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Summary 
This project investigates the proportioning of intermittent renewable wind, solar, and tidal electricity 

generation, and the use of energy storage, to i) shape intermittent energy output to meet Nova Scotia 

electrical load, and ii) reduce the ramp rate impact that intermittent generation has on conventional 

generating assets in Nova Scotia. Each intermittent generator (IG) varies at different timescales due to 

different causes (wind=weather system; solar=daily and seasonal; tidal=6 hour and lunar). This 

uncorrelated nature and the use of energy storage (ES) as a buffer enables increased installed capacity 

without destabilizing the conventional dispatchable generating (DG) assets such as thermal (fossil) and 

hydro. The objective of this project was to create new models of IG and ES, and new control strategies 

to parametrically assess performance of a range of installed capacities by multiple metrics. The project 

consists of 4 tasks: data collection/preparation; modeling and control strategies; parametric evaluation; 

and presentation and interpretation of the results. 

High-timestep-resolution intermittent resource and IG data was collected, organized, and validated from 

14 Sep 2016 through 13 Sep 2018. Wind power data were provided by Nova Scotia Power (NSP) that 

aggregated 9 large telemetered wind farms. Solar power data were provided by Halifax Regional 

Municipality (HRM) from the Solar City 2 project consisting of 59 distributed photovoltaic solar systems 

that are net-metered. Tidal flow speed data were provided by Fundy Ocean Research Center for Energy 

(FORCE) for a period of three months from a measurement package located in the Minas Passage; they 

were converted to power using a published in-stream tidal turbine power curve. All IG data were 

normalized by peak power (i.e., conversion capacity) to create a scalable dataset for use in modeling a 

range of installed IG capacities. Additionally, NSP provided aggregate provincial load power data. 

New models of IG output and ES operation were created. The IG model operates in two ways: (1) a 

proportioning method which varies each IG type from 0-100% of installed capacity, the balance being 

made up of the other two IG types; (2) using pre-defined magnitudes of installed IG capacity fed to the 

Nova Scotia electrical load, ranging from 0-1500 MW for each IG type. Both methods sum the scaled 

values for each resource to create a 10-minute ǘƛƳŜǎǘŜǇ ǎŜǊƛŜǎ ƻŦ άǇƻǘŜƴǘƛŀƭέ IG power. Two 

corresponding ES control algorithms were also developed. The ES models initially assume infinite 

capacity (MWh) and power (MW)Σ ŀƴŘ ΨŘƛǎŎƻǾŜǊΩ ǘƘŜ ƴŜŎŜǎǎŀǊȅ 9{ ŎŀǇŀōƛƭƛǘƛŜǎ from model operation. 

The ES is initialized, from which it can either charge, discharge, or standby in each timestep.  

Two control strategies were applied. The first control strategy is Load-following, which uses ES such that 

the combination of IG + ES outputs is a smoothed IG resource power value modified to mimic shorter 

timescale variations in the Nova Scotia electrical load; the magnitude of the output power profile can be 

scaled by installed capacity to reach the Nova Scotia electrical load if desired. The smoothing and 

shaping time period ranges from 1 hour (energy market blocks) to months (seasonal storage). This 

control strategy is used to investigate optimal proportioning of IG and ES to achieve high penetration 

rates of installed IG capacity. The results of this control strategy are scalable to any expected load or 

generation growth or reduction in Nova Scotia. 

The second control strategy is DG-ramp control, which uses the ES to limit the power ramps 

(ɲMW/minute) placed upon existing DG. This is so that additional amounts of IG may be installed 

without de-stabilizing the electricity system when the wind or solar resource varies dramatically in a 

short time period (e.g. fast-moving clouds for solar or frontal systems for wind power); tidal generation 

variability is highly regular and forecastable but has continuous changes in power output. This control 
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strategy is used to investigate the installed capacities of IG (MW) and battery size (MWh) within the 

present Nova Scotia electrical load (MW) to keep the DG ramp within a limit of ±50 MW per 10-minute 

period (representing roughly the 99th percentile of existing ramp rates). This analysis was based on the 

present load of Nova Scotia (2016-2018) rather than projected future loads, about which there is 

considerable uncertainty. The model can be re-executed to examine future load scenarios or future 

ramp rate limit scenarios as DG retirements occur. 

The models were executed to parametrically compared the performance of the range of systems using 

both control strategies. Performance metrics include the installed IG capacity (MWrated) per average MW 

output, the size of ES (MWh) to achieve the control objective, the quantity of the Nova Scotia load 

supplied by IG + ES (%), the quantity of curtailed IG (%), and the capital costs of the system in entirety 

(IG + ES). Within the first control strategy these are each evaluated across a range of smoothing periods 

(hours to months) and installed IG capacity (proportions or MWrated). Figures composed of timeseries 

and summary parametric άƳŀǇǎέ ŀǊŜ provided to illustrate the results of this multi-dimensional analysis 

in a meaningful manner to support policy development and decision making. 

The results of the Load-following control strategy suggest that adding energy storage capacity to achieve 

hours of smoothing/shaping is presently less economic than installing additional IG capacity and 

curtailing. The quantity of ES capacity is on the order of 1 MWh per 1 average MW output of IG. To put 

this in conventional terms, a 100 MW rated wind farm would require approximately 35 MWh of ES 

capacity for 1 hour smoothing/shaping. A smoothed/shaped IG over several hours would allow more IG 

capacity to integrate within the electricity grid and not cause control issues. Wind capacity (80+%) with 

storage requires the least total system capital cost to achieve 1 or 3 hour shaping to load and have a 

price premium of 20% over those without energy storage. As the focus shifts to much higher renewable 

electricity penetration rates, with correspondingly longer smoothing, the consistent cycling of tidal 

becomes a more economic choice when combined with ES. 

The results of the DG-ramp control strategy suggest that high penetration rates of IG necessitates 

energy storage. The ES power capability necessary to maintain DG power ramps within the present 99th 

percentile value may need to equal 50% or more of the installed generating capacity of IG or DG. Wind 

and solar have less impact on ramp than tidal which has shorter cycling nature that often runs counter 

to the load variations and exacerbates the DG-ramp. Without a cost-optimizing curtailment analysis, this 

model finds that upwards of a 1 GWh of energy storage may be required to integrate 1000 MW of tidal 

generation and remain within ramp limits. While the addition of energy storage increases energy cost, it 

is not an order of magnitude, and indicates that with cost evolution of the different resources, all 

options might be considered in the context of supportive energy policies to achieve a range of objectives 

(energy, security, local manufacturing, social). 

This new model evaluates long-term future renewable electricity generating scenarios in Nova Scotia 

when combined with energy storage. The model will aid the industry and Government in support of new 

renewable policies with expected technical performance and simplified costing estimates. These policies 

might be aimed at particular resources, the inclusion of new technology (energy storage), cost, or local 

aspects. The models are ready to conduct additional analysis or have additional capabilities, such as 

peak shaving control strategy added. 
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1 Introduction and Objective 

1.1 Background 
With our increasing understanding of the immediacy and the severity of the impacts of climate change, 

the urgency of transitioning away from carbon-based energy sources is become ever more apparent. In 

addition to aggressive efforts at energy efficiency, the deployment of non-emitting electricity generation 

capacity is a key enabler of a low-carbon economy. This effort has historically been complicated and 

limited by the intermittent nature of the most widespread renewable energy resources such as wind 

and solar. It is also the case with tidal flow, which while not widespread around the globe, has enormous 

potential in Nova Scotia as well as other jurisdictions where the tidal excursion is large and coastal 

geometry is suitable.  

Installation of significant capacity of intermittent generation (IG) has several consequences and this has 

limited its uptake. First, it may not reduce the necessary quantity of installed conventional dispatchable 

generating (DG) assets (MW) such as thermal (fossil) and hydro, as all IG may be at low output 

simultaneously. Second, it requires that DG modulate power output up and down at increased ramp 

rates (MW/minute) to compensate not only for changes in load, but also to compensate for changes in 

IG output which will sometimes trend opposite that of load. Finally, excess IG may require curtailment 

so as not to destabilize the electricity grid, which is to say the renewable resource goes uncollected and 

the potential is lost. 

Each of the IG resources examined in this study experiences different timescales of variability (wind = 

weather system; solar = daily and seasonal; tidal = 6 hour and lunar). It is proposed that proportioning of 

the installed capacity of each IG type, so that the combination of the three totals 100%, may be 

complementary at reducing power intermittency (peaks, valleys, ramps) due to the different cyclic 

times. Additionally, energy storage (ES) composed of an installed capacity (MWh and MW) may be used 

to buffer the intermittent fluctuations to smooth the aggregated IG output and lessen the impact it has 

on DG. 

1.2 Objectives 
The objective of this project was to investigate the proportioning of wind, solar, and tidal electricity 

generation capacity (termed Intermittent Generation, or IG), and the use of Energy Storage (ES), to meet 

the electrical load of Nova Scotia. To achieve this objective, new models of IG and ES were created, and 

two control strategies were developed to parametrically assess performance of a range of installed 

capacities. The first shapes the output of IG capacity to both reduce the rate of IG output variation and 

partially mimic the variability of load; it is focused on determining optimal proportions of IG and the 

necessary ES size for arbitrary penetration rates of renewable electricity. The second aims to minimize 

the ramp rate impacts of IG on conventional DG; in doing so it enables further increases of IG capacity in 

concert with existing DG assets. The project consists of 4 tasks:  

1. Data collection/preparation: Key to this project is the use of measured intermittent resource, IG 

power, and load data. Dalhousie University has measured renewable energy data sources 

available via data sharing agreements. Additionally, we have several energy storage providersΩ 

technical documents showing the range of operation and performance. We have updated, 

collected, and prepared the data for this project using measured data from 14 Sep 2016 to 13 

Sep 2018. 
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2. Modeling: We created new models of IG and ES. Fundamental to the IG model is that it mixes 

various proportion of wind, solar, and tidal IG capacity to create an aggregated IG output. In the 

first control model this is by proportions (%) and in the second it is by rated capacity (MW) 

within the Nova Scotia electrical load context. The sum of the scaled values creates a 10-minute 

ǘƛƳŜǎǘŜǇ ǎŜǊƛŜǎ ƻŦ άǇƻǘŜƴǘƛŀƭέ LD ǇƻǿŜǊΦ ¢ƘŜ 9S model initially assumes infinite capacity (MWh) 

and that power (MW) is not the limitation. The ES is initialized, from which it can either charge, 

discharge, or standby in each timestep. Two control strategies were implemented: (1) Load-

following control, which outputs a combined IG + ES power value that is shaped to resemble 

Nova Scotia electrical load over a period ranging from 1 hour (energy market) to 2 years 

(constant output); (2) DG-ramp control, which constrains the power ramps (MW/minute) placed 

upon DG so that additional amount of IG may be installed without de-stabilizing the electricity 

system. 

3. Parametric evaluation: The models are used to evaluate IG proportions of each of the three 

resources ranging from 0-100% of installed capacity, and ranging from 0-1500 MW of installed 

capacity. Performance metrics include the installed IG capacity per average MW output, the size 

of ES in MWh to achieve the control objective, the quantity of load supplied by the IG + ES, the 

quantity of curtailed IG, and the capital costs of the system in entirety (IG + ES). These are each 

evaluated across a range of smoothing periods and installed IG capacity (proportions or 

MWratedύΦ CƛƎǳǊŜǎ ŎƻƳǇƻǎŜŘ ƻŦ ǘƛƳŜǎŜǊƛŜǎ ŀƴŘ ǎǳƳƳŀǊȅ άƳŀǇǎέ ŀǊŜ ǇǊƻǾƛŘŜŘ ǘƻ ƛƭƭǳǎǘǊŀǘŜ ǘƘŜ 

results of this multi-dimensional analysis. 

4. Conclusions: The results are examined in the context of the future and existing electricity grid of 

Nova Scotia. From a future perspective the optimal proportions of each IG type are compared 

with necessary ES to achieve the objective. This is done in terms of shaping period. Significant 

transitions from one resource to another are noted. From an existing electricity grid perspective, 

the impacts of increasing the IG on conventional generators is determined to show how much IG 

capacity can be increased while remaining within the ramp limits. 
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2 Data collection and preparation 
Measured renewable resource data is used for this project. It must be collected and prepared for scaling 

use in the model. It is composed of wind, solar, and tidal data. Details for each renewable resource are 

given below, complete with source, location, period, description, and illustrative representation. 

In summary, the renewable resource or IG power data was collected from independent parties based 

solely on measured data. It is critical to use measured data to accurately represent the Nova Scotia 

resource and the conversion efficiencies of the IG. The data is up-to-date (spanning 14 Sep 2016 through 

13 Sep 2018) to account for recent changes in technology and load, and spans a range of two-years to 

account for interannual variability (to reduce the risk that a single άƘƛƎƘέ ƻǊ άƭƻǿέ Ǌesource year is used). 

The data was collected from as many measurement locations as possible, covering the widest 

geographic span across Nova Scotia that is available today. 

Data was provided in a variety of formats, with all time-step values at resolutions ranging from 2-

minutes to 15-minutes. Other than the HRM Solar City II data, which are public, the data are provided by 

independent parties under data sharing agreements with Dalhousie University for research purposes. 

The data were evaluated for quality-control purposes by examining minima, maxima, standard 

deviations and timeseries, and applying engineering judgement (e.g. solar should be zero at night). The 

data were synchronized into a unified timestep format of 10-minute intervals over a 2-year span from 

14 Sep 2016 to 14 Sep 2018. This maximized coincident data collection between the three resources. 

Data was normalized to a range of 0 ς 1 by dividing by the IG capacity at the time each value was 

collected (installed capacity of wind and solar IG increased during this period). This allows the data to be 

scaled to any capacity of interest. The resultant unified data file is used in the model. 

2.1 Wind 
Wind power is well established in Nova Scotia, with almost 600 MW installed capacity representing 

dozens of wind farms around the province. These wind farms are shown in Figure 1.  
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Figure 1 Map of wind farms in Nova Scotia1. Red circles indicate large telemetered wind fields that are the primary data sources 
for developing a wind resource timeseries 

The farms indicated in Figure 1 range in size from less than 1 MW to over 100 MW and have come into 

service over the course of the last two decades. Those marked in pink are part ƻŦ ǘƘŜ ά/ƻƳƳǳƴƛǘȅ CŜŜŘ 

In Tariffέ ǎŎƘŜƳŜ and are connected to the distribution system and are generally less than 5 MW. Those 

marked in blue may be any size, the largest being 101 MW. Some public wind power data is available on 

the Nova Scotia Power website2. 

Nova Scotia Power provided aggregate 2-minute timestep data for a period of 3 years from telemetered 

wind farms that are circled in red in Figure 1. These wind farms are generally the largest in the network, 

and together represent more than 75% of the installed capacity. Many of the smallest wind farms are 

not independently metered. Nova Scotia Power estimates production from the known installed 

capacities based on the performance of the large telemetered farms. Those estimates are included in 

the wind resource data used for this study. The raw wind power output data are shown as a blue line in 

Figure 2 top plot and demonstrate the changing installed capacity over the span of the investigation. 

                                                             
1 https://www.nspower.ca/en/home/about-us/how-we-make-electricity/renewable-electricity/wind-farm-
map.aspx  
2 https://www.nspower.ca/en/home/about-us/todayspower.aspx#%20  

https://www.nspower.ca/en/home/about-us/how-we-make-electricity/renewable-electricity/wind-farm-map.aspx
https://www.nspower.ca/en/home/about-us/how-we-make-electricity/renewable-electricity/wind-farm-map.aspx
https://www.nspower.ca/en/home/about-us/todayspower.aspx#%20
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Figure 2 Timeseries of provincial wind power data shown in top plot, with inferred installed capacity (orange line) and bounds of 
2-year study period (yellow). Bottom plot shows normalized wind power used in subsequent analysis. 

To extract a normalized aggregate wind resource, the instantaneous power output (blue line in Figure 2 

top plot) must be divided by the existing wind conversion capacity. Since historical installed capacity is 

not known precisely, the timeseries of wind power output was used: For each 2-minute timestep, 

installed capacity was inferred to be 2% greater than the maximum instantaneous power output seen in 

the period preceding that timestep. This methodology resulted in an inferred installed capacity of wind 

generators shown as the orange line in top plot of Figure 2. The 2-year period of investigation for this 
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study is indicated by the yellow dotted vertical lines. Note that while the first few days of calculated 

capacity ŀǊŜ ƭƛƪŜƭȅ ƛƴŎƻǊǊŜŎǘ ŘǳŜ ǘƻ ǘƘŜ ǎƘƻǊǘ ǇŜǊƛƻŘ ƻŦ ŀŎŎǳƳǳƭŀǘŜŘ ŘŀǘŀΣ ƳƻǊŜ ǘƘŀƴ ǎƛȄ ƳƻƴǘƘǎΩ ΨƘƛǎǘƻǊȅΩ 

is available to inform the estimated installed capacity at the start of the study period. Note that 

inaccuracies in the 2% assumption would lead to small differences in wind capacity factor, but would 

have minimal impact on ramp rates, and no impact at all on wind power correlation with other 

resources. 

The resultant normalized wind power dataset is shown in Figure 2 bottom plot. Data was down-sampled 

using averaging techniques to achieve a 10-minute timestep series. The resultant capacity factor of the 

wind time series is 37.4% (annual average power divided by rated power). 

2.2 Solar 
While there is little installed photovoltaic solar power in the province, the rapidly falling prices of 

equipment, along with a recently announced provincial incentive program3 and a municipal loan 

program4 are resulting in rapid increases in installed capacity. 

Solar resource data for this study came from Halifax Regional Municipality (HRM), which has a Solar City 

program to support the adoption of residential and small commercial rooftop solar photovoltaic systems 

around HRM, provided participants share output data. The solar data is publicly available5. Operating 

conditions at each installation include power production and number of photovoltaic modules 

generating, which are reported on 5-minute timesteps when power is being generated. HRM comprises 

a little more than 10% of the land area of the province of Nova Scotia and is located on the central 

southeastern Atlantic coast.  

Installation locations are provided in the Solar City data in the form of Forward Sortation Area (FSA) 

values. The FSA comprises the first three digits of a Canadian postal code. There are 31 FSAs represented 

within HRM, and 21 of those have Solar City installations. The FSA boundaries and the number of Solar 

City installations within each are shown in Figure 3. On the left, the larger and more rural FSA 

installation counts are indicated, while on the right those in the core of the city are shown. 

                                                             
3 https://www.efficiencyns.ca/service/solarhomes/  
4 https://www.halifax.ca/home-property/solar-projects/about-solar-city-halifax  
5 http://cat alogue-hrm.opendata.arcgis.com/datasets/0360f99bea8e471d98d789045d08447c_0 

https://www.efficiencyns.ca/service/solarhomes/
https://www.halifax.ca/home-property/solar-projects/about-solar-city-halifax
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Figure 3 Halifax Regional Municipality maps with numbers of reporting solar sites in each Forward Sortation Areas (blue lines) 

Figure 3 indicates a good distribution of Solar City PV systems throughout HRM, at least within a region 

spanning ~80 km east-west and ~40 km north-south. While it is desirable to have representation across 

the whole of Nova Scotia, there are presently no data sources available for more distant locations 

(Yarmouth, Amherst, Sydney). We expect that with the recent provincial incentive data will become 

available across Nova Scotia in year 2019 and beyond. 

Raw data from the Solar City project include power production and number of panels (active micro-

inverters) reporting per installation, on 5-minute timesteps. This is shown in the top plot of Figure 4. The 

quotient of these two numbers is the power being delivered per panel. Normalizing this by the panel 

size produces the effective solar resource of the HRM, which includes real-world imperfections such as 

non-ideal panel alignment (tilt and azimuth), shading, dirt or snow on the panels, etc. The resulting 

normalized and synchronized production data are shown in the bottom plot of Figure 4. Note that the 

first reporting Solar City panels came online in November 2016, two months after the start of the period 

of this investigation. To gain a complete two full years of data for analysis, data from those two months 

in the following year were replicated and prepended to the raw data (shown in black in Figure 4 bottom 

plot).  

Data was down-sampled using averaging techniques to achieve a 10-minute timestep series. The 

resultant capacity factor of the solar time series is 14.4% (annual average power divided by rated 

power). 
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Figure 4 Raw power data and panel count from Solar City shown in top plot. Because these data do not cover the full 2-year 
study period, the normalized solar power data (bottom plot) include 2 months of prepended data taken from the same dates the 
following year (black). 

2.3 Tidal 
Tidal resource data have been provided by the Fundy Ocean Research Center for Energy (FORCE). The 

provided data are from an acoustic doppler current profilers capturing a column of water velocities on 

15-minute timesteps, with each point representing an average of the preceding 5-minute of high 

frequency measurements. The nature of the data collection and instrumentation require averaging of at 

least 2 minutes to reduce random errors. Some public tidal flow data (though not these data) are 

available6. 

                                                             
6 https://data.oceannetworks.ca/DataSearch  

https://data.oceannetworks.ca/DataSearch
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FORCE operates test sites for tidal flow turbines in the Minas Passage off Parrsboro NS. The location of 

this test site is indicated in Figure 5, with the border of HRM included for reference and comparison to 

the solar resource data.  

 

Figure 5 Location of Fundy Ocean Research Center for Energy in the Minas Passage 

The tidal flow data come from two separate deployments of seabed mounted sensors at approximately 

the same location (positional errors of ~10 m are unavoidable when deploying equipment in 50 m depth 

of highly turbulent water). The sensor package includes an Acoustic Doppler Current Profiler, which 

provides three-dimensional velocity data from various depths above the sensor up to the free surface of 

the water. The RMS value of the three directional components gives a water speed, which varies 

throughout the day in response to periodic tidal forcing functions. The raw data from the two 

deployments at the FORCE site, for a position 30 m above the sea floor, are shown in Figure 6. 

 

Figure 6 Raw tidal flow data from the Minas Passage taken from two deployments of the ground-mounted sensor array. 

Because of the separate sensor deployments, the raw data are intermittent and incomplete. They also do 

not cover the full extent of the two-year period of interest for this study. In order to match the study 

period covered by solar and wind, the in-stream tidal data was extrapolated using the Matlab function 

UTide7. UTide uses the measured speed data and the latitude as inputs and performs harmonic analysis 

                                                             
7 https://www.mathworks.com/matlabcentral/fileexchange/46523--utide--unified-tidal-analysis-and-prediction-
functions  

https://www.mathworks.com/matlabcentral/fileexchange/46523--utide--unified-tidal-analysis-and-prediction-functions
https://www.mathworks.com/matlabcentral/fileexchange/46523--utide--unified-tidal-analysis-and-prediction-functions
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to determine the tidal constituents using an ordinary least squares (OLS) fitting method. This is made 

possible and reliable by having data for several complete lunar cycles, since the lunar cycle is the longest 

large periodic constituent. The UTide function outputs new speed data for the time range specified by the 

user, in this case 14 Sep 2016 through 13 Sep 2018, on 10-minute time steps.  

Agreement of the modeled and measured speed data was found to be quite good with respect to flow 

timing and average speeds by using a training and test set. Precise values and short timescale variability 

(probably associated with turbulence in the tidal stream and highly location-dependent) were often not 

captured but are of little concern if a large array of tidal generators is to be deployed over a significant 

area, i.e., short timescale and short spatial scale turbulent features would average out over a generator 

array spanning hundreds or thousands of meters. The period of investigation includes the span of data 

measurement. For the analyses in this report only the modelled data was used to avoid minor 

discrepancies at the edge of the block of measured data and highly location dependent short-timescale 

features.  

The principle measurement of interest to this study is the (directionless) horizontal speed of the flow at 

a fixed 20 m depth down from the free surface, emulating the resource available to a turbine mounted 

below a passively yawing floating platform. 

The full two years of extrapolated in-stream tidal flow speed data was converted from speed to power 

using a power curve for the 4.0 m diameter rotor Schottel8 turbine given in Figure 7. It was assumed that 

the turbines would always be perpendicular to the flow (passive yaw). The resultant capacity factor of 

the tidal time series is 50.2% (annual average power divided by rated power). 

 

 

Figure 7 Normalized tidal turbine power curve from data published by Schottel9 for their 4.0 m diameter rotor in-stream turbine 

                                                             
8 https://doi.org/10.1016/j.ijome.2015.04.002  
9 http://www.blackrocktidalpower.com/fileadmin/data_BRTP/pdf/STG-datasheet.pdf  

https://doi.org/10.1016/j.ijome.2015.04.002
http://www.blackrocktidalpower.com/fileadmin/data_BRTP/pdf/STG-datasheet.pdf
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2.4 Load 
Nova Scotia Power supplied the Nova Scotia electricity load data on 2-minute timesteps as shown in 

Figure 8. Public data on a 1-hour timestep is available10. Load during the heating season typically 

displays two peaks per day, one in morning and one in evening, with a flattening or moderate dip during 

midday and a low overnight. Nova Scotia is a winter peaking province due to the use of electric space 

heating and relatively low penetration rate of space cooling (i.e. air conditioning). Annual peak values of 

just over 2000 MW are achieved, with minimums of approximately 650 MW. 

Data was down-sampled using averaging techniques to achieve a 10-minute timestep series. 

  

Figure 8 Provincial Load data 

 

                                                             
10 http://oasis.nspower.ca/en/home/oasis/monthly-reports/hourly-total-net-nova-scotia-load.aspx  

http://oasis.nspower.ca/en/home/oasis/monthly-reports/hourly-total-net-nova-scotia-load.aspx
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3 Modeling 
Models of IG and ES were created in the software package Matlab. The code operates on time series 

arrays of resource data and in accordance with the parameters and governing control strategy. 

Scenarios are defined by the particular mix (proportional or absolute, depending on the model) of IG 

resources in use. The models execute each scenario in a loop and store the results for comparison. 

3.1 Model layout 
The model layout is similar for the two control systems. A graphical representation is shown in Figure 9. 

For the Load-following control strategy, only the black components are present. For the DG-ramp 

control strategy, the brown components (DG and associated power flows) are included. In both cases 

the model is composed of generation, storage, and load. Black and brown arrows show the power flow 

paths and proceed from generation on the left to load on the right.  

The generation consists of two components, Intermittent Generation (IG) composed of wind, solar, and 

tidal, and Dispatchable Generation (DG) composed of thermal and hydro. Both the IG and DG can 

directly feed the Load. Alternatively, the IG and DG can charge the Energy Storage (ES); the latter is 

necessary when mitigating large negative ramp rates on the DG that occur when IG output rapidly rises 

(e.g. clouds expose the sun) or loads are falling. The ES can only discharge to the Load. Finally, if excess 

IG potential is available which cannot be used for the Load or to charge the ES, then it is curtailed. 

Curtailment means that the renewable resource goes uncollected and the potential is lost during that 

timestep. We assume the electrical transmission backbone and electrical substations can support the 

power flows around Nova Scotia between the IG, ES, DG, and Load.  

 

Figure 9 Schematic of model components for the DG-ramp-control strategy.  

The model is data driven. The knowns for any timestep are the Load, L (MW) and the potential IG (MW) 

determined by the combination of resources being evaluated. Additionally, all values from the preceding 

timestep are known. The direction of the power flow arrows and their connections lead to governing 

equations. An example of the nomenclature used is IG2L, which is the power flowing from the IG to the L 

(Load). 
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The Load must be satisfied by generation and ES discharge: 

ὍὋςὒ ὈὋςὒ ὉὛςὒ ὒ ÉÎ -7  

The IG flows must equal the potential: 

ὍὋςὒ ὍὋςὉὛ ὍὋςὅ ὍὋ0ÏÔÅÎÔÉÁÌ ÉÎ -7  

The ES system can be in only one of three modes during a timestep: 

#ÈÁÒÇÅ ὍὋςὉὛ ὈὋςὉὛ π
$ÉÓÃÈÁÒÇÅ ὉὛςὒ π

3ÔÁÎÄÂÙἂὍὋςὉὛ πȿὈὋςὉὛ πȿὉὛςὒ πἃ
 

Note that either ES2L or (IG2ES + DG2ES), or both, must equal zero in every timestep. The quantity of 

stored energy of the ES is equal to that in the previous timestep (time t-1) and the net exchange of 

power during that timestep (time t) multiplied by the appropriate efficiency Eff: 

ὉὛ%ÎÅÒÇÙȟ ὉὛ%ÎÅÒÇÙȟ ὍὋςὉὛ ὈὋςὉὛ %ÆÆ#ÈÁÒÇÅЎὸ
ὉὛςὒ

%ÆÆ$ÉÓÃÈÁÒÇÅ
Ўὸ 

Energy storage systems are not 100% energy efficient. The input charge energy is greater than the 

energy contained in the storage, and the contained energy is greater than the output discharge energy. 

A typical energy storage system receiving widespread deployment worldwide is a lithium-ion battery 

rated for 4 h discharge duration. We use the energy efficiency of a prototypical lithium-ion battery 

system in the model. The charge efficiency is a combination of the converter and the electrochemical 

battery and equals 92%. All electrochemical inefficiency is applied to the charge direction to aid in 

determining battery state-of-charge in the model. The discharge efficiency is only that of the converter 

and equals 96%. The product of these efficiencies gives 88%, which is the round trip energy efficiency of 

the ES and has been confirmed by severŀƭ ƳŀƴǳŦŀŎǘǳǊŜǊǎΩ ǎǇŜŎƛŦƛŎŀǘƛƻƴǎ.  

The governing equations are insufficient to fully define all power flows. To accomplish this, a control 

strategy is applied. The control strategy prioritizes or alters certain power flows to achieve the objective, 

while observing the governing equations. Two control strategies are utilized, Load-following and DG-

ramp control. 

3.2 Load-following control strategy 
Load-following is defined as the use of ES to smooth the combined output of wind, solar, and tidal, and 

to re-shape that smoothed output to vary according to the short time scale variations in the electrical 

load. The IG output can be directed to the load, used to charge the ES, or curtailed. DG is not included in 

the Load-following control strategy as it assumes that the existing DG is sufficient to makeup any 

deficiencies of the IG + ES; this is the present case in Nova Scotia. 

The ES is operated such that the combined output of IG2L and ES2L (IG + ES) correspond to the 

smoothed aggregate IG άǎŎŀƭŜŘέ by the variability of the Nova Scotia electrical load about the similarly 

smoothed electrical Load. This is achieved by the following procedure: 

1. Instantaneous load is divided by smootƘŜŘ ƭƻŀŘ ǘƻ ǇǊƻŘǳŎŜ ŀ ά[ƻŀŘ tŜǊǘǳǊōŀǘƛƻƴέΥ Smoothed 

provincial load is computed by first finding the average load in blocks of specified smoothing 

timescale and interpolating between those average values using piecewise splined quadratic 
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interpolation. The instantaneous timestep value of Nova Scotia electrical load is divided by the 

smoothed load to create a new perturbation signal. 

2. Smoothed IG output multiplied by Load Perturbation ǘƻ ŎǊŜŀǘŜ άhǳǘǇǳǘέ time series: The 

smoothed IG resource is computed by the same procedure used to find smoothed load. Its 

timestep value is multiplied by the load perturbation timeseries of Step 1 to create a desired 

shaped IG + ES output. 

3. ES makes up difference between IG and Output: The control signal to the ES is calculated by 

subtracting the instantaneous IG generation value from the shaped output curve. Positive values 

(overgeneration) result in charging of the ES or curtailment of the IG. Negative values result in 

discharging the ES. 

The above methodology produces a scaled IG + ES output curve that follows the smoothed trends of the 

IG resource and load perturbations of the provincial load over the period of interest. By scaled we mean 

that the IG + ES output may meet a portion or fully meet the load, depending upon the magnitude of 

installed IG generating capacity. By shaped we mean that IG + ES output tends to peak locally when the 

load peaks, valley when the load valleys, and follows the other perturbations of load shape throughout 

the period of interest. The smoothing/shaping period ranges from the 1 hour up to the full two years of 

available data; using a two-year smoothing window makes the IG +ES behave like a dispatchable 

generator providing a fixed (arbitrary) proportion of the provincial load.  

The above methodology is illustrated in Figure 10 for a 3-day smoothing/shaping period, with 7 days of 

data shown for clarity. The top plot shows the dynamic electrical load (blue solid) is smoothed over the 

3-day period to a smoothed load (blue dashed). The smoothed load can be seen to rise throughout the 

week with the average load profile. Dividing the load (blue solid) by the smoothed load (blue dashed) 

produces the load perturbation signal (orange), which ranges ±20%. The IG will be shaped using this load 

perturbation signal. 

Figure 10 bottom plot shows the IG resource (green dashed) is highly dynamic throughout the week and 

is smoothed over the 3-day period to a relatively constant smoothed IG (black solid) due to the lack of 

correlation between wind, solar, and tidal resources. The smoothed IG profile (black solid) is then 

multiplied by the load perturbation signal (orange, top plot) to create the desired IG + ES 

smoothed/shaped output (red dashed, bottom plot). 

Close examination of Figure 10 shows that IG smoothing (black, bottom plot) is achieved, which in a 

practical sense would greatly reduce the power ramp rates imposed on the DG which makes up 

deficiencies. The IG shaping results in the IG + ES output (red dashed, bottom plot) exhibit diurnal 

variations similar to that of load, without trying to achieve very long duration storage, such as would be 

required to shape to the smoothed load (blue dashed, top plot). This means that the model relies on DG 

to makeup gross average power deficiencies, such as would occur during a cloudy windless several days. 
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Figure 10 Example of the smoothing and shaping of the IG (bottom plot) to meet the dynamics of the load (top plot) This 
example is for 50% wind, 30% solar, and 20% tidal, with daily (3-day) smoothing. 

The Load-following control strŀǘŜƎȅ ƻǇŜǊŀǘŜǎ ǘƘŜ 9{ ƛƴ ŀ άŘŜǇƭŜǘƛƻƴ ƳƻŘŜέΦ ¢Ƙƛǎ ƳŜŀƴǎ ǘƘŀǘ ǘƘŜ 9{ ƛǎ 

initialized to a fully charged position. The final ὉὛ#ÁÐÁÃÉÔÙὉὛ%ÎÅÒÇÙȟ ÍÉÎ. The ES capacity is necessarily 

very large for longer smoothing periods to avoid excessive curtailment of the IG.  

Total system costs are calculated as the sum of installed IG capacity costs and ES costs (cost assumptions 

are presented in Section 3.4 on page 24). To minimize capital costs, curtailment of IG is allowed if it is 

more economic that purchasing increased ES capacity. To achieve this effect, the IG capacity is 

iteratively increased by a multiplier. The model is then re-executed to determine the new ES capacity, 

which will be reduced from previous iteration because of more IG resource potential; correspondingly 

the amount of IG curtailment will also increase. This process of increasing IG capacity, computing ES 

needs, and computing total capital costs is iterated until total capital costs stop decreasing with 

increased IG capacity. 

The ES energy depletion strategy is shown in Figure 11 for an example of 50% wind, 25% solar, and 25% 

tidal IG capacities. The storage depletion begins at 0 and progresses downward (discharge) to 

smooth/shape the IG. Two IG overproduction values are shown in the top plot: 1.02 (orange, 2% 

overproduction) and 1.042 (blue, 4.2% overproduction). It is evident that the blue ES energy depletion 
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line stays higher than the orange due to increased IG capacity. Importantly, this also reduces the 

quantity of ES required (seen from the increased minimum value of the blue line relative to the orange 

line). It often reaches zero energy depletion, at which point IR curtailment occurs (bottom plot). Each 

unique proportioning and smoothing/shaping period has a different result. 

 

  

Figure 11 IncreasinƎ ΨhǾŜǊǇǊƻŘǳŎǘƛƻƴΩ ŜŦŦŜŎǘƛǾŜƭȅ ƛƴŎƭƛƴŜǎ ǘƘŜ ǎǘƻǊŀƎŜ ŘŜǇƭŜǘƛƻƴ ǘƛƳŜǎŜǊƛŜǎ ŎǳǊǾŜΦ ²ƘŜǊŜ ǎǘƻǊŀƎŜ Ƙƛǘǎ л όŦǳƭƭȅ 
charged) IG curtailment occurs. Overproduction is incremented by 0.001. 

The results of this iterative process are shown in Figure 12 for a representative system, and clearly 

identifies apex points that minimize ES without causing gross IG curtailment. Using this Load-following 

control strategy a broad range of IG proportions can be tested. And each of these is unique to the 

smoothing duration specified (1 hour to 2 years). The output of this model and the control strategy is 

the necessary quantities of IG generation (MW/MWAvgOutput) and maximum storage depletion 

encountered during the 2-year modeling period, which dictates the ὉὛ#ÁÐÁÃÉÔÙ (MWh) specific to the 

generation mix and smoothing period. These values are then multiplied by the capital cost (Section 3.4, 

page 24) and summed to create a total IG + ES capital cost. Finally, results of each IG proportion scenario 

and smoothing/shaping period are presented based on the least capital cost optimization, which can 

trade increased IG capacity (and curtailment) for reduced ES capacity if it is more economic. 
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Figure 12 The 'Overproduction' parameter is incremented up for each combination of IG until the spilled fraction reaches 2.5%. 
This example is for 50% wind, 25% solar, and 25% tidal, with seasonal (3-month) smoothing. 

3.3 DG-ramp control strategy 
The worst ramp rates (MW/minute) of DG are increased by adding the uncorrelated ramps of IG output 

to the existing ramps in Load. An example is a condition in which load is increasing while IG power is 

decreasing. In this case the output of the DG must ramp up to higher power quickly, at a rate which may 

be above its limits, otherwise a brownout/blackout will occur. Alternatively, load can be decreasing 

while IG output increases, requiring the DG to ramp down quickly. This situation is very inefficient for 

DG, can reduce its output below contingency levels, or result in curtailment of IG.  

Setting hard limits on the maximum allowable ramp rates of DG provides the basis for a DG-ramp-

control strategy. This model requires incorporation of existing changes in Load, so the two years of Load 

data are used, and the absolute power scale of the investigation is dictated.  

The rapidity with which DG can increase or decrease their output to accommodate variations in IG and 

Load is critical to the operation of the system. To determine the ability of existing DG in Nova Scotia to 

ramp their output, the provincial-level aggregated load and existing wind IG data were used. By 

subtracting the wind IG from the provincial load, an historical record of the άƴŜǘ loadέ supplied by DG 

was created. Historical solar and tidal output was neglected as being a very small component of 

historical generation. A scatterplot of this historical DG ramp rate signal as a function of net load is 

shown in Figure 13.  
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Figure 13 Generation ramp rates (MW/10-min) as a function of quantity of generation (MW) 

The blue dots in Figure 13 shows individual 10-minute data points of DG ramp rates (ɲMW per 10-

minutes) on the primary y-axis vs. Net Load (MW) on x-axis for the 105,000 points of data in the study 

period. Additionally, black lines corresponding to the 99th, 90th, and 50th percentile ramps up and down 

are shown. The overall histogram of levels of net load is shown by the orange line, read on the 

secondary y-axis. Figure 13 suggests that the ability of the existing system to ramp is largely not a 

function of how much load is on the system, suggesting that specific thermal generators or hydro is 

conducting the large ramps. 

It was determined from Figure 13 that limiting DG ramps to ±50 MW per 10-minute period lies within 

the 99th percentile and represents nominal operating envelope of the existing DG. This means that the 

control strategy makes power ramp-rates imposed on the DG less than they are today, which is 

conservative and accounts for short-term DG retirements which reduce ramping ability. 

The DG-ramp control strategy operates to keep the DG ramps within ±50 MW per 10-minute period 

using the following procedure: 

1. Energy storage is initialized to neutral energy position (zero). It can then range positive 

(charged) and negative (discharged). 

2. ES operations are determined in response to the IG and DG generation and Load, insuring that 

loads can be met while keeping DG ramp rates within the limit of ±50 MW per 10-minute period. 

For example, if Load is increasing and IG is decreasing, the ES will discharge. Alternatively, if 

Load is decreasing and IG is increasing, the ES will charge to absorb the difference.  

3. DG output is ramped within its envelope in an attempt to return the ES to a neutral energy 

state. This best prepares the ES to respond to the next ramp event by having maximum charge 
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or discharge capability. Note that DG is not ramped to account for imbalance between Load and 

IG. 

The DG is ramped within an envelope using a proportional-derivative controller, with a map arrived at 

through trial and error given in Figure 14. This is a two input (four-quadrant) DG-ramp control method 

by which the DG ramp rate is decided based upon the immediate past ὉὛ%ÎÅÒÇÙ and the present net 

charge or discharge rate of the ES. As can be seen in Figure 14, the DG ramp is limited to ±50 MW per 

10-minute period and is reduced in magnitude as the ES approaches the energy neutral position.  

  

Figure 14 The DG-ramp control strategy uses a proportional derivative response map, using the quantity of energy in storage 
and the rate at which the storage is filling / emptying to determine how to ramp the DG. 

The net effect of the DG-ramp control strategy is as follows: 

¶ IG output goes to Load first, subject to minimum turn-down ability of the DG. 

¶ Any remaining IG goes to ES, provided ES is at below nominal (0) state of energy. 

o If the ES is above nominal state of energy, additional IG is curtailed. 

¶ Any remaining Load is met with the ES (no ramp or power limit) 

¶ The DG responds by attempting position the ES to the neutral energy position by ramping up or 

down  

o DG output is capped at instantaneous Load to avoid necessitating increased DG capacity 

due to ES management 

The output of this model and the DG-ramp control strategy is the maximum positive and negative stored 

energy deviations of the ES, specific to each quantity of installed IG type. The final required capacity of 

the ES system is the difference between maximum and minimum values: ὉὛ#ÁÐÁÃÉÔÙὉὛ%ÎÅÒÇÙȟ ÍÁØ
ὉὛ%ÎÅÒÇÙȟ ÍÉÎȢ  
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3.4 Capital cost 
One metric of evaluation is total system capital cost. Assumed installed costs of each system component 

(three IG types and storage) are provided to the model for evaluation of total system capital cost as a 

function of capacity of wind, solar, and tidal, along with the size of the ES.  

The following industry standard Canadian dollar (CAD) values are used:  

¶ Wind $2.2M/MWrated (based upon11) 

¶ Solar $1.8M/MW rated (based upon12) 

¶ Tidal $5.0M/MW rated (based upon average of the widely varying 13,14,15) 

¶ Lithium-ion batteries $0.54M/MWh (based upon16) 

A simplified capital cost assessment is completed to create an additional metric and provide guidance on 

ǘƻǘŀƭ LD Ҍ 9{ ƛƴǎǘŀƭƭŜŘ Ŏƻǎǘ άƻǊŘŜǊ-of-ƳŀƎƴƛǘǳŘŜέΦ Additionally, this installed cost value is divided by the 

energy produced over an assumed 20-year operating lifetime to determine one cost component of the 

effective electricity rate in $/MWh produced by the IG + ES system. A detailed costing study or lifetime 

cost of electricity analysis (including borrowing, profit, O&M, and decommissioning) is not completed. 

                                                             
11 Stehly T, Heimiller D, Scott G. 2016 Cost of Wind Energy Review. 2017;NREL/TP-6A20-70363. 
https://www.nrel.gov/docs/fy18osti/70363.pdf  
12 Fu R, Feldman D, Margolis R, Woodhouse M, Ardani K. U.S. Solar Photovoltaic System Cost Benchmark: Q1 2017 . 
NREL 2017;NREL/TP-6A20-68925. https://www.nrel.gov/docs/fy17osti/68925.pdf  
13 Allan G, Gilmartin M, McGregor P, Swales K. Levelised costs of Wave and Tidal energy in the UK: Cost 
ŎƻƳǇŜǘƛǘƛǾŜƴŜǎǎ ŀƴŘ ǘƘŜ ƛƳǇƻǊǘŀƴŎŜ ƻŦ άōŀƴŘŜŘέ wŜƴŜǿŀōƭŜǎ hōƭƛƎŀǘƛƻƴ /ŜǊǘƛŦƛŎŀǘŜǎΦ 9ƴŜǊƎȅ tƻƭƛŎȅ нлммΤофΥно-39. 
https://doi.org/10.1016/j.enpol.2010.08.029  
14 Segura E, Morales R, Somolinos JA. Cost assessment methodology and economic viability of tidal energy projects. 
Energies 2017;10:1806. https://doi.org/10.3390/en10111806  
15 TidalStream Limited. Costs. 2018. 
https://web.archive.org/web/20180814043127/http://www.tidalstream.co.uk/Costs/costs.html  
16 Energy Information Administration U. U.S. Battery Storage Market Trends. 2018. 
https://www.eia.gov/analysis/studies/electricity/batterystorage/  

https://www.nrel.gov/docs/fy18osti/70363.pdf
https://www.nrel.gov/docs/fy17osti/68925.pdf
https://doi.org/10.1016/j.enpol.2010.08.029
https://doi.org/10.3390/en10111806
https://web.archive.org/web/20180814043127/http:/www.tidalstream.co.uk/Costs/costs.html
https://www.eia.gov/analysis/studies/electricity/batterystorage/
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4 Results and parametric analysis 
The range of IG capacity proportions (Load-following control) or installed IG capacities (DG-ramp 

control) is parametrically evaluated using the models and the resultant metrics of ES capacity, total 

capital cost, proportion of load serviced by IG, and curtailment of IG are given. Results are presented 

separately for the two control strategies. Example timestep results are given to illustrate model logical 

decision making. Results and sizes are then given based on the performance throughout the entire 2-

year data period. 

4.1 Load-following control 
In Load-following control, all parameters are normalized by the average smoothed output of the 

combined IG+ES system (MWAvgOutput). The installed capacity (MW/MWAvgOutput) of each IG type (wind, 

solar, tidal) is calculated to produce the average output (MWAvgOutput) based on the 2-year capacity 

factors of each resource. For example, in a 100% tidal scenario, if tidal has a capacity factor of 50.2%, 

then 2 MW of tidal capacity will be required to produce 1 MWAvgOutput of the IG + ES.  If solar has an 

average capacity factor of 14%, then in a 100% solar scenario 7 MW of installed solar capacity will be 

required to produce the same 1 MWAvgOutput of the IG + ES. These are initial estimates and both 

ǉǳŀƴǘƛǘƛŜǎ ŀǊŜ ǎǳōǎŜǉǳŜƴǘƭȅ ŀŘƧǳǎǘŜŘ ōȅ ǘƘŜ ΨhǾŜǊǇǊoductioƴΩ ǇŀǊŀƳŜǘŜǊΣ ǘo compensate for energy 

consumed by round-trip-inefficiency of the energy storage system.  

The parameterization of the different IG types is thus constrained to a scale of 0 ς 100% for each 

resource, as indicated in Table 1. 

Table 1 Parameterization of relative quantities of Wind, Solar, and Tidal capacity for Load-following 

Evaluation Matrix Min Proportion Value Max Proportion Value Annual Capacity Factor 

Wind 0% 100% 37.4% 

Solar 0% 100% 14.4% 

Tidal 0% 100% 50.2% 
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4.1.1 Load-following timeseries results 
An example result for the Load-following control strategy is shown in Figure 15. This is for IG consisting 

of 50% wind, 30% solar, and 20% tidal with a 6-hour smoothing as described in section 3.2. A five-day 

period of operation is shown to illustrate various occurrences and includes Mar 7 where the ES capacity 

is set (the most energy depletion). 

Figure 15 [A] shows the IG resource (green) which is smoothed (black) and then shaped (red) to match 

load. Each midday experiences a significant IG peak caused by solar generation. Because the output 

function is shaped at short time scales to load fluctuations; a double peak can be seen on Mar 6, and 

evening peaks can be seen on most days. If the smoothing/shaping period is reduced (e.g. 1 hour) the 

output is shaped more like the IG resource; if the period is increased (1 day) the output is shaped more 

like the load. This is because the IG resource varies significantly over short timescales (minutes, hours) 

while the load varies diurnally with a morning and evening peak. Therefore, the choice of 

smoothing/shaping duration is a matter of focus/scope. The choice of short durations (hours) mitigates 

power variability in IG for electricity system control purposes. The choice of longer durations (days) 

ǎŜŜƪǎ ǘƻ ǎǳǇǇƭȅ ǘƘŜ ƭƻŀŘΩǎ ŜƴŜrgy needs using IG. 

Figure 15 [B] shows that the output (red) is met in-part directly from IG (green) and in-part from the ES 

discharging (blue). Over the two-year period 91% of the IG goes directly to the output, with the balance 

charging the ES and being released at a later time. The ES is discharging principally in the morning, 

evening, and overnight periods, and does not discharge midday because of the solar power (as it is 

charging, see plot [D]). The choice of IG proportions strongly affects the ES operations (charge, 

discharge, standby) with respect to time of day due to the significant IG resource dynamics (e.g. solar 

requires charging during daytime). Load has a much less dramatic influence on ES operations with 

respect to time of day. 

Figure 15 [C] shows the components of the IG resource (green dotted). The directly used IG output (light 

green solid) constitutes the majority. A portion goes from IG to ES for charging (plus signs) and some IG 

is curtailed (dark green solid). Charging of the ES principally occurs in the morning due to solar, although 

it also occurs in other periods due to ramp-up of wind and tidal. IG curtailment occurs in the afternoon 

and reduces as the sun sets. Note that charging and curtailment are exclusive; this is because the ES 

power is not limited. This is reasonable because the ES size in MWh/MWAvgOutput is large (see energy 

depletion of Plot [D]). Overall the curtailed fraction for the two-year data period is 1.3%. In general, 

most of the IG either directly supplies load or is curtailed; with only a smaller proportion passing 

through the ES regardless of size of smoothing/shaping duration. 

Figure 15 [D] shows ES operation composed of positive charging power by IG to ES (green), negative 

discharging power to load (blue solid) and the integrated energy depletion position (blue dotted, 

secondary y-axis) caused by the net charging and discharging. Charging is exclusive to discharging. 

Energy depletion becomes more positive when charging and more negative when discharging. Near 

midday the energy depletion reaches zero, at which the ES is fully charged, goes into standby mode, and 

IG curtailment occurs. The lowest energy depletion of the 2-year data period occurs on Mar 7 at -3.9 

MWh/MWAvgOutput (red circle). Because the total ES operating span is 3.9 MWh, this is the necessary 

rated capacity to support the smoothing and shaping of IG to achieve an annual average 1 MWAvgOutput 

that is shaped to load. Because the ES charging and discharge power reaches maximum values of 
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±1MW/MW, this ES would be referred to in the energy storage industry as a ά4-hour energy storage 

systemέ (4 MWhcapacity / 1 MWpower rating = 4 hourES system). 

The results of Figure 15 [D] ƛƴŘƛŎŀǘŜ ǘƘŀǘ ǘƘŜ 9{ ƛǎ άŜȄŜǊŎƛǎŜŘέ ōȅ ŎȅŎƭƛƴƎ ŀ ǎƛƎƴƛŦƛcant amount (~50% 

capacity) each day during this period, equal to hundreds of cycle-equivalents per year. Shorter 

smoothing/shaping periods will cause greater cycle-equivalents of the ES and longer periods will cause 

less. The uncorrelated nature of the three IG resources (wind, solar, tidal) and their coincidence with 

Nova Scotia electrical load are such that 6 hour smoothing and shaping caƴ ōŜ ŀŎƘƛŜǾŜŘ ōȅ ŀ άп ƘƻǳǊέ 9{ 

system. The results presented in Figure 15 are valid only for this IG proportioning scenario over the 6-

hour smoothing and shaping period. A broad range of proportions and periods were analyzed and each 

produced timestep results similar to Figure 15, but for the complete 2 years of data. The summary 

results of these parametric variations are presented in the following section. 
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Figure 15 Timeseries of Load-following control the scenario of 50% wind, 30% Solar, 20% Tidal with a 6-hour smoothing/shaping 










































