.28 illustrate how EES when clustered (instead of evenly

distributed) at different electric substations within the grid reveal different benefits or

drawbacks for energy efficiency, emergency storage, power quality, control and peak re-

duction.

Finally, it should be noted for all four configurations that add NaS batteries to their

specific locations do so under the same parameters as those from Table 5.4, kept constant

at density 60%. All results are further explained for their significance to the study and

relevance to the future development of the Icelandic power system in the discussion and

analysis chapter.
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TABLE 5.4: Configurations tested in the simulation by attaching EES at specific loca-

tions.
Configurations Quadrant Substations/Transformers
Config_1 Q1 Mjolka
Q2 Hryggstekkur
Q3 Holar
Q4 Hamranes
Config_2 Q1 Mjolka
Q2 Hryggstekkur
Q3 Holar
Q4 Brennimelur
Config_3 Q1 Hrutatunga
Q2 Fljotsdalur
Q3 Prestbakki
Q4 Hamranes
Config_4 Q1 Hrutatunga
Q2 Fljotsdalur
Q3 Prestbakki
Q4 Brennimelur
— Baseline_lceOpt_Grid_Real_Power
— lceOpt_Configl (Mjolka_Hryggstekkur_Holar_Hamranes)
— lceOpt_Config2 (Mjolka_Hryggstekkur_Holar_Brennimelur)
— lceOpt_Config3 (Hrutatunga_Fljotsdalur_Prestbakki_Hamranes)
* — lceOpt_Config4 (Hrutatunga_Fljotsdalur_Prestbakki_Brennimelur)
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FiGURE 5.27: Configurations plot for all four combinations of clustered NaS EES

batteries and baseline real power.
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FIGURE 5.28: Close-up view of real power peak reduction from the baseline using dif-

ferent NaS' configurations.



Chapter 6

Discussion and Analysis

Research results support the initial hypotheses that high-capacity energy storage will
have significant improvements on power quality, peak-shaving, and voltage control, ei-
ther by way of discharging electricity in controlled amounts to reduce real /reactive power,
or by smoothing out voltage fluctuations. The two complex resource deployment scenar-
ios tested are Li-ion CES in a residential feeder and NaS EES in the transmission system.
Next we dissect the findings from each scenario with special emphasis on optimal battery
conditions and the six EES performance metrics: (1) voltage control, (2) peak-shaving,
(3) power quality, (4) energy arbitrage, (5) UPS, and (6) consumer-side time-shifting.
Tables 6.1, 6.2, and 6.3 provides a summary of results for achieving grid energy storage
optimization in Icelandic transmission and residential networks. Indicating which perfor-
mance metrics are provided when threshold setpoints are solved, we determine optimal
EES densities and the most ideal EES configurations discovered for each of the two sce-
narios. Each table is divided into three parts: real power, reactive power, and voltage,

respectively.

69
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TABLE 6.1: Real Power Summary Table — Threshold for residential EES is 197.92

MWh. Threshold for transmission EES is 205 GWh. Integrals of real power flows below

these thresholds are considered to be solved, and capable of providing the performance
metrics listed.

Residential EES Transmission EES
Simulation Integral Threshold | Simulation Integral Threshold
Baseline 219.91 MWh No Baseline 228 GWh No
CES_D10 219.34 MWh No NAS_D40 225 GWh No
EES CES_D20 219.25 MWh No NAS_D50 221 GWh No
Densities CES_D30 196.45 MWh Solved NAS_D60 204 GWh Solved
CES_D40 186.62 MWh Solved NAS_D70 194 GWh Solved
Performance Peak-shaving, power quality, energy Peak-shaving, power quality, energy
Metrics arbitrage, UPS, consumer time-shifting arbitrage, UPS, consumer time-shifting
Configuration Evenly Distributed Clustered, Configuration #4
COp“.”?al CES_D30, Evenly distributed NAS_D60, Clustered, Configuration #4
onditions

TABLE 6.2: Reactive Power Summary Table — Threshold for residential EES is
2.44 MVAr. Threshold for transmission EES is 2.98 x 104 MVAr.

Residential EES Transmission EES
Simulation Integral Threshold Simulation Integral Threshold
Baseline 2.71 MVAr No Baseline 3.31 x10* MVAr No
CES_D10 1.85 MVAr Solved NAS_D40 2.99 x10* MVAr No
EES CES_D20 1.75 MVAr Solved NAS_D50 1.14 x10* MVAr Solved
Densities CES_D30 1.22 MVAr Solved NAS_D60 1.07 x10* MVAr Solved
CES_D40 0.61 MVAr Solved NAS_D70 1.05 x10* MVAr Solved
Pef\f/};iﬁi:ce Peak-shaving, power quality, UPS Peak-shaving, power quality, UPS
Configuration Evenly distributed Clustered configuration #4
Opt%n.lal CES_D10, Evenly distributed NAS_D50, Configuration #4
Conditions

TABLE 6.3: Voltage Summary Table — Threshold for residential EES is 11.1 kV
+ 0.11. Threshold for transmission EES is 33.1 kV + 0.33. Standard deviations are
shown as well.

Residential EES Transmission EES
Simulation Mean o Threshold Simulation Mean o Threshold
Baseline 11.30kV | 6.10 No Baseline 33.49kV | 5.77 No
CES_D10 | 11.26kV [ 6.00 No NAS_D40 33.44kV | 6.24 No
EES CES D20 | 11.22kV | 5.53 No NAS_D50 33.16 kV | 0.83 Solved
Densities CES_D30 11.12 kV 3.85 Solved NAS_D60 33.13 kV 0.83 Solved
CES_D40 | 11.11kV | 3.89 Solved NAS_D70 33.11 kV | 0.64 Solved

Performance . .
Metrics Voltage control, quality Voltage control, quality
Configuration Evenly distributed Clustered configuration #4
Disite, CES_D30, Evenly distributed NAS_D50, Configuration #4
Conditions

In the case where thresholds are met by more than one density, it is common practice to
choose the lower of the densities, especially if the lower density yields the same results as a
density with more batteries. For instance, CES D30 and CES D40 both accomplish the
same voltage reduction below the set threshold, with nearly identical mean and standard
deviation values, therefore CES D30 is selected for achieving optimal conditions as it

requires less battery installation than CES D40.
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From the first summary table, we find that real power in the residential model is suffi-
ciently reduced below the 10% threshold with a CES density of 30% incorporated into
the feeder. The transmission model of the Icelandic power system crosses below the
threshold once NaS batteries with a density of 60% are added to the grid. Solving these
performance metrics will only then provide the benefits of peak-shaving, improved power
quality, UPS, energy arbitrage, and consumer-side time-shifting for real power. Finally,
the CES is evenly distributed in the residential feeder, and the NaS at 60% density
is eventually clustered using the optimal configuration #4, consisting of Hrutatunga,

Fljétsdalur, Prestbakki and Brennimelur substations.

From the reactive power summary table, CES at 10% density managed to solve the
setpoint in the residential feeder. However, since this density cannot solve the real
power threshold, the optimal density for the residential feeder remains at 30% CES.
In the transmission model, a similar result is reached whereby the lower density 50%
manages to reduce reactive power below the threshold. Once again, because 50% density
NaS is incapable of solving real power threshold, the optimal density for the Icelandic
transmission system remains to be 60%. This dichotomy presents an interesting anomaly
in the results, suggesting that the EES systems tested here are more efficient at regulating
reactive power (and to a degree voltage) using lower EES densities; on the other hand
real power requires higher EES densities for peak-shaving and so on. Reactive power
performance metrics provided when solved include power quality, UPS and peak-shaving

of reactive power in both residential and transmission systems.

Finally, the voltage summary table expresses its comparisons using mean values and
standard deviations. It also supports CES density 30% for maintaining voltage within
the 1% limit for the 11.1 kV residential feeder. NaS with density 50% is found to
be capable of reducing the baseline voltage from 33.49 kV towards a more desirable
33.16 kV, with a slight standard deviation of 0.83. Under the same rationale for EES
density selection as the reactive power scenario, while NAS D50 offers sufficient voltage
regulation it cannot meet the performance requirements as NAS D60 when it comes
to real power, and therefore the transmission system still favours NaS batteries at 60%
density as its best option for grid optimization, deployed in the Configuration 4 clustered

arrangement.

Next we investigate with more detail into the analysis of each complex resource scenario

for the residential feeder and transmission model.
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6.1 Complex Resource Scenario One: Li-Ion CES Battery

Solutions

Through the addition of Li-ion community energy storage to a residential feeder similar
to that of a generic urban feeder in Reykjavik, baselines for both voltage and power were
stabilized according to user-defined battery parameters and density. The optimal CES
density in the residential feeder is determined to be 30%, equivalent to 225 individual
45 kWh Li-ion batteries, set with the same BMS and battery parameters from Table
5.2. Charging and discharging setpoints were determined based on baseline power flows,
intended to improve the functionality of the CES in the feeder. By tailoring the BMS and
battery parameters to meet the demands of the baseline power and voltage, for instance,
choosing 600 kW as the charging setpoint and 1200 kW as the discharging setpoint, the
efficiency of the simulated feeder is enhanced beyond the baseline once the right density

of batteries are added.

The annual baseline power flows in the residential feeder for 2012 simulate the char-
acteristic high energy consumption during winter months November to March, with a
significant drop-off in consumption throughout the summer months April to October.
All simulations of CES integration were scheduled using a timestamp occurring in early
July because the three days (July 7 to July 9) signify fairly moderate, uniform consump-
tion in the feeder. Reactive power flows echo the same seasonal variation tendencies as
the real power flow on an annual basis — though with a much greater stability (low vari-
ance) through the spring and summer months — refer to Figure 5.1. Voltage maintained
a steady fluctuation with no seasonal variation. CES simulations reproduced expected
results. Real power in the residential feeder crosses below the threshold of 197.92 MWh
with the addition of CES density 30%, which has a real power flow totaling 196.45 MWh
when integrated over three days. This represents a difference of 1.47 MWh between the
threshold and CES D30 three-day integral, but a much larger 23.46 MWh reduction
from the baseline real power integral. Of course, the simulation testing CES density
40% reduces real power flow even further to 186.62 MWh over three-days, however, be-
cause the 30% density of CES solves the 10% reduction target, and is the lowest density
to do so, it is deemed to be the optimal EES condition for solving real power flows in
the residential feeder. Performance metrics satisfied only when the threshold has been
solved include first and foremost peak-shaving, and improved power quality, UPS, and
consumer-side time-shifting. These are all useful EES applications and match the bene-
fits of the medium discharge time energy storage technologies — most commonly known

as the batteries group — refer to Table 3.1.
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Reactive power and voltage thresholds have been outlined along with their optimal den-
sities in chapter 6.0, however there is a very significant trend to be underscored in the
CES residential simulations. That is, reactive power and voltage fluctuations are more
effectively mitigated with lower CES densities, giving rise to the dichotomy between re-
active power and voltage when compared with real power; whereby real power requires
higher CES densities to accomplish peak reduction. Interestingly, another explanation
as to why reactive power and voltage were both satisfied using lower density CES might
be linked to the graphical correlation between the baselines of reactive power and volt-
age curves; it is an inverse relationship about the x-axis. The two curves almost mirror
each other. This may suggest volt-VAR, optimization devices are a feasible approach to
improving voltage and power quality performance metrics as well. VVOs can be modeled
in GLD and GCD, however were beyond the scope of this paper for modeling purposes,

as the primary focus here is energy storage.

6.2 Complex Resource Scenario Two: Large-scale NaS Bat-

tery Solutions

Retrofitting the Icelandic power system with large-scale, 10 MWh NaS batteries at a den-
sity of 60% solved the real power threshold limit. Results support the notion of applying
different configurations of EES at 60% density in the Icelandic transmission system does
in fact provide slightly improved impacts on EES performance metrics over other, less
effective arrangements of the batteries. Of all four arrangements tested, the best at
achieving medium scores in the performance metrics was found to be Configuration 4,
constituting EES attachments at Hrutatunga, Fljotsdalur, Prestbakki, and Brennimelur
substations. The second most effective arrangement of EES in the Icelandic power sys-
tem turned out to be Configuration 3, followed by Configuration 2, and lastly the least
effective was Configuration 1. The order of effectiveness was determined by each config-
urations’ shift away from the real power baseline, which can be seen graphically. Figure
6.1 illustrates the varying degrees of success each configuration has on real power peak
reduction, along with detailing their EES systems’ collective charge and discharge times.
In this plot, Configuration 4 clearly establishes the most predominant discharging and
charging cycles, fully charging at the 600 MW setpoint, and the greatest shift away from
the real power baseline once the 1200 MW discharging setpoint is met.

This simulation produced unexpected results as well, however, whereby the first peak
in the three-day period sees stored energy dispatch performed, while the second peak
does not portray any significant peak-shaving of real power despite crossing above the

1200 MW discharge setpoint. Another deceiving intricacy is seen on July 7 prior to



Chapter 6. Discussion and Analysis 74

6:00am when EES charging cycles are expected to be activated. One explanation for this
behaviour is the batteries are believed to be already fully charged from the onset of this
three-day simulation, therefore they forgo the initial charging process and dispatch the
preliminary stored electricity once the first peak occurs around 1:00pm on July 7. Along
the same line of reasoning, once the batteries have discharged all their stored energy on
the first peak in real power, the transmission system does not drop below the 600 MW
charging setpoint for long enough to fully recharge the EES. As a result of this minimal
charge cycle the night previous, the second peak in real power does not experience any
substantial stored energy dispatch, and peak-shaving therefore cannot occur. Finally, on
the eve of July 8th and morning of July 9", the real power baseline drops sufficiently
below the charging setpoint (see “charging point” in Figure 6.1), allowing the batteries to
charge to near full capacity for the stored energy to be dispatched during the third peak

in the series, which explains the full peak-shaving event on July 9*". The arrangement in
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FIGURE 6.1: Configurations 1-4 simulated over three days. NaS density is at 60%.

Configuration 4 featured 2 clustered 10 MWh NaS batteries per cluster at each location
for a combined 20 MWh capacity in each quadrant, and produced the most beneficial
results for Landsnet’s grid in terms of peak-shaving and optimization. However, in Figure
6.2, a close-up emphasizes that all configurations’ ability for peak-shaving is somewhat
short-lived, enduring approximately half of the peak demand event in the real power
flow, thus falling short of achieving high scores in the performance metrics. Figure

6.2 shows sub-optimal conditions, and the dashed line indicates what the ideal EES
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FIGURE 6.2: Ideal real power flow impact.

configuration would produce for the highest peak-shaving score in performance metrics.
Real power curves in these configuration plots (Figures 6.1 and 6.2) are also very closely
correlated with the baseline curve, overlapping for much of the simulation until the
peak-shaving setpoints and charging setpoints are reached. This result strays from the
figures that strictly plot NaS density comparisons, where the baseline curves became
further separated from the higher density curves throughout the majority of the three
day period.

Configurations within the Icelandic power system are believed to favour one location
over another because EES functionality generally depends on location-specific factors
such as power and voltage magnitudes, proximity to large load centres in the grid, and
current infrastructure (i.e. transmission cables, capacitors, substations, transformers,
and so on). For instance, Brennimelur appears to be better suited to improving EES
performance metrics in Configuration 4 than Hamranes substation in Configuration 3,
despite these two locations both residing in the same Southwest quadrant (Case 3).
Referring to the tables in Appendix C, Brennimelur passes nearly double the real and
reactive power flows than that of Hamranes, therefore the magnitudes of these demands
placed on Brennimelur increase its EES suitability and performance metrics score. This

may partially explain why Configuration 4 sees a greater shift away from the baseline



Chapter 6. Discussion and Analysis 76

real power in Figure 6.2 when compared to Configuration 3, noting that the last location
in each configuration is changed from Hamranes in Configuration 3 to Brennimelur in

Configuration 4.

During the time when simulations were being tested, a transmission trial with 30% NaS
density was initially designed for the experiment. However, this density of EES caused
the same fuse in the grid to blow, repeatedly forcing GridLAB-D™ to terminate the
simulation. This is likely a response to a user error within the transcription of the
IceOpt code written for this study, and is curious considering higher densities of NaS
solutions did not pose the same peculiar problem (of blowing fuses). Results with 30%
density were disregarded as well because higher density EES installments were having a
less than expected impact on voltage and power control. The fuse guilty of blowing is
attached near the Hryggstekkur bus. This could also explain why EES configurations
involving Hryggstekkur produced poor real power peak-shaving — see Configurations 1
and 2 in Figure 6.2. This is especially true when comparing Hryggstekkur and Fljotsdalur

substations (Case 1).

Comparing the performance metrics for Hrutatunga and Mjolka substations, we see im-
proved peak-shaving using the Hrutatunga connection resulting from location-specific
and voltage-related factors. Hrutatunga substation is attached directly to the 132 kV
ring network across the country and situated in the Northwest quadrant (Case 0); it
connects to Mjolka substation in the Westfjords to the larger ring network. Hrutatunga
operates at 132 kV whereas Mjolka operates at 66 kV further away from the main net-
work. Therefore, if Mjolka substation experiences an outage or disruption, energy stored
in the battery system at Hrutatunga can be dispatched to alleviate these grid instabil-
ities. Conversely, if the EES system was connected at Mjolka, its range for emergency
voltage and power response towards the main network would be limited in effective area

by its proximity away from the larger grid due to its more northern position.

Prestbakki and Holar substations are distant from one another in the grid but have
similar technical specifications and substation infrastructure. Therefore, they exhibit
similar influence on performance metrics in their respective configurations. This might
imply the Southeast quadrant (Case 2) is the easiest to solve, as long as there is EES in
this quadrant, the system weaknesses should be reduced regardless of attachment point

between these two sites.

One final comment on EES arrangements, while the power and voltage improvements
offered from evenly distributed EES across the grid (as seen in Figure 5.22), evenly
distributing batteries in the Icelandic power system requires far more batteries and is far

less feasible than integrating EES at targeted areas of weakness within the grid. This is



Chapter 6. Discussion and Analysis 77

so not only because clustering requires less batteries, but less grid rearrangements, and

is therefore considered to be more practical and less expensive.

6.3 Putting It All Together: Connecting Scenarios

Rahman et al. (2012) notes the performance of EES technologies for various applica-
tions are highly dependent on spatial orientation and grid connectivity. Therefore, two
arrangements for energy storage were considered in this study: (1) Large-scale storage

at the transmission level; and (2) Small-scale storage at the distribution level.

Worldwide, the use of stored energy for real time optimization of the GT&D system has
been fairly limited to the extent of pumped hydro storage, and in a few instances LA,
Li-ion or NiCd batteries (Rydberg, 2011; Electric Power Research Institute, 2010). How-
ever, recent commercial advancements in EES technologies have provided new competing
storage alternatives, and answers to many RE intermittency problems (at the genera-
tion level) as well as load variation and energy balance problems (at the transmission,
distribution levels). Today, small neighbourhoods are serving as ideal testing grounds
for EES configurations. This small-scale energy storage at the distribution level is very
important for smoothing demand side variability in PQ power and voltage frequency

regulation, thereby alleviating stress on the electric grid.

Other studies suggest having energy stored on the local level may offer greater benefits on
the transmission scale, which mostly agrees with the results from this project (Rahman
et al., 2012). Configuring EES on small-scales throughout any grid will certainly improve
power quality, reduce line conductor losses, and help prolong the use of transmission lines
and infrastructure — this was a major finding from the simulations run on the residential
feeder retrofit with community energy storage. Perhaps in future studies, power systems
analysis can be run for the entire Icelandic transmission system with the attachment of
residential models to the larger transmission grid for investigating how exactly increased
CES capacity at the small-scale can improve grid optimization at the large-scale, and to
what extent. These kinds of studies of interconnecting electric models are already well
underway in the United States with the PNNL and U.S. Department of Energy’s Smart
Grid Investment Grant (SGIG) Project.
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EES Recommendations to Iceland

Considering the various configurations and leading EES technologies available, the task
at hand was finding the best means of integrating energy storage for the Icelandic power
system. Based on the remarkable RE contributions the country uses for electricity gen-
eration (100% from geothermal and hydropower combined), there are some important
aspects to consider given these sources: (1) the controllability of geothermal and hy-
dropower plants, (2) geothermal and hydropower are not intermittent, and (3) pumped
hydro storage requires energy to drive water to a higher elevation (Palmason, 2010;
Rahman et al., 2012). As Iceland continues to explore the inclusion of wind turbine
projects (both on and offshore), it is expected the flexibility of hydropower could poten-
tially increase the value of wind generation (Landsvirkjun, 2013B). Integrating wind and
hydroelectric generation into a hybrid system is a new concept that offers a renewable
means of powering pumped storage on-site at these hydropower plants. For instance,
Landsvirkjun is now operating two wind turbines (2 MW total) in Hafid at the Burfell
hydropower plant in order to provide power to pump water from the lower reservoir to
the upper reservoir — see Figure 7.1 (Palmason, 2010). The hydroelectricity not used to
drive pumps is diverted back into the electricity grid. This project is designed to reduce
the construction (size) of a new reservoir and to increase electricity production (capac-
ity) efficiency without adding extra hydropower turbines (Palmason, 2010; Atlason and
Unnthorsson, 2014).

Tables 3.2 and 3.4 in chapter 6 demonstrated VRB and NaS batteries are the best-suited
EES options for improving power quality and integrating renewable sources such as wind
at the transmission or generation scale. Therefore, to ensure there is energy in order to
pump water between reservoirs, a VRB or NaS battery system (noting high operating
temperatures of NaS) at the wind-pump would be ideal for maintaining UPS at Burfell,

and possibly any other power stations to incorporate PHS and wind turbines.

78



Chapter 7. FES Recommendations to Iceland 79

Upper
reservoir

Hydro turbine
&
Generator

Lower
reservoir

Wind turbines

Pumps

Arnadottir (2009)

FIGURE 7.1: Pumped storage system with wind turbines producing electricity to cycle
water between reservoirs.

Iceland has a single-defined electricity transmission system, but several regional distribu-
tion networks (Landsvirkjun, 2009). Landsvirkjun or Landsnet would be wise to install
locally clustered, high-capacity EES systems along stress-points within the transmission
grid. DSOs such as Orkuveita Reykjavikur must start planning for future residential
smart grids with small-scale, evenly distributed configurations of Li-ion battery CES for
their distribution level markets. The interplay between energy storage on both small
and large scales of the power system is believed to produce truly optimal nationwide
grid conditions. Investments towards increased storage capacity to meet growing elec-
tricity demand from power intensive industries (i.e. aluminum smelters) would be better
invested into EES storage at weak points along the grid for improving power quality,
consumer-side time-shifting, energy balance, UPS, peak-shaving, and energy arbitrage.
Even more impressively, and as an environmental student, the ability to store electricity
would hopefully mean seeing less damming projects in Iceland’s untouched highlands in
conservation efforts, by reducing the necessity for increased generation capacity because
the system would be maximizing their returns from the current power plants and its
stored energy. More modeling using grid simulation software will be necessary to deter-
mine the precise placements of these devices to maximize energy efficiency, power quality

and overall grid optimization at the generation level.

As with most commercial storage applications, these systems address demand charge
management, reduce peak demand, and provide emergency backup power in case of
outages and grid failures. Such a system automates the discharge of stored energy to
optimize utility charge savings for customers. In Iceland, utilities often define their
rates for larger consumers such as heavy-industry and even the University of Iceland
campus, based less on the overall amount of electricity consumed, and more on electricity

consumed during peak hours. Wind and other renewables can significantly offset the
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overall amount of electricity used by organizations, but if a consumer’s peak electricity
demand is still high during the day, in late afternoon for example, the organization can
be hit with high demand charges. Proposing new EES systems for regulating the amount
of electricity that consumers need from the grid during peak periods will thereby reduce

their exposure to exorbitant demand charges.

7.1 Summarizing Benefits of EES to Iceland

To summarize the major benefits of EES implementation in Iceland, we find that:

e Commercial and industrial customers save on their electricity bills by reducing peak

demand:

— Rising electricity prices are an area of concern in Iceland, however, advances
in EES and demand response are paramount to controlling price variability

in the future;

— Utilities may reduce the operational cost of generating power during peak pe-
riods (reducing the need for peaking units that place added stress on Iceland’s
grid);

— Investment in infrastructure delayed due to the flatter loads with smaller

peaks.

e Possibility of integrating electric vehicles (EVs): A grid-to-vehicle (G2V) and
vehicle-to-grid (V2G) system would be the first in the world in an effort to re-
ducing Iceland’s carbon emissions in its transportation sector. The ability to claim
100% RE powering its electric fleet would also be unmatched by any country in

the world to date.

e Job creation in the energy storage field means a healthier economy: The Electricity
Storage Association (ESA) estimates more than 100,000 incremental jobs will be
created by 2020 (a 7-year period) in the energy storage sector, if investments into
EES continues at today’s pace (ESA, 2009; Rahman et al., 2012).

7.2 EES Compatibility with Distributed Generation

GridCommand™ allows for the deployment of distributed generation (DG) such as wind
and solar PV for the testing of new complex resource scenarios. Other studies have eval-

uated and confirmed the benefits of adding EES combined with distributed generation,
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especially for addressing RE intermittency and other difficulties with DG integration.
Aside from being of benefit to distribution systems with distributed generation, energy
storage can be applied to assist with and improve network operation, power quality,
energy arbitrage, and offset peak power consumption to avoid higher rates for certain
consumers (Wade et al., 2010, Rahman et al., 2012). The injection of ideal combina-
tions of real and reactive power for voltage support and loss reduction were first assessed
by Kashem and Ledwich (2007), who concluded that a battery-based storage system
could provide a profitable solution for primary reserve capacity for frequency control.
Distributed generation within Icelandic residential feeders would be a valuable aspect of

future smart grid development, for various power applications and savings.

7.3 EES Compatibility with Electric Vehicles

Growing penetration of plug-in hybrid electric vehicles (PHEVs) in the future will require
a much more dynamic electric infrastructure for compensating feedbacks between inject-
ing and absorbing PQ power to and from the grid. (Roberts and Sandberg, 2011). GCD
is also capable of simulating the addition of PHEVs as well as their impacts on PQ flows
and voltage stability, however, these simulations are only credible when performed on
small-scale residential feeders. Creation of a complex resource deployment scenario in-
vestigating the complementarity between EES and PHEVs in a large-scale power system
would require a much more elaborate model beyond the capabilities of GCD’s parametric

analysis tool.

7.4 Future Developments of EES

Beginning with the U.S. Department of Energy “Grid 2030 Vision” Conference back in
April of 2003, energy storage emerged as a top concern among industry professionals
for the future of energy security worldwide (Roberts and Sandberg, 2011). In 2007, the
DOE convened an Electricity Advisory Committee (EAC) to make recommendations for
an energy road map including energy storage deployment in the U.S. grid over a ten-
year period (Roberts and Sandberg, 2011). We suggest Iceland does the same as part
of Orkustofnun’s Master Plan for Energy Development, including further research into
energy storage. Globally, other nations like Japan and Germany have been working to
make larger amounts of energy storage a vital part of their energy plan. Japan has a
near-term target of 15% storage in the grid; Germany meanwhile is planning 10% in
comparison; and the U.S. at just over 2% deployment. Roberts and Sandberg (2011)

state most countries already employ bulk energy storage today in the form of large PHS
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facilities, which are generally located great distances from load centres and can do little
to effect power quality and voltage frequency regulation (PHS is mostly used for off-peak
base load leveling). Battery EES systems are in many ways the key to the future grid.

7.5 Continued Studies of Energy Storage in Iceland

Seeing the continuation of energy storage studies in Iceland would begin with peers
and researchers further developing the code written for this thesis, (which will be made
public as per open-source policies of GridLAB-DT™) adding details to fill any data gaps
to the IceOpt model. This will make future studies in grid optimization, technological
advancements, and smart grid infrastructure in Iceland more robust and easier for those

who wish to begin where this research leaves off.

The experiment was under time and budget constraints as well, therefore only eight
locations for EES attachment were simulated on the transmission model out of literally
hundreds of possible substations. It may also be worth investigating all possible 16
combinations in Table 4.1 as well to determine whether more efficient arrangements of
EES are attainable.

One of the more exciting new frontiers open for both technical and economic research
involves the proposed submarine HVDC cable connecting Iceland to parts of mainland
Europe. Landsvirkjun appears to be looking at this option very closely — in the event
this massive project gains approval, exploring the ideal role of added energy storage
in Iceland to help buffer out additional demands from the newly connected European

electricity market would become abundantly imperative (Hreinsson, 2013).
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Conclusions

A number of potential EES technologies exist and can be deployed for large or small-
scale storage, however, each bearing their own strengths and weaknesses. Technical and
economic comparisons between leading EES systems were used to distinguish two low
cost and highly efficient batteries: vanadium redox batteries (VRB) and sodium sulfur
(NaS). A third, lithium-ion (Li-ion) is showing signs of cost reduction as its development

continues to progress (Rahman et al., 2012).

Energy storage has a promising future in the Icelandic power system for both distribu-
tion and transmission sectors, and potentially for generation as well. Iceland does not
currently require EES for intermittency problems in RE generation with the exception
of two wind turbines at the Burfell hydropower plant. However, peak reduction, UPS,
consumer-side time-shifting, emergency power, infrastructure maintenance, and load en-
ergy balance can be all improved with the appropriate energy storage systems - answering
the first research question addressing the numerous roles of EES. Two newly installed
wind turbines at Burfell hydropower station may also benefit from energy storage to
ensure uninterrupted power supply for pumped storage operation. Furthermore, if Ice-
land chooses to become a major exporter of renewable energy to Europe (via submarine
cables), EES will be vital for keeping a continuous external supply, energy arbitrage for
controlling electricity pricing in the future which has been projected to rise in Iceland,
and to satisfy demand while minimizing risks of stress and outages to its domestic grid

— this concept does require more detailed analysis.

Results from this study have demonstrated the various roles of small-scale EES deploy-
ment in Iceland for improving power quality, voltage control, peak-shaving and energy
arbitrage with low CES densities evenly distributed in light-urban and residential feeders
similar to those in Reykjavik. The roles for large-scale EES in the transmission system

are far more location-specific when clustered, and require relatively higher densities than
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the residential scenarios. Performance metrics were assessed based on the ability of EES
densities to solve predefined threshold setpoints and have shown storage can provide
improved peak-shaving and load balancing in the IceOpt model. Recent studies suggest
storing energy on smaller scales at the local level offer greater benefits than storage on
the transmission scale. This research does reflect these findings, particularly because a
much lower EES density of 30% solved thresholds for providing residential performance
metrics, while a much higher EES density of 60% was required to solve thresholds in
the transmission model. It is the author’s opinion that as technological advancement in
battery energy storage continue at their present pace, the effects of large-scale storage

will be greatly enhanced with lesser batteries and lower density.

Configurations of EES are vital to achieving grid storage optimization on various lev-
els of the Icelandic power system as well, as per the second research question. Testing
multiple configurations of EES in the transmission system helped identify and confirm
weaknesses within the grid; this study elucidated techniques for partially alleviating some
of these constraints with the second resource deployment scenario and the IceOpt model.
We found the most successful strategy for grid optimization in the transmission model
consists of clustered NaS batteries with 10 MWh capacity operating in load-following
mode to maximize peak reductions in real and reactive power. The fourth configuration
tested included EES attachment across each quadrant at Hratatunga, Fljotsdalur, Prest-
bakki, and Brennimelur substations, which translated to the most effective in terms of
peak-shaving of real power flows. This indicates clustered configurations are also highly
location-specific. Optimal EES densities in the IceOpt model are found to be either 50%
or 60%, depending on intended purposes for energy storage actions. By many estimates,
60% EES density is considered to be unrealistic at this point in time. It would be wiser
to install larger capacity NaS batteries at 40% or 50% density to regulate voltage and

power flows in the Icelandic power system.

The most successful strategy presented for the residential feeder would be 150 evenly dis-
tributed 45 kWh Li-ion community energy storage batteries operated at the household
level with a network density of 30%. One final important consideration for EES con-
figurations is the comparison between clustered versus evenly distributed arrangements,
which was found to favor even distribution, and is especially true for CES at the distri-
bution level. On the transmission and generation scales, more testing to predict what
configurations yield the greatest energy savings and efficiency from electricity storage is

necessary and opens up several opportunities for future studies into EES in Iceland.

Grid simulation software such as GridCommand™ and GridLAB-D™ are emerging as
the preferred means of simulating EES configurations. These programming environments

allowed for an accurate representations of power flows (active and reactive power) in
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Iceland, however produced some perplexing results with the higher density EES plots
reducing power flows below the baseline. This was found likely to be attributed to
phase selection of PQ) power and EES technologies. GCD and GLD were nonetheless
successful in solving both complex resource deployment scenarios by determining optimal
grid storage conditions with the aid of threshold setpoints and EES performance metrics.
When the country was divided into four quadrants to identify zones of instability, GCD
also helped address the weaknesses within the grid by providing new and innovative ways
for solving contingencies with several arrangements of energy storage. These two aspects

of the study addressed the third and fourth research questions.

There appears to be general consensus on the need for energy storage systems in the mod-
ern electric grid. Given current trends toward increased renewable energy penetration,
growing demands to improve power reliability and quality, along with the implementation
of smart grids, EES has a bright future. Nevertheless, applications related to capacity,
siting, configurations, performance parameters, storage applications, and so forth need to
be further refined. Finally, materials research is contributing to the improvement of ad-
vanced batteries through work on nano-structured membranes with tailored electrolytes
and electrodes, superpower capacitors, and hybrid flywheels (Rahman et al., 2012). It
is hoped new research will result in truly novel storage concepts in the near future and
allow EES to be commonplace in many grids worldwide within 5 to 10 years (Yang et al.,
2011; Rahman et al., 2012). Battery EES systems are in many ways the key to cleaner,

efficient grids, however only once the price is right.
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Appendix A. Capital costs and life cycles for the main EES technologies. Source: Yang et al., 2011.
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Appendix B. Single-line diagram of PSS/e file from Landsnet used in data acquisition phase of
project. Buses (thick lines) are colour-coded, along with branches (thin lines), load centers (triangles) and

power-generating machines (circles). For each, the same colour scheme applies: black (11 kV); yellow (33
kV); blue (66 kV); red (132 kV); and green (220 kV).
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Appendix C. Bus data for power plants, buses, and loads sourced from Landsnet (2013).
Substations are denoted with (SS), loads (L), industrial loads (IL), and power plants (PP). All
PQ values are as of 2012 (Orkustofnun, 2013). There are 33 major loads defined in Iceland.
Five of which are power-intensive industries: Alcoa, Becromal, Century Aluminum, Elkem,
and Rio Tinto Alcan. The remaining 28 loads are major distribution feeders to municipalities,

residential areas, and external commercial activity.

OB

OB 5 D A D O D O A PO R PO R
AKRANES L PP,SS | 2110 | 64°18.960' | -22°5.027' 66 12.3 4.7
ANDAKILL L, ss 3170 | 64°33470° | -21°4.398 66 6.6 1.3
A12 (RR) L sS 2018 | 64°18.960' | -22°5.027 66 183.2 49.8
ALCOA_1 ILss | 2979 | 6502019 -14° 6.021' 220 596.6 258.3
ALCOA_2 50702 220
BECROMAL 4055 , i o 11
BECROMAL132 IL, SS 1050 | 65742192 -18° 6.905 130 65.0 14.0
BLANDA A 4030 132
BLANDAV1 4031 11
BLANDAV2 PP,SS | 4032 | 65°24.945 | -19°49.168 11 135.0 18.9
BLANDAV3 4033 11
BLANDA B 4036 132
BOLUNGAV LSS 3330 | 66°9.012° | -23°14.943 66 43 0.7
BRENNIME-220 Ss 2100 | 64°2.335 -21° 4.468 220 623.6 20.0
BREN-132 2101 132
BRENN-11 Ss 2103 | 64°2.335 -21° 4.468 11 5.1 03
BRENN-66 2107 66
BREIDIDA L, sS 3310 | 66°3.038' | -23°30.939 66 1.4 06
BUDARHALS 1060 220
BUD_V1 PP, SS 1061 | 64°14.078' | -19°22.479 11 90.0 8.8
BUD_V2 1062 11
BURFELL220 PP, SS 1010 | 64°6.361 | -19°50.071 220 282.0 9.0
BURFELL-12 1011 13.8
BURFELL-34 1012 13.8
BURFELL-56 1013 13.8
BUR66SP5 PP, SS 1014 | 64°6.361 | -19°50.071" 66 05 0.01
BUR11SP5 1015 11
BUR66SP4 1017 66
BUR11SP4 1018 11
CENTURY_ALA IL, SS 2160 1 6401880 | -21° 4625 220 496.9 113
CENTURY_ALB 2161 220
DALVIK L, ss 4058 | 65°58.232° | -18°32.135 66 8.8 03
ELKEM IL, SS 2999 | 64°45022 | -21°4.721 220 126.7 33.1
ESKIFJOR LSS 5090 | 65°4.548' -14° 1.853' 66 25 3.7
EYVIND 5016 132
EYVIND66 L, SS 5017 | 65°16.996' | -14°25.436 66 42 1.4
EYV-DELT 5018 11
FASKRUDS L sS 5091 | 64°55.806' | -14°0.686 66 3.4 0.8
FITJAR L, ss 2300 | 64°3.864' | -22°38.246 132 27.0 12.8
FLJOTSDA 5051 132
FLJ_11 5052 , : . ‘ 11
S ) aomo | 65715830 | -14°23627 290 1.2 1.4
FLJ_220_A 5060 220
FLUDIR LSS 1081 | 64°7.525 -20° 1.950 66 74 1.2
GEITHALS 2010 220
GE_132 2011 o ) ‘ 132
o BUS 012 | 6472420 -21° 57.346 » 10.0 1.0
GE_11SP2 2013 11
GEIRADAL BUS,SS | 3210 | 65°29581 | -21°5443 132 6.1 0
GLERASKO 3200 132
GLERA-19 PP,SS | 3201 | 65°14.656' | -21°37.615' 19 2.3 03
GLERAS-S 3202 0.415




OB 5 D D O D A PO R PO R
HAMRANES220 BUS 2050 | 64°2567' | -21°58.390 220 340.0 10.0
HAMRANES132 2051 132
HAM-DSP1 LSS 2052 | 64°2567 | -21°58.390 1 0.02 0.00
HAM-DSP2 2053 1
HELLAG6 LSS 1082 | 63°49.988 | -20° 23.426' 66 42 14
HVERAGERDI LSS 136 | 63°44.931' | -20° 12.983 66 3.0 16
HELLIS_V1 T T
HELLIS_V2 1142 1
HELLIS_V11 1143 1
HELLIS_V3 PP,SS | 1144 | 64°2239 | -21°24.033 1 See See
HELLIS Ve Tt 1y KOLVID.A| KOLVID B
HELLIS_V5 1146 1
HELLIS_V6 1147 1
HNODRAHOLT LSS XX | 64°2637 | -21°58.213 132 27 0.4
HRAUNEY 1030 220
HRAUNE12 1031 . , . , 13.8
R AUNE 2 PP.SS | oo | 64°11385 | -19°13.653 oo 204.0 106.5
HRAUNE32 1033 13.8
HRUTATUNGA BUS.L SS | 4010 | 65°7.619 | -21°3.792 132 27 04
HRYGG 5010 132
HRYGG_66 L,BUS,SS | 5011 | 65°1.259° | -14°33.556 66 0.8 0.01
HRYGG_11 5012 1
HVOLSV66 LSS 1080 | 63°45.007 | -20° 13.576 66 45 13
HUSAVIK [,SS | 4108 | 66°2.844 | 17°20596 3 28 06
IRAFOSS PP, 132 39.0 15
ISAFJORD LSS 3320 | 66°4401 | -23°7.070 66 133 40
KARA V1 5061 1
KARA_V2 5062 1
KARA_V3 5063 . , . , 1
KARA V4 PP.SS | coos | 6456000 | -15°47.821 y 612.0 474
KARA_V5 5065 1
KARA_V6 5066 11
KELDEYRI L, ss XX | 65°36.140° | -23° 4.687 66 8.9 0.1
KOLVID_A pp.ss | 119 | eaceora | 21042312 220 280 69.5
KOLVID_B 1140 220
KORPA 2030 — - , 132
KORPAA LSS bosg | 6479355 | 21745503 0,400 607 8.0
KOPASKER LSS | 4120 | 66°18.028 | -16° 26847 66 6.0 3.0
KRAFLA 4060 132
KRAFLAV1 4061 1
KRAFLAV11 4062 . , . , 1
R AFLAS PP.SS | oo | 65°42.184 | -16° 46486 e 60.4 15.1
KRA11BJA 4064 1
KRAFLA2 4065 132
LANGALDA BUS 1065 | 6426700 71940441 220 XX XX
LAGARFO5 5200 66
LAGARFO1 PP,SS | 5201 | 65°30434 | -14°21.971" 6 229 7.1
LAGARFOSS 5202 1
LAXA 4100 66
LAXA-2 4101 1
LAXA33 PP,ss | 4102 | e5°49.245 | -17°19.105 33 3.0 0.0
LAXA11 4104 1
LAXA2 4105 6.3




BUS P, REAL | Q, REACTIVE

OITB;EET LATITUDE | LONGITUDE | VOLTAGE | POWER POWER
(KV) (MW) (MVATr)

LAXARVAT 4020 132

LAXAVA-2 4021 11

LAXAVA-4 PP,SS | 4022 | 65°37.504' | -20°12.820' 33 5.8 1.1
LAXAV0-4 4023 0415

LAXARV-V 4025 6.6

LINDAB L, SS 4110 | 66°4.324' | -16°40.461' 66 0.6 0.1
LJOSIF 1130 , , 66

T PP,SS | 37 | 645679 -21° 6.610 66 3.6 14
MJOLKA 3300 132

MJOLK-66 3301 \ , oo aan 66

MJOLKVEL PP,SS | ,i0. | 65746507 | -23°9.981 62 7.1 37
MJODUMMY 3305 33

NESKAUPS L, SS 5092 | 65°9.058' | -13°41.019' 66 178 16.3
NESJAV 1200 132

NESV-VEL 1 1201 11

NESV-VEL 2 PP,sS | 1202 | 64°6.506' | -21°15.452 11 XX XX
NESV-VEL 3 1203 11

NESV-VEL 4 1204 11

OLAFSVIK L, SS 3140 | 64°53639 | -23°42.663 66 10.1 0.7
PRES 5040 132

PREST-19 5041 \ , o n A7on 19

PRESTB 4 L, SS soap | 63747256 | -18°3.472 0451 22 0.1
PREST-D1 5043 11

RANG 4050 132

RANGARV5 4051 66

RANGARV1 L,PP,SS | 4052 | 65°40.697' | -18°8.619 6.6 285 5.4
RANG-11 4053 11

RANG-S 4054 0.451

RAUDIMELUR Ss 2320 | 63°57.683' | -22°34.006' 132 3.0 0.1
REYKJANES 2330 132

REYKJAV1 2332 11

REYKJAV2 L, PP 2333 | 63°59.893' | -22°33.675' 11 43 1.1
REYKJAN_VEL3 2334 11

REYKJAN_VEL4 2335 11

RIMAKOT 1090 \ , \ , 66

RIMAKOT L, SS 1091 | 63°34190° | -20°10.149 23 3.0 0
RIO_TINTO_AL IL,SS | 10000 | 64°28.050° | -22°17.012 220 420.0 71.9
RR-A5 2017 132

RR-A12 2018 132

RH-A1-4 2061 D , , 132

RH11 L, SS sogy | 646475 | -21°46.976 " 183.2 49.8
11DELTA 4057 132

RR-A6-10 2018 132

SAUDARKR L 4045 | 65°44679' | -19°38.284' 66 7.7 0.0
SE1 1150 , , , , 66

SELFOSS.33 L 11aq | 63756398 | -20°58.485 2 14.1 2.9
SEYDISFJ L 5100 | 65°15.621° | -14°0.122 66 04 1.1
SIGALDA 1020 220

SIGALD12 1021 105

SIGALD22 1022 \ , oo e 105

SIGALD32 PP lops | 64710380 | -19°7.611 T0s 16.8 7.8
SIGALDA6 1024 132

SIGHR11 1025 11

STEINKA PP 1120 | 64°7.969' -21°1.721' 66 10.0 42




BUS P, REAL | Q, REACTIVE

OBJECT

OBJECT TYPE LATITUDE | LONGITUDE | VOLTAGE | POWER POWER
(KV) (MW) (MVAr)

STUDLAR_66 BUS /L 5014 65° 1.302' -14° 15.517" 66 5.2 1.1
SULTARTA 1050 220

SULT-V1 PP 1051 64° 10.030 -19° 37.287" 11 125.7 8.0
SULT-V2 1052 11

HS-SVART PP 2301 63° 52.703' -22° 25.963' 132 XX XX
TEIGA 5020 132

TEIGHO.2 5021 1"

TEIG-33 L/BUS 5022 64° 40.593' -14° 21.031 33 3.1 0.7
TEIGAR.4 5023 0.451

TEIGA-D1 5024 11

THORLAKH 1149 63° 51.350' -21° 23.152' 66 24 1.1
VARMAHLI 4040 132

VARMAHL4 L/BUS 4041 65° 33.180" -19° 26.781' 66 1.8 0.6
VARMAHL2 4042 1"

VARMAHLO 4043 0.4

VATNSFEL 1040 220

VATN-V1 EE 1041 64° 11.789' -19° 2.051' 11 XX XX
VATN-V2 1042 11

VATNSHAM 3120 132

VATNS-66 L/BUS 3121 64° 33.222' -21° 42.570' 66 9.4 0.6
VATNSH19 3122 19

VATNSH-S 3123 0.415

VEGAMOT SS 3130 64° 51.027" -22° 43.816' 66 2.0 5.1
VESTMANN L 1092 63° 26.635' -20° 15.921' 33 18.8 4.6
VOGASKEI BUS 3150 64° 58.841' -21° 49.552' 66 1.8 0.8
VOPNAFJO L 5210 65° 45.309' -14° 49.786' 66 3.0 0.3

N.B. Objects Al to Al2 are the twelve substations through which Landsnet supplies the DSO
Reykjavik Energy. Step-down transformers at each substation bring voltage from 132 kV
down to 66 kV, 33 kV, and 11 kV for distribution across the Reykjavik capital region. In the
transmission model code written for this project, real and reactive (PQ) power measurements
at the 12 substations are summed, totaling 183.2 MW real power and 49.8 MVAr reactive
power.
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performance metrics and qualitative analysis of results.
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Appendix E. Real power flow comparisons using the B phase (B.real) as opposed to the A
phase (A.real) in Figure 5.22. This adjustment in phase selection does not show real power

curves for densities 60% and 70% crossing below the baseline throughout the simulation.
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Disclaimer

This thesis was prepared as an account of work sponsored in part by Orkustofnun. Neither the
Government of Iceland, the United States Government, nor any agency thereof, nor Battelle
Memorial Institute, makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, data, apparatus,
product or process disclosed herein, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favouring by any agency, Battelle Memorial Institute, the authors or the

University of Iceland.
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