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Abstract

PV, Wind and Space Heating Electrification Utilization
Analysis for a Small Canadian Arctic Hybrid Microgrid

Thomas Paulin-Bessette

Canadian Arctic remote communities mostly rely on diesel gensets (DGSs) to produce electricity,
which is expensive and emits greenhouse gases (GHG) that pollute the environment and affect the
air quality. These communities can utilize their renewable energy (RE) potential to reduce both
their fuel consumption and the associated GHG emissions.

In the first part of the project, the potential of PV and wind turbines (WTs) is evaluated. The PV
utilization analysis results in a contribution of nearly 22% of the yearly community energy
requirement and diesel savings of up to 18% with a rated PV power of 200 kW or 125% of the
community load peak power. As for the analysis of the wind system, the renewable energy
contribution reaches close to 36% alongside fuel savings of 29% for three 25 kW WTs. When
combining PV and WTs, the portion of energy supplied by the renewable energy (RE) system
reaches 44% along with 36% fuel savings. However, when including RE to the microgrid, its
penetration, or percentage of total energy provided by PV, and its associated fuel savings are
limited by curtailment, to prevent the DGSs from operating with low loading.

The second part of the project evaluates the addition of electric thermal storage (ETS) to the
microgrid, which allows for recycling excess (curtailed) RE production to electrify a portion of the
heating requirements of the community which is currently oil-based. When pairing ETS units with
WTs and PV, the RE curtailment is significantly reduced and can be lowered by up to 90% when
ETS units are installed in all the houses of the considered community. Lastly, ETS units can
increase the total fuel savings and associated GHG emissions by 46%, when compared to the first
part of the study.
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Chapter 1 - Introduction

1.1. Problem Statement and Proposed Solution

Canada has hundreds of remote communities, most of them Indigenous, that mainly rely on diesel
to generate electricity, which is expensive, has an impact on the environment and affects air quality.
The addition of RE in these communities can help reduce GHG emissions, provide healthier living
conditions for the locals and savings to the communities [1], [2], [3]. This project follows the work
done in [4], a generic study that aims to increase the penetration of PV (portion of energy supplied
by PV) in a small Canadian Arctic PV-diesel hybrid microgrid to provide more RE energy thus
reducing the pollution and GHG emissions while providing fuel savings that can be reinvested in
the community. The first purpose of this study is to evaluate the effect of adding WTs, a new RE
source, in the model presented in [4] and further reduce the GHG emissions associated to diesel
compared to the original scenario.

Next, a second part of the study considers the electrification of space heating by installing ETS
furnaces and charging them with excess RE production. Since RE production does not always
match the load demand, some of it may be curtailed, or go to waste when there is no storage element,
as in the first part of the study. This section will assess the potential of adding ETS units to both
recycle the excess RE production that was wasted in the first study and use it to electrify a portion
of the heating requirements of the buildings of the community, thus reducing the consumption of
heating oil and the associated GHG emissions. The parameters considered in the study are: 1) RE
penetration, 2) RE curtailment and 3) Diesel and Heating Oil fuel Consumption.

1.2. Thesis Contribution

The first part of the project will aim to answer challenges in the topic of combining WTs and PV
in Arctic conditions that were identified through a literature review [5], [6], [7]. Among the
identified issues, those considered in this study are detailed in the following sentences. First, RE
integration studies for Arctic regions which consider existing systems suitable for arctic conditions
are scarce. Indeed, microgrids located in Arctic regions are faced with unique challenges and
require specific equipment that can sustain extreme cold and that is of reasonable size to be
transported there, since some communities are only accessible by winter ice roads, by barge or by
plane. Therefore, when assessing the potential of RE integration in Northern microgrids, it is
essential to consider equipment and technology that is suitable for Arctic conditions. Additionally,
there is a need to conduct location-specific studies because the best combination of PV and WTs
is highly affected by the correlation between these energy sources and the load demand of the
community. Furthermore, these communities all differ in terms of size, structure, geographical
location, renewable resource availability and more [8]. Therefore, there is no unique solution to
reduce their dependency on diesel and more cases configurations must be studied. The model
developed in this study is modular and could be reused to evaluate the potential of RE integration
for different communities with unique load profiles and RE resources. Lastly, there is a lack of

1



studies in the literature which include thermal loads as part as decarbonization scenarios and
pathways for remote arctic microgrids. Indeed, in northern remote communities, thermal loads
represent higher energy consumption than the electric grids powered by diesel generators [9], [10]
and should therefore be considered when trying to reduce GHG emissions.

To evaluate the potential for RE integration in remote Arctic microgrids, different scenarios, with
either WTs only or a combination of PV and WTs, are considered to reduce fuel consumption.
However, RE added to microgrids can be curtailed due to its mismatch with the electricity demand
as well as to the minimum loading requirement of Diesel Gensets (DGSs), limiting fuel savings.
This curtailment, or capping of production, increases with more RE, especially for photovoltaic
(PV) systems. Therefore, additional aspects, such as panel tilt and orientation, are also studied to
determine if they can increase the penetration while limiting the curtailment of RE. All the power
system elements modelled in this study are based on commercially available devices to ensure that
the study is realistic and allows for the methodology to be applied in a real-life scenario.

Next, the thesis proposes a methodology to model the combination of space heating electrification
and RE integration in an Arctic microgrid, where excess RE production is recycled to heat buildings.
First, a detailed methodology was applied to model the yearly space heating requirements of a
community using EnergyPlus based on satellite imagery, weather datasets and typical Arctic
building models. Then, this thesis introduces Electric Thermal Storage (ETS), to supply a portion
of the heating requirements of the community by recycling excess RE. Based on a thorough
literature review of ETS modelling [10], [11], [12], [13], [14], [15], [16], [17], [18], [19], a lack
of study in that field was identified. More specifically, studies evaluating the potential of ETS units
in Arctic microgrid are scarce. Also, some of the identified models and studies do not consider the
core temperature of ETS units, which has a direct effect on the heater’s standby losses and available
output power at a given moment. Both these elements are detailed and considered in the study.
Lastly, studies considering the electrification of space heating in remote Arctic communities are
essential to help with the overall decarbonization of these microgrids because heating represents a
majority of their energy needs for buildings [9] and, in a great majority of cases, it is entirely
generated with fossil fuels [20].

1.3. Thesis Outline

The technical content of the thesis is separated in three chapters. Chapter 2 describes the Diesel-
RE hybrid microgrid model used for the study. It presents the input data used, the power system
specifications, the microgrid control system and the model representation in MATLAB Simulink.
Then, Chapter 3 presents the low penetration RE analysis, of a system with PV and/or WTs, without
storage or load-side management. In this chapter, Diesel-PV, Diesel-WT and Diesel-PV-WTs
configurations are considered. Some strategies aiming to reduce the curtailment of the PV system
are also studied. Lastly, Chapter 4 proposes the electrification of a portion of the space heating of
the community to recycle the excess RE production. The chapter contains the community space
heating load modelling, the ETS modelling and how it is implemented in MATLAB Simulink as



well as an analysis of the results obtained when considering space heating electrification in a
remote Diesel-PV-WT hybrid microgrid.



Chapter 2 - PV-Wind-Diesel Hybrid Microgrid Model

2.1. Input Model Data
2.1.1. Lumped Power Load

The yearly minute-level electrical load profile of the community is the same one used in [4]. The
profile is presented in Figure 1; it has a minimum of 30 kW, an average of 73 kW and a maximum
of 160 kW. The yearly community energy demand of the community is 639 MWh. Without RE,
the yearly fuel consumption of the diesel power plant is 184 kL. The load profile considered in the
study includes appliances and lighting. Thermal loads, such as space and water heating, are not
part of the dataset since they are oil-based in this community. The increase of the electric demand

during winter can be explained by the fact that more lighting and usage of the appliances is required
when the days are shorter.
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Figure 1 — Yearly Load Demand Profile

2.1.2. Weather Information

A yearly hour-level TMY solar irradiance profile from a small Canadian Arctic community (61° 6'
0" N, 94° 4' 12" W) is used for the PV system [21]. It is resampled to minute-level, using cubic
interpolation, to match the load profile used in the simulation. A translation algorithm from PVLIB
Python was used to obtain incident panel irradiance datasets. The first scenario considered is with
south-facing panels with optimal tilt to maximize the yearly production. In the rest of the text, this
scenario will be identified as Optimal South (OS). The angle of 48.8° was determined by testing
numerous optimal tilt angle models presented in [22]. For the location considered in this study, the
model which provides the most PV production is given by,

B = 7.203° + 0.6804(¢d) (1)

where 3 is the panel tilt angle and ¢ is the latitude. The obtained incident irradiance profile is
presented in Figure 2. The OS PV scenario has a maximum irradiance of 1141 W/m?. It is the main
input to the modelled PV system. A yearly hour-level temperature profile obtained from the same
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TMY dataset is used in the model as an input to the PV system. A yearly hour-level wind speed
profile from a Canadian Arctic community is obtained from Weather Canada [23], is used for the
WT system. At the measured altitude of 18.6 m, the wind profile (Figure 3) has a yearly average
speed of 5.84 m/s.

The simulation is done for a one-year period with a one-minute time step. As for the solar irradiance
datasets, the wind speed data were resampled to minute-level, using cubic interpolation, to match
the load profile.
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Figure 2 — Yearly Irradiance Profile — Optimal Tilt (48.8°)
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Figure 3 — Yearly Wind Speed Profile

2.2. Power System Specifications

CanmetENERGY-Varennes has developed a MATLAB/Simulink toolbox [24] for PV-based
hybrid microgrid system simulation which has been used previously to model remote microgrid
systems in [2], [25]. It is used to model elements of the power system considered in this study. The
proposed system is presented below, in Figure 4.
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Figure 4 — Diagram of Modelled Power System

It consists of two diesel generators, one of 100 kW and the other of 150 kW, which supply the
electric load demand of the community. To reduce the diesel consumption, the power plant is paired
with both PV and WT systems. The PV system includes PV panels as well as inverters with power
curtailment features. As for the WT system, it includes WTs and a dump load, to dissipate excess
production. Lastly, a microgrid control system is required to match the power generation to the
load demand and send curtailment signals to the RE systems when required.

2.2.1. Solar PV System

The PV system considered in this work consists of an array of PV modules connected to grid
inverters. When there is no curtailment, the inverters use maximum power point tracking (MPPT),
which convert the maximum available DC power from the PV system to AC power provided to the
microgrid. The input power (Pir) corresponds to the DC input power produced by the PV system
which is a function of the incident solar irradiance and temperature. The input DC power is also
limited by the inverter’s maximum AC output (Prom). The relation between P and AC output
power converted by the inverter (Pout) 1s given by,

2

(Pi >:k2(Pout) _|_k1(P0ut)+k (2)

Pnom PTlOTYl Pnom

Where k, k1and k2 are losses coefficients obtained from the inverter efficiency characteristic curve
based on tests ran by the California Energy Commission [26]. The PV system has been modelled
considering the Enphase M250 Microinverter [27] and the Eclipsall NRG 60M 250M solar panel
[28].



2.2.2. Wind Energy System

To ensure that the study is more realistic and applicable in a real-life scenario, the WT power
system was modelled considering commercially available WTs suitable for Arctic conditions.
Experts from CanmetENERGY-Ottawa developed a list of WTs fit for arctic conditions. These
devices are equipped with de-icing mechanisms and components that work in extreme cold.
Considering the electrical load profile of the small community, the identified WT is the Eocycle
EOX S-16, rated at 25 kW [29]. To convert the wind speed measured at ground-level in the
community to the wind speed at hub height of 23.8 m, taken from the data sheet, a wind speed
multiplier (WSM) was calculated considering a small community with hilly surroundings. For this
specific study, an average wind speed at hub height of 7.01 m/s is obtained. The WSM is
implemented in the wind power system model. The WT is modelled as a set of 2™ or 3™ order
equations which link the input wind speed to the power output based on the WT’s power curve.
Each equation has a coefficient of determination (R?) of at least 0.99 in relation with the data points
obtained along with the power curve. The set of equations and the power curve are shown in Table
1 and Figure 5, respectively. For the given wind speed profile at hub height and the power curve,
19.6% of the data points are under the WT cut-in speed of 3 m/s and 0.4% are over the WT cut-off
speed of 20 m/s.

Table 1 — Equations Used to Model Wind Turbine

Wind Speed (m/s) Power Qutput equation (kW)
0-3 y=0

3-5 y = 0.6657*x? - 2.7757*x + 2.7906
5-7 y = 0.6686*x2 - 2.8709*x + 3.1783
7-9 y =-0.7914*x2 + 17.449%x - 67.542
9-11 y =-0.7371*x> + 16.707*x - 65.256
11-13 y =-0.5486*x> + 12.698%*x - 43.982
13-15 y =0.5029*x? - 16.412*x + 156.78
15-17.5 y = 0.4104*x> - 19.584*x2 + 308.9*x - 1588.2
17.5-20 y=19.14

Over 20 y=0

Power (kW)

0 2 4 6 8 10 12 14 16 18 20
Wind Speed (m/s)

Figure 5 — EOX S-16 Power Curve



2.2.3. Diesel Generator

The diesel plant consists of two DGSs: one of 100 kW and another of 150 kW. The inputs to the
DGS model are: 1) the on/off command based on a DGS dispatch strategy defined in Table 1 and
2) the required DGS power output. The DGS power depends on the instantaneous load demand and
the curtailment algorithm for the PV and WT systems defined further in the text. The rated power
output of the DGSs is affected by temperature and pressure [30]. P,gteq 1S the maximum output
power (kW) obtained when testing the device in a specific location, with an atmospheric pressure
DPratea and a temperature Tp4¢0q (K). The following equation allows to obtain an adjusted rated
power P, the value used in this study, for the specific location where the DGS is installed.

Piocation . Trated (3)

Padj = Pratead ’ T
rated location

The rated powers of the DGSs are adjusted based on temperature and pressure values specific to
the location where they are installed. Test reports for each of the gensets installed were obtained
from the local utility.

These results were used to generate a normalized fuel consumption profile for both DGSs. The

relation between fuel consumption, F' (L/h/kWratea) and normalized power, P is given by,

F = 0.0281P% + 0.1837P + 0.0516 4)

2.3. Microgrid Control System

2.3.1. Diesel Generator

The instantaneous power supplied to the grid by the diesel power plant is given by,
Powerpiesel piant = Load Demand — Powertpy Lyt (5)

When both DGSs are on at the same time, the power output is split based on a proportion of their
rated power. As the demand of the DGS power plant varies, different DGS combinations are
dispatched so the DGSs operate as close as possible to their rated power which generally leads to
higher efficiency. The MATLAB Stateflow toolbox is used to implement a generic DGS dispatch
strategy (Table 2) which is typically used by the utility. Underloading is defined as operating a
DGS under 30% of its rated power [31] and is prevented by the DGS dispatch strategy.

Table 2 — Diesel Generator Dispatch Strategy

Rated Power (kW) | Generator Combination (G1 =100 kW, G2 =150 kW) | Transition Criteria (kW)
100 to 150 Gl to G2 Pout > 90
150 to 100 G2 to Gl Pout <85
150 to 250 G2to Gl +G2 Pout > 135
250 to 150 Gl +G2to G2 Pout <130




DGS manufacturers [32] consider that underloading periods longer than 15 minutes should be
avoided. To avoid underloading, curtailment for the RE systems is introduced.

2.3.2. Power Curtailment

Power curtailment for the PV system is first calculated considering the minimum loading
requirement of the DGS. Then, if the PV output is curtailed down to zero and the minimum loading
of the DGS has still not been reached, the WT output power is curtailed. This strategy is chosen
because the curtailment of the selected WT requires a dump load for the excess WT generation. On
the other hand, the PV curtailment can be done by controlling the inverter. For simulations with
either only PV or only WTs, the algorithm is adjusted accordingly. The curtailment algorithm used
in this study is presented in Table 3. When using the curtailment algorithm in the model, simulation
results show that all underloading periods last less than 15 minutes.

Table 3 — Power Curtailment Algorithm

1) If Load Demand - Power WT - Power PV MPPT >= DGS Min Load Requirement: No RE curtailment.
If condition is not satisfied, go to 2).

2) If Load Demand - Power WT - Power PV MPPT < DGS Min Load Requirement: Power PV is curtailed
until Load Demand - Power WT - Power PV Supplied >= DGS Min Load Requirement. If condition is
still not satisfied when Power PV Supplied reaches 0, go to 3).

3) After fully curtailing the PV production, curtail WT production (through dump load) until Load
Demand - Power WT Supplied >= DGS Min Load Requirement.

For example, if the load demand is 100 kW and the MPPT PV production is 35 kW while the WTs
produce 30 kW, the 100 kW DGS (G1) will provide the remaining 35 kW. In this case, 35 kW is
higher than the minimum loading requirement of G1. Therefore, no RE curtailment is required. On
the other hand, if the load demand is 40 kW and the PV and WT systems produce 20 kW and 15
kW respectively, RE curtailment will be required. In this case, the PV will first be totally curtailed
to 0 kW supplied. Next, 5 kW of the WT production will be sent to the dump load while 10 kW is
supplied to the grid. Lastly, the 100 kW DGS (G1) will supply the remaining 30 kW, which respects
its minimum loading requirement.

2.3.3. Implementation Considerations for Real-Life Scenario

This section has the objective of making the control strategy presented in this study applicable in
a real-life scenario. It details specific methods and components that could be used to apply the
presented strategy to a microgrid controller. First, a measure of the total load demand of the
microgrid, which is available from the meter of the DGS plant, is required. Then, DGS monitoring
and control can be done using a DGS controller, such as the Kohler —- SDMO APM403 [33], which
allows to control and measure the power output of a DGS and to send on/off commands. To apply
the curtailment algorithm to the WT and PV systems, specific devices are needed. For the PV
system, inverters can be controlled to reduce the DC reference of solar panels to limit the DC power
output [34]. For example, Schneider Electric CL Series inverters [35] can curtail PV output using
this technique. As for a WT system, the power curtailment can be implemented with a dump load
where excess power generation is sent [36]. The dump load should be rated for the maximum output



of the WT system, which is 29.5 kW by WT is this scenario. WT controllers such as the Mika-
Teknik WP4100 MK II [37] allow for dump-load control.

2.3.4. Assumptions for the Analysis

The analysis done for this study focuses on energy with steady-state models. The turn-on and turn-
off times and related fuel consumption of gensets are neglected. Inverters are assumed to be
identical with similar inputs resulting in similar output power production for each unit.

2.4. MATLAB Simulink Model Representation

This section presents MATLAB Simulink model based on the elements and control systems
defined in sections 2.2 and 2.3. First, Figure 6 presents the diesel genset model.

Power [P150]
[D150] Demand -

Uptime [Up150]
[D1500n] on/off Signal
ro
Ta ———» T
E [E150]

Figure 6 — Diesel Geﬁéf;ttor Métléb Simulink Model

The genset object is part of the PVToolbox [24] and represents the behaviour of the diesel generator
based on a fuel curve obtained from the utility (equation 4). The input values to the block are the
demand to be supplied by the DGS (D150) after calculating RE curtailment, a turn-on/off signal
(D150on) and the ambient temperature (Ta). The output values of this block include its
instantaneous power generated (P150), its cumulative runtime (Up150), its total fuel consumption
(FC150) and its cumulative energy produced (E150). Then, Figure 7 shows the PV and WT
Curtailment Controller model.
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Figure 7 — PV and WT Curtailment Controller MATLAB Simulink Model

This block contains a MATLAB function block that calculates the maximum allowed power for
the PV (P_PV_Max) and WT (P_WT_ Max) system, based on the curtailment algorithm described
in Table 3. The required inputs are the power generated by the PV and WT systems (Pv and Pwt)
for given meteorological conditions, the load demand (Load Demand) and the minimum loading
requirement of the DGS (min_load). Next, Figure 8 presents the PV System model.

[Irradiance]

PV_Pdc [Pdc]
PV_Pac_APC [Ppv]
T PV_Pac [Ppv_total]
NS

Solar_Temperature1 PV_Eac [EPV]
PV_Epot <[EPV_total
[P_PV_Max] Max_P_PV

Portion_PV_Pac_Curtailed — - [Portion_Ppv_Curtailed]]

— P Irradiance

Irradiance *

— CLK

PV System
Figure 8 — PV System MATLAB Simulink Model

This system is modelled based on a PV at MPPT object from PVToolbox [24] and GridInverter
block to convert the DC power output of the PV panels to AC. It takes solar irradiance (Irradiance)
and the ambient temperature (Ta) as inputs, as mentioned in section 2.1.2. The block calculates
both the total potential PV production (Ppv_total and EPV _total) and what is actually produced
(Ppv and EPV) considering the curtailment algorithm (Figure 7) and the associated P PV_Max.
Therefore, the block can calculate what amount of the production is curtailed. Lastly, CLK
represents the clock signal of the simulation, which is used to access specific data (irradiance, wind
speed, ...) at a given timestamp. Figure 9 shows the WT system model.
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—®| CLK wind speed f———» wind speed
WT Pac_curtailed
Wind_Speed1 WT_Eac_total [EWT _total]

r WT_Pac_total [Pwt_total]

Portion_WT_Pac_Curtailed Portion_Pwt_curtailed

WT System
Figure 9 — WT System MATLAB Simulink Model

The WT system block contains a MATLAB function block which calculates the output power
based on the wind speed, as defined in Table 1. The block takes wind speed data as an input, as
defined in section 2.1.2. It also requires the maximum allowed power supplied by the WT system
(P_WT Max) Similarly to the PV system block, both the total potential WT production (Pwt_total
and EWT total) and the real production (Pwt and EWT), based on the curtailment algorithm, are
calculated. Lastly, Figure 10 presents the DGS dispatch strategy model.

e ™

D1000n [D1000n]

D w D1500n [D1500n]
[Met_Load] 32— demand
t O D100 [D100]

D150 [D150]

. A

Figure 10 — Simulink Stateflow Block for Diesel Genset Dispatch Strategy

hada

This block represents the logic used to dispatch the different diesel generators based on the load
demand and allowed renewable energy production. It follows the limits defined in Table 2.
Net Load represents the demand to be met by the DGS considering the instantaneous RE
production and curtailment, if required. D100on and D1500n represent the turn-on/off signals sent
to the DGSs while D100 and D150 dispatch the power to be produced by the DGSs.
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Chapter 3 - Renewable Energy Low Penetration Utilization Analysis

In this chapter, different RE configurations are tested, using the MATLAB Simulink model
presented in the earlier section, to assess their potential to reduce the fuel consumption and GHG
emissions of the community. This part of the study is labelled as a low penetration of RE analysis
since no storage or load-side management is considered in the following scenarios. The simulation
scenarios consider the following combinations of power generation systems: 1) DGSs + PV, 2)
DGSs + WTs and 3) DGSs + PV + WTs. The results are presented in the following subsections.

To quantify how the RE production matches the load demand of the microgrid, the correlation
between these datasets is studied. The Pearson Correlation Coefficient (PCC) is a number between
—1 and 1 that measures the strength and direction of the relationship between two variables. The
PCC is first calculated between the instantaneous power values of the RE production, before
curtailment, and the load demand throughout the year to evaluate their overall match. For example,
if the load demand were concentrated during the daytime and peaked around noon, it would have
a highly positive correlation with PV production. However, since the PCC does not consider the
magnitude of the datasets, it cannot identify whether periods of high production and high demand
are correlated throughout the year. Therefore, to assess whether the RE production and the load
demand tend to vary similarly over longer periods of time, the PCC is calculated for datasets
containing the monthly amounts of energy provided by the RE systems and the one required by the
microgrid.

3.1. Diesel-PV Original Scenario

The first scenario considers a Diesel-PV power plant. The simulations are executed with PV arrays
ranging from 2.5 to 200 kW, in steps of 2.5 kW. The summary of the simulation results for the
Diesel-PV system is presented in Table 4. The addition of PV to the diesel plant yields significant
fuel savings and PV penetration. However, when adding more and more PV, the savings, for each
additional 2.5 kW of PV, get smaller due to the important increase in curtailment of the RE system.
Then, Figure 11 presents the monthly normalized energy demand of the community compared to
the PV production. It shows that, overall, the PV production tends to increase while the energy
demand of the community reduces during the summer and vice versa for the winter months.

Table 4 — Simulation Results for Diesel-PV Configuration

PV Installed (kW) 2.5-200

PV Penetration (%) 0.5-22

PV Curtailment (%) 0-50.5

Fuel Consumption Reduction (%) 0.5-18
Load vs. PV Power Correlation +0.17
Load vs. PV Monthly Energy Correlation -0.40
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Figure 11 — Monthly Normalized Energy Demand vs. PV Production

First, there is close to no correlation between the minute-level PV production and the load demand.
However, there is a substantial negative correlation between the monthly PV energy produced and
the monthly energy required by the community. That result is confirmed when observing Figure
11. Next, Figure 12 shows the monthly PV energy supplied and curtailed for a PV system of 120
kW. The negative correlation between the monthly PV energy produced and energy required by
the community leads to high PV curtailment, mostly during the summer (Table 5). In this example,
the annual PV curtailment is 31%.
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Figure 12 — Monthly PV Energy Supplied and Curtailed for 120 kW

Table 5 — 120 kW PV — Monthly Percentage of PV Production Curtailed (%)
J F M A M J J A S o N D
2.5 8.2 27.1 | 34.8 | 43.8 43.0 373 | 347 | 23.1 | 152 5.7 0

Next, Figure 13 and Table 6 show the portion of energy supplied by the PV system and the diesel
power plant for the same configuration of 120 kW of PV. The yearly fuel savings associated to the
PV system are 28 kL (15%).
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Figure 13 — Monthly Portion of Energy Supplied for DGS + 120 kW of PV

Table 6 — 120 kW of PV — Monthly Percentage of Energy Supplied by PV
J F M A M J J A S o N D
7.0 | 169 | 252 | 299 | 29.5 29.2 27.0 | 24.1 | 17.6 | 10.8 8.9 4.0

As expected, the PV system provides more energy to the grid during the sunnier months of the
year and much less from October to January.

3.2. Introduction of WTs to the Study

The second scenario considers a Diesel-Wind power plant. The simulations are executed with 1 to

3 WTs, each rated at 25 kW. The simulation results for the Diesel-PV system is presented in Table
7.

Table 7 — Simulation Results for Diesel-Wind Configuration

Number of WTs (25 kW each) 1-3

WT Penetration (%) 18 —36

WT Curtailment (%) 4-35

Fuel Consumption Reduction (%) 15-29
Load vs. WT Power Correlation +0.10
Load vs. WT Monthly Energy Correlation | +0.67

Once again, there is no clear correlation between the instantaneous power produced by the WT and
the load demand of the community. However, when considering longer periods of time, the
correlation is much higher. Indeed, there is a high positive correlation between the monthly WT
energy produced and the energy required by the community. This leads to increases in fuel savings
and RE penetration when compared to the PV system while also maintaining the curtailment much

lower. Then, Figure 14 presents the monthly normalized energy demand of the community
compared to the WT production.
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It indeed shows a clear correlation between the energy demand and the energy produced by the
WT system unlike for the PV system. Next, Figure 15 and Table 8 present the monthly energy
supplied and curtailed for a power plant which included one WT. In this example, the fuel savings
are the same as for with 120 kW of PV (15%). However, the WT production is curtailed slightly
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Figure 14 — Monthly Normalized Energy Demand vs. WT Production
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Figure 15 — Monthly WT Energy Supplied and Curtailed for | WT
Table 8 - Monthly Percentage of WT Production Curtailed (%)
J F M A M J J A S o N D
0 0 0 0.2 8.3 14.4 9.9 7.7 7.9 2.1 0.2 0.1

For a single WT, there is close to no curtailment during the months of November to April, when
the load demand is at its highest. Lastly, Figure 16 and Table 9 present the detailed monthly amount

of energy provided by the WT and the diesel power plant for the same configuration.
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Figure 16 — Monthly Portion of Energy Supplied for DGS + 120 kW of PV

Table 9 - Monthly Percentage of Total Energy Provided by 1 WT (%)
J F M A M J J A S o N D
158 184 | 17.2 | 19.7 | 19.2 15.0 18.8 | 20.1 | 19.1 | 173 | 147 | 204

Unlike for the PV system, the WT provides an even portion of energy to the grid throughout the

year. On a yearly basis, the 25 kW WT provides 17.6% of the total energy required for the
community.

3.3. Combining PV With WTs

Lastly, the third scenario considers a Diesel-PV-Wind power plant, with PV ranging from 2.5 to
200 kW alongside 1 to 3 WTs. The summary of the simulation results are shown in Table 10. When
combining PV with WTs, PV is curtailed first, As mentioned in section 2.3.2. The WTs are only
curtailed when the PV is totally curtailed (0 kW supplied). Therefore, the curtailment results for
WTs are the same with or without PV systems.

Table 10 — Simulation Results for Diesel-PV-Wind Configuration

PV Installed (kW) 2.5-200

Number of WTs 1-3

Total RE Penetration (%) 18 -44

PV Curtailment (%) 4-80

WT Curtailment (%) 4-35

Fuel Consumption Reduction (%) 16 — 36

Load vs. RE Moqthly Energy 10,65 - -0.33
Correlation

Combining both sources of RE allows to increase penetration and fuel savings when compared to
scenarios with only one source of RE. However, the same issue resurfaces when adding more PV;
the correlation between the energy demand and the RE production decreases and the curtailment
increases, mostly during the summer months. This phenomenon can be shown in Figure 17, which
presents the monthly PV energy provided and curtailed for different scenarios with one WT and
PV arrays of 50, 100 and 150 kW. The dark bars represent energy supplied while the light ones
show energy curtailed. The sum of both bars represents the monthly energy produced by the PV
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system considering MPPT. The PV production and curtailment increases for warmer months when
there are more peak-sun hours (Figure 2), which also corresponds to the time of the year where the
load is at its lowest (Figure 1). This leads to a significant PV curtailment for those periods. For
example, the PV curtailment for the month of May is 34%, 57% and 69% for the three PV capacities.
Furthermore, since the PV curtailment is calculated first, considering the load demand and the WT
production, additional WTs would also lead to higher PV curtailment.

351
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Months
Figure 17 — Monthly PV Provided and Curtailed for Scenarios with one WT + 50 (Blue), 100 (Red) and 150 (Green) kW PV -
Optimal South47

Then, Figure 18 shows the annual fuel consumption of the diesel power plant. When observing the
slope of the different curves, which correspond to the addition of more PV, and the jump between
the curves, which correspond to adding more WTs, one can note that the most significant reductions
in fuel consumption occur at lower PV capacities and with the first wind turbine added to the
system. When adding more RE, the fuel savings increase, but the gain from each additional RE
equipment installed gets smaller. This is first related to the decrease in fuel efficiency of the DGSs
(Figure 19) which are forced to operate further from their rated power and maximum efficiency. It
is also related to the increase in curtailment. Since the system curtails the PV system first, the WT
curtailment remains the same as in the Diesel-WT configuration. For 1 to 3 WTs, the curtailment
is 4%, 18% and 35%. However, the PV curtailment is increased, as shown in Figure 20. Next,
Figure 21 shows the combined RE curtailment for configurations with PV and WTs. Lastly, Figure
22 presents the penetration of RE which is also affected by the RE curtailment. In this setting, WTs
are much more effective in terms of energy provided by kW installed than PV panels.
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When combining PV and WTs, the fuel consumption is reduced compared to the scenario with WT
only. However, when increasing the number of WTs, the curtailment for both sources of RE
increases significantly, which makes these systems less cost-effective. The PV curtailment is at
least 4%, 28% and 48% when PV is combined with one to three WTs.

Consequently, different methods are investigated to increase the match between the energy demand
and the PV production. Since there is no storage considered in this part of the study, the objective
is to match the instantaneous RE production with the load demand to increase the PV penetration
and limit curtailment thus increasing the fuel savings.

3.4. Considerations to Improve the Performance of the PV System

3.4.1. Panel Tilt to Maximize Winter Production

To increase the PV penetration during winter months, when there is little PV curtailment due to the
high load and low solar irradiance, a new panel tilt of 76.1° (latitude + 15°) which maximizes
winter production [38] is considered. The incident Winter South (WS) profile for the community,
obtained with PVLIB Python, is shown in Figure 23. It has a peak of 1110 W/m? in May (3% less
than OS), an average of 150 W/m? (same as OS) and a winter mean 116 W/m? (9% more than OS).

20



Figure 24, which presents the monthly PV production of the OS and WS scenarios without
curtailment for 100 kW installed, shows that the WS configuration produces more PV energy than
the OS one from October to March. Therefore, the two-tilt (TT) scenario, using the winter tilt from
October to March and the optimal tilt from April to September is considered. Overall, it produces
3% more energy throughout the year than a system of the same size using the OS configuration.
With this combined irradiance profile, the PCC shows an improvement in correlation between the
load and the PV production. For monthly energy, the correlation is -0.36 vs -0.40 for the OS
scenario.
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Figure 23 — Yearly Irradiance Profile - Winter Tilt (76.1°)
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Figure 24 — Total Monthly PV Production — Optimal South vs. Winter South — 100 kW

The TT scenario simulation results are compared to the OS scenario and shown in Table 11, for
RE configurations with PV only.

Table 11 — Simulation Results for Diesel-PV Configuration Comparing the OS and TT Configurations

Results Optimal South | Two-Tilt
Installed PV Capacity (kW) 2.5-200 2.5-200
PV Penetration (%) 0.5-22.0 0.6 —22.1
PV Curtailment (%) 0-50.5 0-51.2
Fuel Consumption Reduction (%) 0.5-17.7 0.5-18.0
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The results for both these configurations are almost identical. Even though the TT PV configuration
produces 3% more energy than the OS one, the increase in curtailment limits the gain in fuel
savings to only 0.5 kL more for the TT configuration in the best-case scenario (200 kW PV without
WTs). With that in mind, the TT scenario is put aside for the rest of the study since added equipment
and O&M costs associated with being able to change the panel tilt are not deemed worthy of such
small gains in fuel savings.

3.4.2. East-West Configuration

Another potential solution to reduce the PV curtailment and increase its penetration is to modify
the panel azimuth. One possibility would be to consider a scenario where half of the panels are
oriented east, and the other half'is oriented west with an optimal tilt. The east-facing panels produce
more energy during the morning while the west-facing ones produce more energy during the
afternoon which allows the plant to produce a more continuous output throughout the day instead
of'a peak around noon [39]. A PV panel oriented either east or west does not supply as much energy
as one would if it were oriented south. However, since the production of east and west-facing panels
is complementary and more continuous, they can be combined in a configuration which requires a
lower inverter rating than another where all the PV panels are south-facing. In Old Crow, Yukon,
a solar farm using an east-west (E-W) PV configuration with 940 kW of panels (DC) and 480 kW
of inverter capacity (kW) was launched in 2021 [40], [41].

In the earlier sections, for the OS, WS and TT PV scenarios, the Enphase M250 microinverter was
considered. These devices are small, and one is required for every panel. These provide flexibility
since they all control the MPPT point of their associated PV panel. On the other hand, a string
inverter is a different type of DC-AC converter, with one or multiple strings of panels attached to
it. Some modern string inverters are equipped with multiple DC-DC converters and MPPT
controllers allowing to control different strings independently. When connecting multiple panels
with different orientations or tilts to a single MPPT controller, the panel which produces the least
amount of power pulls down the performance of all the panels of the string. This phenomenon is
called panel mismatch. The same issue can happen when one panel of a string is shaded or covered.
Therefore, string inverters with at least two MPPT controllers, one for the east-facing string and
another for the west-facing one, are required for an E-W PV configuration [39], [42], [43].

Next, multiple MPPT inverters that are available in Canada and can operate under Arctic conditions,
down to temperatures of — 40°C, are identified and compared to the M250 Microinverter in Table
12.

Table 12 — Inverter Characteristics and Cost

Inverter Model AC Power Rating (Wac) ll\ggll:g Cost ($/[21K{5/}C) [44],
Enphase M250 Microinverter [27] 250 1 0.82
SMA Sunny Boy 5.0 US [46] 5000 3 0.46
Fronius Primo 5.0-1 [47] 5000 2 0.52

The most noticeable element is that the identified string inverters, equipped with multiple MPPT
controllers, are much cheaper than the microinverter considered in the first part of the study.
Considering that an E-W PV configuration requires a lower inverter capacity than an OS one, and
that the string inverters equipped with multiple MPPT controllers are cheaper than the
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microinverters considered earlier in the study, this would suggest that, for a given financial
investment, more PV panels can be installed for the E-W than for the OS one. Therefore, even
though each panel produces less energy in an E-W configuration, it could potentially be a viable
technical and financial solution. Obviously, in a design scenario for a remote Arctic community, a
further assessment of the different configurations would be required. For example, the shipping
costs associated to sending solar equipment to the Arctic should be considered.

Now, let us focus on the technical aspects of the E-W configuration. First, using Python PVLIB,
the yearly PV potential of the community, measured in kWh/m?, was generated for multiple tilt
angles and azimuths to identify which tilt to choose for the E-W configuration. That methodology
is the same one which was used to generate the PV profiles for the OS or WS configurations
(section 2.1.2). Figure 25 presents the obtained results. Image a) shows the potential for all the
possible azimuth and tilt angles while images b) and ¢) focus on the PV potential for azimuths close
to 90° (East) and 270° (West).
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From that figure, one can clearly notice that east- and west-facing panels have a higher potential at
small tilts, where they are almost horizontal. However, for an E-W configuration, the potential
reduces slowly. For example, the average potential of an E-W configuration is 1027 kWh/m? at a
0° tilt and 978 kWh/m? at a 48.8°, when considering the same tilt as the one used for the OS. This
corresponds to a reduction of less than 5%. This slow decrease in potential when increasing the tilt
of the panels must be kept in mind since the objective is to obtain a continuous production
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throughout the day which could reduce the inverter capacity required. Unfortunately, with PV
panels being almost horizontal, the solar production will remain concentrated in the middle of the
day. Therefore, different panel tilts will be considered in the simulation to assess their effect of the
obtained PV penetration, curtailment, and fuel savings as well as the required inverter capacity.
First, Table 13 presents the maximum combined DC power output of an east-facing and a west-
facing PV panel for different tilts. The power correlation and the monthly energy correlation are
also presented for the same tilts. These correlation values are obtained when simulating the total
production of the PV panels considering an E-W configuration.

Table 13 — East-West PV Configurations Statistics for Different Tilts

PV Tilt (°) Peak Combined Power Monthly Energy
DC Output (W) | Correlation Correlation
5 411 0.0109 -0.6592
10 409 0.0116 -0.6563
15 405 0.0127 -0.6516
20 399 0.0136 -0.6452
25 392 0.0145 -0.6371
30 382 0.0152 -0.6275
35 371 0.0158 -0.6163
40 358 0.0164 -0.6037
45 343 0.0171 -0.5897
50 327 0.0178 -0.5746
55 312 0.0187 -0.5582

As mentioned above, when increasing the tilt of the PV panels, the east-facing panel will produce
more in the morning while the west-facing one will produce more in the afternoon. This therefore
results in a lower peak combined DC output of the panels. Also, there is no power correlation
between the PV production and the load demand and the monthly energy correlation is significantly
negative and lower than it was for the OS scenario (-0.40). However, the correlation results tend to
improve with higher PV tilts.

Next, simulations are run with all the aforementioned PV tilts for total installed DC capacities of
25,50, 75 and 100 kW. These results are detailed in Table 14.

Table 14 — Detailed PV Simulation Results - East-West Configuration

PV Installed PV PV Penetration | PV Curtailment Fuel Fuel
Capacity (kW) | Tilt (°) (%) (%) Savings (kL) | Savings (%)

5 3.99 0.06 6.41 3.49

10 3.98 0.06 6.40 3.48

15 3.97 0.05 6.39 3.48

20 3.95 0.05 6.38 3.47

25 3.94 0.04 6.37 3.46

25 30 3.92 0.04 6.35 3.45

35 3.90 0.05 6.33 3.44

40 3.88 0.05 6.30 3.43

45 3.85 0.05 6.27 341

50 3.81 0.06 6.23 3.39

55 3.77 0.07 6.17 3.35

50 5 7.84 1.76 12.19 6.63

10 7.83 1.71 12.17 6.62
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15 7.81 1.62 12.16 6.61
20 7.79 1.49 12.15 6.61
25 7.77 1.36 12.14 6.60
30 7.75 1.24 12.12 6.59
35 7.71 1.16 12.10 6.58
40 7.67 1.11 12.06 6.56
45 7.62 1.09 11.99 6.52
50 7.55 1.10 11.91 6.48
55 7.47 1.11 11.79 6.41
5 11.02 7.95 16.82 9.15
10 11.02 7.80 16.82 9.14
15 11.01 7.50 16.83 9.15
20 11.02 7.07 16.87 9.17
25 11.04 6.58 16.91 9.20
75 30 11.05 6.06 16.96 9.22
35 11.06 5.55 16.98 9.23
40 11.04 5.10 16.98 9.24
45 11.01 4.70 16.95 9.22
50 10.95 4.40 16.88 9.18
55 10.85 4.19 16.75 9.11
5 13.37 16.26 20.21 10.99
10 13.37 16.04 20.23 11.00
15 13.40 15.59 20.29 11.03
20 13.45 14.96 20.38 11.08
25 13.52 14.20 20.50 11.15
100 30 13.59 13.37 20.62 11.21
35 13.65 12.53 20.73 11.27
40 13.70 11.72 20.80 11.31
45 13.71 10.97 20.83 11.33
50 13.69 10.32 20.82 11.32
55 13.63 9.75 20.74 11.28

For installed capacities of 25 and 50 kW, the best results in terms of fuel savings and PV penetration
are obtained with tilts of 5° since the curtailment remains low for all PV tilts. However, for 75 and
100 kW, the suggested tilts are 35° and 45°, respectively. When installing more PV, the curtailment
starts to influence the overall performance of the system, and higher tilts, which provide a more
continuous production throughout the day, provide better results. This would suggest that, when
the objective is to maximize the penetration and the fuel savings, the higher tilts are a better fit.

Let us now compare the results obtained in this section to the ones obtained for the OS scenario.
First, simulations were rerun for 100 kW of south-facing PV (OS). Then, considering a 2:1 DC/AC
configuration as an objective, simulations were run to obtain the same fuel savings as with 100 kW
of installed PV considering the OS scenario. The identified configuration, which yielded the same
fuel savings, consists of 147 kW of installed PV panels (DC), at a 50° tilt. For that configuration,
the inverter capacity is 75 kW, which is the closest possible value to a 2:1 DC:AC ratio when
considering the inverters presented in Table 12. The simulation results of these two configurations
are presented in Table 15.
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Table 15 — Simulation Results Comparison - OS vs. E-W

DC . Total Energy PV PV Fuel

Con ﬁI;]ra tion Capacity AC 3(2{52)101ty Produced Penetration Curtailment Savings
(kW) (MWh) (%0) (%) (kL)
Optimal South 100 100 140.8 16.9 23.5 25.7
East-West (50°) 147 75 142.4 17.1 23.0 25.7

Figure 26 presents the average daily PV production profile for both configurations with 100 kW
(OS) and 147 kW (E-W) of installed panels.
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Figure 26 — Average Daily PV Production Profile

As expected, the production profile of the OS configuration is concentrated around noon while the
E-W still peaks around noon but is much more spread out throughout the day and produces more
during the morning and evening. It is also interesting to note that, even though the DC installed
capacity of the OS configuration is about 40 kW lower than it is for the E-W one, its peak average
production is still higher. To further analyze the performance of those two configurations, their
detailed monthly PV energy production, penetration and curtailment are presented graphically in
Figure 27 and then numerically in Table 16.
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Figure 27 — Monthly PV Simulation Results - a) PV Production (OS), b) PV Penetration (OS), ¢) PV Production (E-W) and d) PV
Penetration (E-W)

Table 16 — Monthly Percentage of PV Production Curtailed (%)
Optimal South — 100 kW
J F M A M J J A S o N D
0.6 4.1 17.7 | 25.5 | 353 35.0 30.0 | 274 | 174 | 103 2.4 0
East-West 50° — 147 kW DC / 75 kW AC
J F M A M J J A S o N D
0 0 4.5 17.5 | 36.7 39.3 31.7 | 25.0 9.4 0.5 0 0

Table 17 — 100 kW of PV — Monthly Percentage of PV Penetration
Optimal South — 100 kW

J F M A M ) J A S o N D
6.0 14.7 | 23.7 | 284 | 283 27.8 25.1 | 224 | 158 9.5 7.7 33
East-West 50° — 147 kW DC /75 kW AC

J F M A M ) J A S o N D
2.7 9.7 234 | 329 | 332 31.9 30.2 | 264 | 174 8.5 4.0 1.3

The detailed results show that, overall, these two configurations provide the same amount of fuel
savings as well as similar curtailment values. Also, the PV production of the E-W configuration is
much more concentrated in the summer months when the load demand is lower. However, the E-
W configuration reduces the curtailment during summer months when compared to an OS
equivalent with similar monthly energy produced. Indeed, when comparing the E-W configuration
with the one presented in section 3.1, with an OS scenario and 120 kW of PV (Figure 12), the
energy these two produce is similar, but the curtailment is much lower for E-W PV (Table 5). More
specifically, their curtailment is 43.8% (OS) vs. 33.2% (E-W) in May, 43.0% vs. 31.9% in June

and 37.3% vs. 30.2% in July while the differences in their monthly PV energy produced stay within
2%.

Lastly, these results show that the E-W PV configuration could be a relevant solution for a low-
penetration regime of RE integration in a remote community due to the more continuous PV
production as well as the higher ratio between the DC and AC capacities, which reduces the amount
of inverters required. However, these two configurations are hard to compare in the context of this
study. A more thorough techno financial comparison of the two proposed scenarios would be
required to accurately identify the savings associated with reducing the inverter AC capacity and
how many additional panels could it fund. Moreover, the difference in the configuration would also
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influence the O&M costs of the system as well as the shipping costs. Given that uncertainty, the
E-W configuration is not considered for the next steps of the study.

3.4.3. Modified Orientation

Another potential solution to reduce the PV curtailment and increase its penetration is to slightly
modify the panel orientation. Here, the idea is to install the PV panels at a different azimuth than
true south to try to increase the match between PV production and the load demand. For a load
demand that is concentrated in the AM, rotating the PV panels slightly east of south would increase
the correlation between the PV production and the demand. Using the same logic, orienting the
panel slightly west of south would match better with a load demand which peaks in the afternoon.
Therefore, the yearly load demand of the community (Figure 1) was analyzed to obtain the average
hourly-aggregated load demand of the community. This data is shown in Figure 28 and represents
an average representative daily load profile of the microgrid.
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Figure 28 — Average Daily Load Profile of the Community

It is noted that the community has a more important demand in the afternoon than in the morning
and does not show a morning and an evening peak. With that in mind, one could consider orienting
the panels slightly towards the west to maximize the production in the afternoon when most of the
load is concentrated. However, it is also important to note that rotating the panels away from the
south will reduce the total energy produced by the PV system. Therefore, let us consider a new
irradiance profile where the panels are oriented 20° west of south with an optimal tilt. In PVLIB,
the value for orientation is defined as the number of degrees east of north. Therefore, south-facing
panels have an orientation of 180° and the new configuration has an orientation of 200° (0200).
Yearly, the OS scenario produces 1.05% more energy than the 200° optimal tilt configuration. Both
irradiance profiles are compared in Figure 29.
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Next, Table 18 compares the simulation results for PV configurations with the OS and 0200

irradiance profiles. Also, Figure 30 shows the total monthly production of 100 kW of PV for both
irradiance profiles.

Table 18 — Simulation Results for Diesel-PV Configuration Comparing the OS and 0200 Configurations

Results Optimal South | Optimal 200°
Installed PV Capacity (kW) 2.5-200 2.5-200
Load vs. PV Power Correlation 0.166 0.171
Load vs. PV Monthly Energy Correlation -0.40 -0.42
PV Penetration (%) 0.5-22.0 0.5-22.0
PV Curtailment (%) 0-50.5 0-49.7
Fuel Consumption Reduction (%) 0.5-17.7 0.5-17.8
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Figure 30 — Total Monthly PV Production — Optimal South vs. Optimal 200° — 100 kW

When compared to the OS scenario, the power correlation for the O200 irradiance profile is
improved but the monthly energy correlation is reduced. The simulation results show that the
Optimal 200° scenario marginally improves the PV curtailment and penetration as well as fuel
reduction for scenarios with high amount of PV installed. For Diesel-PV systems, without WTs, at
least 102.5 kW is required to have higher penetration and lower fuel consumption with the Optimal
200° profile than with the OS configuration. For scenarios combining PV with one or up to three
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WTs, 92.5 kW of'installed PV is required to obtain the same result with OS. However, as mentioned
beforehand, those improvements are marginal. Indeed, the maximum improvement in fuel
consumption between the OS and Optimal 200° irradiance configurations is a reduction of 0.1%
for PV only with 200 kW installed. Therefore, since this proposed solution does not yield
substantial gains in fuel savings and a clear reduction in curtailment, it is not considered for the
rest of the study. The rest of the analysis will be done considering the OS scenario.

3.5. Analysis

In this subsection, the simulation results are analyzed in terms of their RE penetration, RE
curtailment and fuel savings. The OS PV configuration is considered in the analysis since the WS
and 0200 profiles did not lead to substantial increases in fuel savings. The TT scenario was deemed
not worth it because it would require much more maintenance for insubstantial gains in fuel savings.
Lastly, the E-W configuration was set aside since there is not enough financial information
available to properly compare it to the OS configuration. First, let us consider the RE configurations
needed to reach specific amounts of fuel consumption of the diesel power plant. Table 19 lists the
different RE configurations which allow the diesel power plant to have a fuel consumption of 170
- 120 kL with 10 kL steps. Initially, without the addition of RE, the diesel consumption was 183.9
kL.

Table 19 — RE Configurations for Specific Fuel Consumption Targets

Installed OS PV Number of Fuel Consumption PV Penetration / WT Penetration /
(kW) WTs (kL) Curtailment (%) Curtailment (%)

40 - 170 9 1 - -

87.5 - 160 16 18 - -

22.5 1 150 5 9 18 4

75 1 140 11 31 18 4
47.5 2 130 6 43 30 18
130 3 120 8 73 36 35

For each reduction of 10 kL of fuel consumption, there is an increase in the required RE generation
capacity. For the last four configurations, a significant increase in curtailment for both RE sources
is observed.

In general, for the given input data and systems considered, the WT performs better than the PV
system in terms of penetration per installed kW and is subject to much less curtailment due to its
better correlation with the energy requirements of the microgrid. On the other hand, the PV system
does not perform as well. When increasing the PV capacity, the gains in terms of fuel savings tend
to diminish as additional production is curtailed, mainly during the summer, when the PV produces
most of its energy (Figure 17) and the load demand is at its lowest (Figure 1). However, it is
important to note that, in the Canadian Arctic, the capital costs can be almost twice as much for
WTs than what they are for PV mainly because of the high transportation costs of WTs [48]. Even
though WTs seem to perform better in this setting, designers should consider whether their higher
cost can be counterbalanced by the higher associated fuel savings.

Methods considered to reduce the curtailment of the PV system with the objective of increasing
fuel savings resulted in slight improvements. However, the curtailment remains high, and the TT
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scenario was put aside since it would require more maintenance, which is not deemed worthy of
such small gains in fuel savings. Combining PV and WTs allows to increase the penetration of RE
and reduce the fuel consumption further than when considering PV or WTs only. However, when
increasing the PV installed capacity, the issues of high curtailment and negative correlation with
the energy requirements of the grid come up. For example, when computing the PCC comparing
the monthly energy requirements of the grid with the energy production of one WT alongside PV,
the results range from 0.60, for 2.5 kW of PV, to -0.33 for 200 kW.

Considering the obtained results, one can conclude that the scenarios presented do not seem to be
reasonable for medium or high RE penetration because of the high RE curtailment which makes
the systems less cost-effective (Table 19). Thus, this study shows the limit of the low penetration
regime of RE in a remote Arctic microgrid. Additional elements, such as battery storage, demand-
side management, and excess RE recycling through heating would be required to limit the RE
curtailment and further increases its penetration and associated fuel savings. Battery storage could
allow to reduce RE curtailment while supplying the RE production to the microgrid when required.
Demand-side management, more precisely demand response, could improve the correlation and
matching between the RE supplied and the load of the community.

Optimization is out of the scope of this research work. However, it would be required to identify
the optimal configuration of PV and WTs for this specific setting. Some of the parameters that
should be considered are: 1) the capital costs of the wind and PV systems, 2) the O&M costs of the
power plant, 3) the cost of diesel and 4) the GHG emissions.

Established approaches to optimize the sizing of PV and WTs already exist. A common method is
the creation of a parametric objective function based on parameters similar to the ones
aforementioned and the use of an optimization method to identify the best scenario [49], [50], [51].

Lastly, since PV and WTs are intermittent sources of energy, it would be relevant to repeat the
current study with solar and wind datasets from different Arctic communities to confirm whether
these findings can be generalized.
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Chapter 4 - Electrification of Space Heating

In the remote Arctic community considered in the study, the electric demand, which was used for
the first part of the study, represents only 27% of the total energy use. On the other hand, heating
needs correspond to 37% of the total energy used [9]. The remaining 35% of energy use is for local
transport in the community. Since most Canadian Arctic communities use oil for their heating
needs [20], this load should also be considered when trying to reduce GHG emissions. Up until
now, the study only considered the energy required by appliances and lighting, which are the only
electrified loads in the Arctic remote community considered in the study.

In this section, additional space heaters, which allow to electrify a portion of the heating demand
of the community are considered along with the Diesel-PV-Wind power plant. The heaters
considered are Electric Thermal Storage (ETS) units, which allow to store heat in dense bricks, for
a long period of time, and circulate it when required. The objective of this scenario is to recycle
the excess RE generation through space heating thus reducing the heating oil consumption.

4.1. Small Arctic Community Space Heating Load Modelling

In remote Arctic communities which utilize oil as a heating source, furnaces are fired locally in all
buildings to provide heat. Since the production of heating energy is not centralized as it is for the
electricity generation power plant considered in this study, it is hard to have access to data related
to the heating load profile of a community. Therefore, the space heating load of the community
was estimated based on the buildings’ characteristics.

First, information regarding the population, the number of occupied houses and the identification
and state of specific buildings was obtained from the community. All buildings were labelled,
categorized by type, and had their footprint measured using Google Earth (Figure 31). Also, Table
20 presents examples of buildings that were identified and measured to model the space heating
requirements of the community.
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Figure 31 — Map of the Considered Community

Table 20 — Example of Buildings Identified and Measured

Building Name | Building Type | Floor Area (m?)
Garage 1 Warehouse 185
RCMP Cabin | Small Offices 56
Health Station Hospital 254
School School 359
Lodge 1 Small Hotel 195
House 1 house 126

A total of 40 houses were identified and modelled. On the other hand, the hospital and school
buildings are unique while there are two retail buildings, four small hotel buildings, five small
offices and lastly five warehouses. Then, specific EnergyPlus Input Data Files (.IDF) building
models, considering Arctic conditions, were obtained from the US Office of Energy Efficiency &
Renewable Energy to represent the community [52]. These prototype building models represent
the characteristics of commercial and residential buildings across numerous climate zones in the
US, such as wall insulation, number and type of windows, heating equipment and typical yearly
load schedules. In this study, residential, health, school, hotel, office and warehouse prototypes for
Fairbanks, Alaska are used. Also, the prototype buildings were selected with an old construction
date since information from the community stated that a large majority of buildings required major
repairs.

The following methodology was used to obtain the heating load dataset. Using an EnergyPlus
Weather (.EPW) file of the considered community, which was obtained from the Canadian Weather
Year for Energy Calculation (CWEC) [21], simulations were run in the EP-Launch app for
each .IDF building model considered. Using the IDF Editor in the app, meters were created to
output the yearly hourly-level space heating load profile of each prototype building at the end of
the simulation. Lastly, for every building type, the load profiles are adjusted based on the measured
building area mentioned earlier and the footprint of the EnergyPlus building model. A similar
approach was proposed in [53]. However, it did not consider EnergyPlus simulations to obtain
hourly values. Furthermore, the annual energy required to heat the buildings of the community was
obtained [9]. That value was divided into two portions, one for the residential buildings and the
other for the rest of the buildings. Since this total heating value represents both space and water
heating, it was adjusted to represent only the portion associated with space heating. For residential
buildings located in Canadian Northern territories, space heating represents 76% of the total heating
requirements [54]. Therefore, this allowed to normalize the space heating profiles obtained in the
EneryPlus simulation to reflect the measured data. The aggregated profile, for all buildings
combined, is presented in Figure 32. This corresponds to the total end use power required to heat
the buildings of the community, before considering the efficiency of the heaters. The space heating
demand of the community varies a lot over the year. It reaches a high during the winter months and
a low during the summer months similarly to the electrical demand of the community, shown in
Figure 1. However, in the case of the heating load, the difference of load between the colder and
warmer months is more significant.
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Figure 32 — Aggregated Space Heating Yearly Load Profile

To evaluate the oil consumption for space heating as well as the potential to recycle excess RE
generation through heating, the efficiency of different heating devices considered in the study are
presented in Table 21 [55], [56].

Table 21 — Efficiencies of Considered Heating Devices

System Efficiency (%)
Oil Furnace 80
Electric Heater 100

Furthermore, determining the electric distribution efficiency of the microgrid is required to
calculate the electric power required at the power plant to charge the ETS units in the buildings.
Since there is no detailed information available regarding the distribution system of the community
considered in the study, a distribution efficiency of 90% was established after discussing with
colleagues from CanmetENERGY-Varennes who have modelled the microgrid of a similar small
Arctic community for which much more information was available [3].

Then, based on those efficiencies and the heating datasets presented above, a simulation is run to
calculate the total amount of energy required and heating oil consumed for space heating. The total
end use heating requirement of the community is 1941 MWh. In this study, a conversion rate of
10.67 kWh/L is used for heating oil [9].

Table 22 presents the distribution of the end use energy demand by building type.

Table 22 — Portion of Total Energy for Different Energy Sectors

o Total Heating Oil
Building Type Consumption withmglt ETS (kL)
Residential 83.1
Health Centre 11.4
School 10.8
Small Hotel 6.9
Small Office 19.6
Warehouse 50.2
Total 182.0
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4.2. Electric Thermal Storage (ETS) Modelling

To evaluate the potential to recycle excess RE generation through heating and further reduce
curtailment and GHG emissions, a new configuration of the power system is considered. An
updated power system model, containing spacing heating, is shown in Figure 33.
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PV System
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Curtailment
Calculations

HITT]
Curtailed RE E HTT11]
HITT]

Electric Heating

Curtailment Signal

Heating Demand

Oil Heater

Figure 33 — Diagram of Modelled Power System With Heating

As in Figure 4, the diagram contains two diesel generators, paired with both PV and WT systems.
In this configuration, the microgrid controller also matches the power generation to the load
demand, considering the DGS’s minimum loading requirements. However, when curtailment is
required, the excess RE is sent to the ETS units to charge them, so it can be recycled through space
heating. If the units can no longer be charged, the RE systems will be curtailed as in the first study.

The model used in section 2.4 is modified to redirect some of the excess RE generation, which
would have been curtailed in the earlier scenario, to electric thermal storage (ETS) systems. These
devices, which are mainly produced by Steffes [16], a manufacturer from North Dakota, USA, use
electric elements to store heat in high-density bricks, which are well insulated and can hold energy
for long periods of time. When required, a fan blows air through the bricks to circulate heat by
convection. Although it is usually used for peak shaving, ETS coupled with a smart grid can
increase a system’s variable RE capacity and ultimately reduce curtailment [11], [14]. It is also
interesting to note that ETS is much cheaper than electrochemical battery storage. In this current
study, ETS units will be considered as an auxiliary source of heat, along with the already existing
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oil furnaces. Using these devices in a remote northern microgrid along with RE has the potential
to stabilize the network by creating a better balance between the production and the demand by
supplying excess RE generation to the ETS heaters which would otherwise be wasted [19].

The thermal energy stored in the ETS is defined as

Egrs = C(Tgrs — Tampient) (6)

where C is the thermal capacity of the system. The value used in the model was provided by Steffes
[57]. Tgrs is the ETS core temperature (°C) and Tympient 1 the house temperature (°C), considered
as a constant 20 °C in the current study.

To model the ETS system, the following logic is considered: at every time step, the ETS system’s
energy storage (Egrs(t)) varies as shown in (7). It can be charged electrically with excess RE
generation (PE%¢(t)). The excess RE production is converted to heat by the resistive elements of
the ETS. Also, it is equipped with a fan to circulate heat into the room (P2£3t(t)), and it has small
standby losses (PL95¥ (t)). Operating the fan to circulate heat requires a small amount of power,

which is neglected for this current study.

Eprs(t + 1) = Eprs(t) + (Pips(t) — PEFEE(E) — PR3 (8))At ()

Through a literature review related to ETS modelling [11], [12], [13], [14], [15], some interesting
elements are identified to improve the accuracy of the model. Most importantly, it is noted that
both the maximum output power and the standby losses of the ETS depend on the device’s current
state of charge (SoC), which is directly related to the core temperature of the device, Tgrs.
Unfortunately, ETS manufacturers do not provide documentation, such as discharge curves
depending on the stove’s SoC, to accurately represent these phenomena. For that reason, some of
the considered studies do not set a limit on the available output power. As for the standby losses,
some of the studies set an arbitrary value while others neglect them. However, in [15], Moffet et
al. present the model of a central ETS system based on experimental data obtained from Hydro-
Québec Research Institute (IREQ). The paper proposes empirical equations to represent the
maximum available heating power output of the ETS, as well as its standby losses, based on the
average core temperature of the device at a given moment. Conclusions from the literature show
that modelling the losses and available output power of the ETS from a single-point averaged core
temperature is appropriate [12], [18].

The device modelled in [15] is the Steffes DLF30B, a central residential ETS unit that is no longer
commercially available. In more recent publications [17], [58], researchers from Hydro-Quebec
published curves representing the behaviour of another ETS unit, the Steffes 2103, which has a
rated charging input of 5.4 kW (P}¢ 14,) and a storage capacity of 20.25 kWh [59]. Using the
same logic proposed in [15], equations were obtained from the Steffes 2103 performance curves to
represent the standby losses (P}35) and the maximum output heating power available (P22, .

based on the core temperature (Tgrs) of the device. These relations are defined in equations 8 and
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9. When the input power exceeds the output power, the core temperature of the ETS increases thus
charging the unit. Otherwise, the unit is discharging, which reduces its core temperature. Both the
input and output power are controllable. The first is controlled by energizing one, or many, of the
unit’s heating elements when there is excess RE production available and the latter by adjusting
the fan speed.

pheat o =1.44-10"8T3¢ — 237 -107°T;¢ + 1.46 - 10 2Tgrs + 0.23 8)

PL9SS = 9.41-10"*Tgrs — 0.06 9)

To maximize oil savings and minimize RE power curtailment, the ETS heaters considered in this

study are charged with as much available excess RE (PJ%,:ap1¢) POssible until the ETS reaches its

maximum SoC. Steffes 2103 units are equipped with four heating elements. Therefore, its charging

input can vary by power increments (P;,.) of 1.35 kW. Mathematically, the number of elements

by the power increment (P;,,c) of the unit. The charging input is limited at Pf¢ 1, When the

available charging power (Pt iapie) €xceeds 5.4 kW. Also, if the ETS heater reaches its
S0Cgrs max, charging is not allowed. This logic is detailed in equations 10 and 11.

in
Fets wax Pivaiabte = Pits m
in _ in vailable = ax
S0Cgrs < S0Cgrs max = Pers =  |Pavaitabie p. pin < pin (10)
P. inc Available ETS Max
mc
— in _
S0Cgrs = S0Cgrs max = Pgrs = (1T)

Next, Pdt, . represents the available output power at a given time based on the core temperature
of the system. P12t is the actual heat power circulated into the room, which can range from zero
to PR3t depending on the speed of the fan. Since the power consumption of the fan is not
considered in the study and the manufacturer does not provide information regarding the relation
between the fan speed and the ETS output power, this component will not be specifically modelled.

Pledt corresponds to the dispatched ETS

It is simply supposed that the fan speed varies so that
power detailed in equations 12 and 13. For the Steffes 2103 room unit, the fan power consumption
represents 0.5 — 2% of the rated input power of the device [59]. Furthermore, in his masters’ thesis
exploring the potential of ETS to help the decarbonization of commercial buildings, Chabot states
that the consumption of the motor that powers the fan is negligible when evaluating the efficiency
of ETS systems [12]. On the other hand, P35S represents the standby losses of the system and
cannot be controlled. Also, since the losses leak from the core of the ETS into the building, they

are considered as part of the total heat supplied by the ETS heater (P2¢%"). The same assumption

is made in other studies [12], [15]. These state that it is reasonable to include the ETS losses (P}

as part of the power provided by the ETS (P2t) because the heat that leaks out of the heater will
distribute itself around the house and contribute to the heating requirements.
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heat _ pheat loss
PElec - PETS + PETS (12)
heat _ pheat loss
PElec Max — Y ETS Max + PETS (13)

Then, P23t is prioritized over P24 to reduce the heating oil consumption and the associated

GHG emissions. When controlling P%¢, two different scenarios can arise. First, as defined in

Pheat

equation 14, if the total available power from the ETS (Pgj¢ pax) 1S higher than the heating demand

(Pheat ), the ETS solely meets the thermal power to maintain the temperature at the reference

eat

point. The heat demand is met by adjusting the fan speed to control the output ETS power, (P2
while the standby losses (P;3%) are not controllable. Thus,

heat heat heat __ heat _ heat loss
PElec Max = PDemand = POil - O' PETS — I'pemand — TETS (14)

On the other hand, if the heating demand cannot be met by operating the ETS heater at its maximum

power available (P2%,..), the oil furnace will complement the ETS unit to provide the heat

required.
heat heat heat _ pheat
PElec Max < PDemand = PElec — L Elec Max’ (15)
Pheat _ pheat __ pheat
oil — ! Demand Elec Max

In a real-life scenario, this could be done with a smart thermostat and a controller, which first turns
on the ETS to maintain the room temperature at the desired setpoint. If the ETS heater is heating
at its max available power and the room temperature setpoint is still not met, the oil furnace would
supply the remaining heating requirements. Alternatively, setting the ETS units to a higher setpoint
than the one used for the oil furnace would also prioritize the ETS unit. Lastly, equation 16 defines
how the heating needs of the buildings are met and Figure 34 presents a diagram of the space
heating model.

heat _ pheat loss heat _ pheat heat
PDemand - PETS +PETS +P0il _PElec +P0il (16)

! % > ETS Stove
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Qil Furnace :
heat
P i

Figure 34 — Diagram of Space Heating Modelling

Then, Steffes ETS systems are equipped with brick core and outdoor temperature sensors, Ty,
which allow the system to control its maximum core temperature and associated SoC based on the
outdoor temperature. In the equipment documentation, different strategies are proposed for the
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brick core charge control [60]. In this study, the Automatic Charge Control is considered. For that
mode, a Start Brick Core Charge and a Full Brick Core Charge outdoor temperature setpoints are
defined. For the 2100 series, these values are 16 °C and -7 °C. These values are deemed acceptable
for the current study after observing Figure 35, which compares the daily average outdoor
temperature to the daily residential heating requirements.
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Figure 35 — Daily Residential Heating Requirements vs. Average Outdoor Temperature
Next, the documentation states that the 2100 series units can set the core charge setpoint to a
maximum of 593 °C and a minimum of 93 °C. Therefore, the algorithm developed to represent the
charge control of the ETS, which corresponds to the maximum allowed core temperature, is defined
in equation 17:

593 Tour < —7
Ters max = 1—21.7T,: + 440.8 =7 < Toue <16 (17)
ETS turned off Tout = 16

When applying equation 17 to the outdoor temperature dataset used in this study, the profile of the
maximum SoC allowed over time is obtained. A SoC of 1 corresponds to the energy stored in the
bricks when the core temperature reaches 593°, as per (6). It is shown in Figure 36.
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Figure 36 — Maximum Allowed SoC Based on the Charge Control Algorithm
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Lastly, based on the maximum allowed core temperature of the ETS, the charging input of the
heater (PE%s) is limited to zero if the measured core temperature reaches its maximum allowed
value, as per (17), and is allowed again when the temperature drops below that same value.
However, a tolerance band of + 5 °C (or just under 1% for the SoC) is added to the model to avoid
continuously turning on or off the heating elements. For example, if Tgrs pqx 1S set to 500 °C, the
heating elements will be turned off is the temperature reaches 505 °C and turned on if the
temperature drops down to 495 °C. Also, the amount of heating elements activated to charge the
ETS is determined, as previously mentioned, to minimize RE power curtailment.

The maximum SoC associated to the maximum allowed core temperature corresponds to
S0Cgrs max 10 €quations 8 and 9. Lastly, in the model, it is supposed that the Automatic Charge
Control calculates the average outdoor temperature hourly and sets the according Ty prqx for the
next hour.

To conclude, the ETS model and its associated equations were validated in partnership with Hydro-
Québec based on publications [19], [58] and associated experimental data.

4.3. ETS MATLAB Simulink Model

This section presents the ETS MATLAB Simulink model (Figure 37) that is based on the equations
defined in section 4.2.

\
P CLK Excess RE Generation ' ilable_excess_re_kw
— D re_still_curtailed_kW RE Stil Curiailed (kW) P RE Still Curtailed (kW)
P CLK SoC Limit P soc_limit w
SoC Limit t D
L cix . . ets_charging_rate kW ETS Charging (kW)
: ETS SoC (%) —P ets_soc

etsicharging;rateikw
ETS Charging

Figure 37 - MATLAB Simulink ETS Model

The ETS model is based on a Simulink Stateflow block (ETS Charging) which sets the charging
rate of the ETS system based on the available excess RE, the maximum core temperature allowed

(TgTs max) and the current core temperature of the ETS (Tgrs). In the model, the temperature values
are converted to SoC, using equation 6. It is based on the equations 10 and 11 defined in section
4.2. If the ETS is full, based on the inputs soc_limit (equation 17) and ets_soc, charging will be
stopped. When the ETS is allowed to charge, the charging rating (ets_charging rate kW) is set by
the Stateflow block depending on the availability of excess RE (available excess re kW) and
limited by the maximum charging rating of the ETS. The ETS Charging block also outputs the
amount of excess RE that remains curtailed, re_still curtailed kW.
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Then, the ETS + Oil Heating block of the model includes the remaining equations that were defined
in section 4.2. This block takes care of the relationship between the inputs and outputs of the ETS
and adjusts its SoC accordingly. It is also responsible for managing the heat circulated from the
ETS to the room, based on the device’s SoC and the heating requirements. For every time step, it
does the following operations:

1) Based on the current Tgrg, P35 and PR3, . are calculated. (equations 8 and 9)

2) Based on PR3 . PLOSS and PRedt, . PRedt and P4 are calculated. (equations 12 to 16)

3) Based on the inputs and the outputs of the ETS unit, Tgs and the SoC can be calculated for the
next timestamp. (equations 6 and 7)

4.4. Correlation Analysis Between Heating Load and RE Generation

To assess the potential for ETS to recycle excess RE production through space heating, the match
between these two metrics needs to be evaluated. In the literature, some studies have considered
RE generation for space heating needs in northern climates. In [61], Bolt et al., researchers from
the University of Alaska Fairbanks and Stanford University, propose a simple method to analyze
the match between heating requirements and excess RE production. They first suggest that, in
colder regions, building heat loads are positively correlated with wind energy production and
negatively correlated with PV energy. Therefore, they conclude that wind is a better fit for space
heating than PV. Lastly, it is mentioned that there is a lack of specific studies in the literature that
integrate heating loads with RE in remote Arctic microgrids. Beyer et al. [62] also propose that
wind energy is a good match for space heating in colder climates. First, the study shows that wind
speeds generally peak during the winter and that an increase in wind speed leads to more heat losses
and infiltration in buildings, which increases the space heating requirements. These phenomena
lead to an improved correlation between wind speed and space heating requirements. With all that
information in mind and given the fact that ETS provides an added storage element to the power
system, the maximum number of WTs considered in the simulation scenarios will go up from three
to five for this section. Furthermore, ETS systems have been proven to be effective to recycle
excess RE generation through heating in Arctic conditions. For example, in the microgrid of
Kongiganak, a remote community of around 500 in Alaska, twenty-one residential ETS devices,
rated at 6 kW for charging with 31 kWh of thermal storage, were installed to recycle excess RE
production from the five installed 95 kW WTs. The WTs were sized specifically, close to 200% of
the peak electric load, to produce enough energy for both the base electric load of the community
and to charge the ETS stoves. On average, the households equipped with ETS systems reduced
their heating oil consumption by 50% [10]. For the current study, since the ETS system modelled
is a residential unit and that the houses of the community account for almost half of the total heating
requirements, the addition of ETS units will only be considered in these buildings.

First, the PCC is used to evaluate the match between the RE production, before curtailment, and
the residential space heating requirements, similarly to what was first done in the Renewable
Energy Low Penetration Utilization Analysis Chapter. Table 23 presents the correlation between
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the heating load and both the total PV and WT production, without considering curtailment. The
results are in agreement with the findings in the literature.

Table 23 — Correlation Results Between Heating Requirements and Produced RE

Correlation Monthly
i Power
Scenarios Eneray
Heating Load vs.
PV Production -0.208 -0.570
Heating Load vs.
WT Production 0.077 0.530

In terms of instantaneous power correlation, there is no notable link between the heating load and
the WT production. As for between the heating load and the PV production, there is a weak negative
correlation. The results are similar to what was observed when evaluating the correlation between
the RE production and the electrical load demand and more specifically when focusing on the
monthly energy correlation. Indeed, there is a significant negative correlation between the PV
production and the heating requirements. As for between the WT production and the space heating,
the correlation is positive. Therefore, this would suggest that WTs are better suited than PV panels
to supply the space heating load of the community.

Figure 38 presents the monthly excess RE for two scenarios and compares them to the monthly
residential space heating requirements.
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Figure 38 — Comparison of Monthly Energy — a) Excess RE for 2 WTs and 200 kW PV, b) Excess RE for 5 WTs and 5 kW PV
and c) Residential Space Heating Requirements
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These results tend to indicate that, with more installed WTs, there will be more power available to
charge the ETS systems during the winter months during which the heating demand is at its highest.

Next, since the ETS system includes storage, it can be interesting to evaluate the delayed similarity
between the residential heating requirements and the excess RE generation. The cross-correlation
coefficient measures the similarity between two data sequences for different time shifts. In this
study, it is used to compute the correlation between the time shifted RE production and the space
heating load demand. When the cross-correlation reaches a maximum for a time shift different than
zero, it can show that energy storage could be beneficial to improve the match between the excess
RE and the power requirement, which corresponds to the heating needs in this case [63].

Before calculating the cross-correlation coefficient, the daily average profile for residential space
heating (Figure 39) and excess RE generation for various configurations (Figure 40) are presented.
In those figures, each time step, for example 6:00, represents the average value for that same time
step throughout the year.
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Figure 39 — Daily Average Residential Space Heating Requirements
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Figure 40 — Daily Average Excess RE Profile for various RE Configurations

The heating requirements of residential buildings tend to peak from 0:00 to 12:00. As for the excess
RE daily profiles, adding more PV shifts the peak to the middle of the day, when the sun is at its
highest. On the other hand, when the RE configuration is more concentrated on WTs, the daily
profile is much more constant, with a small peak in the early hours of the day. Then, the cross-
correlation between the hourly excess RE generation and the hourly residential space heating
requirements is calculated considering the same RE configurations as shown in Figure 40 as well
as for configurations with PV or WTs only. These results are presented in Figure 41. The y-axis
corresponds to the correlation value while the x-axis corresponds to the time shift between the
excess RE production and the heating requirements.
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Figure 41 — Cross-Correlation Between Excess RE Configurations and Residential Heating Requirements — a) PV only, b) WTs
only and ¢) PV + WTs

From that figure, one directly notices that the overall match, or correlation value, between the
excess RE and the heating requirements is higher with WTs than it is with PV. For configurations
with PV only (a), the cross-correlation increases for all time delays when adding more panels and
it peaks at a delay of 18h for all PV ratings, which corresponds to the delay between the solar peak
production around noon (Figure 41) and the peak heating demand around 6 AM (Figure 39). Even
though the correlation coefficient between two datasets is not affected by the magnitude of the
values, the installed PV capacity has an effect on the correlation because it modifies the profile of
the excess RE generation, as seen in Figure 40. As for RE configurations with WTs only, the cross-
correlation is higher than it was for PV, and it also increases when adding more installed capacity.
The cross-correlation peaks at a time delay of around 2 to 3h since the peak wind production occurs
around 3 AM (Figure 40). When combining PV and WTs (c), with at least 50 kW of PV, the cross-
correlation peaks with a delay of 18h between the excess RE and the space heating requirements.
For the last curve, with 5 WTs and 5 kW PV, the cross-correlation peaks with a 2h delay. Since the
cross-correlation peaks at non-zero values for all configurations and that the RE production can be
unpredictable, one can conclude that the storage element offers an added value to further reduce
fuel consumption. Lastly, for RE configurations with a lot of PV, the energy will remain stored in
the ETS system for longer periods of time before it is circulated to the building and could lead to
higher standby losses. Indeed, a simulation was run considering a full ETS unit as an initial
condition with no power input or output. This allowed to identify the effect of ETS losses over time
and how the SoC decreases. These results are detailed in

Table 24.
Table 24 — Effect of ETS Losses on SoC Over Time

AT (h) | SoC
0 1
6 0.84
12 0.71
18 0.61
24 0.52
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30 0.44
36 0.38
42 0.33
48 0.29

4.5. ETS Model Simulation Results and Analysis

After having modelled the ETS system, the next objective is to evaluate its potential to reduce the
consumption of heating oil in remote communities. First, simulations based on the modelled
heating load profiles are run to calculate the amount of heating oil consumed in the residential
buildings of the community. In this scenario, the oil furnaces supply the entirety of the heating
demand. For the 40 houses considered in this study, the yearly oil consumption is 83.1kL or 2.08
kL per home.

Then, the ETS heaters are introduced in the simulations. The first scenario evaluates the potential
to recycle excess RE generation and reduce heating oil consumption for different configurations of
installed RE and ranging numbers of residences equipped with a single Steffes 2103 unit. More
specifically, the PV capacity ranges from 5 to 200 kW with an OS configuration, the number of
installed WTs varies from 1 to 5 and the number of houses equipped with a Steffes 2103 ranges
from 10 to 40, with increments of 10. For ETS integration scenarios, the installed PV capacities
used in the simulation results are 5, 50, 100, 150 and 200 kW to reduce the number of simulations
and limit the total simulation time.

First, let us dive into specific configurations to further understand the behaviour of ETS heaters
and analyze the obtained results. First, Figure 42 shows detailed simulation results for a scenario
where 10 houses are equipped with an ETS unit alongside a RE configuration of 1 WT and 50 kW
of PV. For this scenario, 54% of the excess RE generation is recycled and the heating oil fuel
consumption of the 10 houses is only reduced by less than 4%. Figure 42-a) and c) represent the
aggregated charging power and heating power for all 10 houses.
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Figure 42 — ETS Simulation Results - 10 ETS 1 WT + 50 kW PV: a) Excess RE and ETS Charging, b) ETS SoC and c) Oil
Furnace vs. ETS Output

Here, one can quickly conclude that the installed RE is insufficient to be paired with ETS units to
make a significant impact in the reduction of heating oil consumption. Indeed, with that
configuration, the curtailment is not high enough to provide substantial excess production and
charge the ETS system, mostly during the winter months (a). Therefore, the ETS SoC (b) cannot
reach its reference value outside of the May to August period. This leads to little contribution of

the ETS during the winter, when there is no RE excess available, and during the summer, when the
space heating requirements are low (c).

Next, Figure 43 presents the results for the configuration with 10 ETS heaters, 5 WTs and 150 kW

of PV. For this scenario, only 26% of the excess RE is recycled while the fuel savings reach 13 kL,
or 63% per home.
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Figure 43 — ETS Simulation Results - 10 ETS 5 WTs + 150 kW PV: a) Excess RE and ETS Charging, b) ETS SoC and ¢) Oil
Furnace vs. ETS Output

In this case, the excess RE production is plentiful and allows the ETS to be charged close to its
maximum storage capacity for most of the year, unless when the maximum SoC allowed is reduced,
as shown in Figure 36, when the outdoor temperature is higher and the heating requirements are
therefore reduced. Indeed, as we can see on Figure 43-b), the SoC is reduced during the warmer
months of the year, even if there is plenty of available excess RE and the ETS output is low. This
prevents the ETS units from storing high amounts of energy when the heating requirements are
low. If the heaters were allowed to maintain their core temperature much higher, it would lead to
unnecessary thermal losses in the ETS which would overheat the house when the outside
temperature is warm. For this scenario, one could also conclude that the RE configuration is
oversized to supply only 10 ETS units. Indeed, the excess RE is almost always at least twice as
high as 54 kW, the rated power of 10 Steffes 2103 units. To further support that argument,
supplying 10 ETS units with one less WT provides almost the same heating oil savings, 58%
instead of 63%.

Lastly, Figure 44 shows the simulation results for a scenario with 20 ETS units, 5 WTs and 50 kW
PV. With that configuration, 52% of the excess RE is recycled and the heating oil savings reach 20

kL, or 48% per home.
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Figure 44 — ETS Simulation Results - 20 ETS 5 WTs + 50 kW PV: a) Excess RE and ETS Charging, b) ETS SoC and c) Oil
Furnace vs. ETS Output

When compared to the two other scenarios analyzed, this one presents a much better match between
the RE configuration and the number of installed ETS units. Indeed, there is just enough excess RE
to charge the ETS heater at its rated power for most of the year and. Also, since the RE
configuration has more WTs and fever PV than the other scenarios considered earlier, less excess
RE will be wasted, mainly during the summer. Therefore, this allows the ETS unit to output a lot
of heat during the colder months of the year which leads to substantial fuel savings.

Next, let us focus on combined results to compare different configurations. Figure 45 presents the
heating oil savings obtained for all considered configurations. From down to top, each curve
represents scenarios with 1 —5 WTs. The left y-axis shows the total fuel savings obtained and the
right on displays the percentage of fuel savings obtained for each home where Steffes 2103 is
installed. As expected, the fuel savings increase when adding more and more RE, because it
provides more available power for the ETS heaters to be charged. The first curve (red), from down
to top, represents RE configurations with 1 WT while the last one (green) is for RE mixes with 5
WTs. The y-axis on the left of the figure represents the total fuel savings obtained by the ETS units
while the one on the right of the figure refers to the percentage of fuel savings per home, where an
ETS unit is installed.
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Figure 45 — Residential ETS Oil Savings: a) 10 ETS, b) 20 ETS, ¢) 30 ETS, d) 40 ETS.

50 100 150

One interesting result is that, for cases with ten ETS systems, the heating oil savings gain are much
higher when going from two to three WTs than they are when adding a second, fourth or fifth WT.
This observation will be further analyzed later in this section. On the other hand, when considering
more ETS units, the gains obtained with a fourth or fifth WT are higher. Logically, RE
configurations with more WTs and PV panels will provide more excess RE and are a better fit with
configurations where a lot of ETS systems are installed. Also, with the current mix of RE
considered, the potential heating oil consumption reduction for each home can reach 65% when 10
ETS units are installed and drops down to 38% for 40 ETS systems.

Then, Figure 46 shows the percentage of excess RE production recycled through space heating for
all the RE configurations and for 10 to 40 installed ETS heaters.
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Figure 46 — Excess RE Recycled (%) by Residential ETS Units: a) 10 ETS, b) 20 ETS, ¢) 30 ETS, d) 40 ETS
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As expected, the percentage of RE recycled is higher for configurations with less RE and when
more ETS systems are considered. Another interesting observation is that increasing the number
of installed PV reduces the percentage of excess RE recycled much more than when considering
more WTs. For example, when observing Figure 46-b), one can notice that the excess RE recycled
ranges from 40 to 50% for all scenarios with 200 kW of PV while the excess RE production of all
configurations with only 5 kW of PV and up to 5 WTs is at least 55% and up to 88% recycled.
More specifically, a configuration with 20 ETS units and 5 WTs + 5 kW of PV will recycle 55%
of the excess RE generation vs. only 46% for a configuration with 1 WT + 200 kW PV even though
the first one produces 80% more excess RE (337 MWh vs. 187 MWh). These results tend to support
that wind energy is a better fit for space heating and follow the observations made in section 4.4.

To conclude, ETS systems supplied by excess RE can lead to important heating oil savings.
However, to maximize their effectiveness, choosing the proper RE configuration and number of
ETS units is key. First, in Arctic conditions, ETS units are better paired with WTs than they are
with PV because the latter’s production is concentrated during the warmer months and coincides
with lower heating demand. RE configurations for which most of the energy is produced by PV
panels will not produce a lot of excess RE during the colder months of the year when the heating
demand is at its highest. Then, to ensure that ETS units operate at their full potential, it is important
to allow each of the devices to charge at their maximum rating so they can maintain their SoC
higher and output more heat. For example, if a certain RE configuration were to provide 55 kW or
more of excess generation for most of the year, installing more than 10 Steffes 2103 units, with a
total rated charging input of 54 kW, would not be recommended.

4.6. PV, Wind and ETS Combination Analysis

In this section, the results from sections 3.5 and 4.5 are combined and analyzed to assess the added
effect of adding ETS units to the hybrid microgrid. Since scenarios with a fourth or fifth WT were
introduced in section 4.5, Table 25 presents the initial low penetration simulation results for all the
RE configurations considered for the ETS study. The results only include the initial curtailment
and diesel savings before the addition of the ETS units. Also, Figure 47 displays the fuel savings
obtained from those different RE mixes.

Table 25 — Diesel-PV-Wind Hybrid Microgrid Simulation Results

4 WTs Installed RE ]?iesel Diesel
PV (kW) | Curtailed (%) | Savings (kL) | Savings (%)

5 4 29.3 16

50 10 40.6 22

1 100 24 46.3 25
150 37 48.9 27

200 46 50.5 27

5 18 46.4 25

) 50 24 54.3 30
100 33 58.1 32

150 42 59.9 33
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200 49 61.0 33
5 35 53.7 29
50 39 59.8 33
3 100 45 62.9 34
150 50 64.4 35
200 55 65.4 36
5 48 57.0 31
50 50 62.3 34
4 100 54 65.2 35
150 58 66.5 36
200 61 67.4 37
5 57 58.9 32
50 58 63.9 35
5 100 60 66.5 36
150 63 67.8 37
200 66 68.6 37
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Figure 47 — Fuel Savings Simulation Results for Initial RE Study.

As mentioned in section 3.5, due to the increase in curtailment, the diesel fuel savings gains get
notably smaller when adding more and more RE. It is especially notable that, when adding a third,
fourth or fifth WT, the gains are much smaller than when adding a second one. Indeed, on average,
adding a second WT will increase the fuel savings by 30%. That number goes down to 10%, 4%
and 2% when adding a third, fourth or fifth WT.

Next, these results are combined with the ones from section 4.5. These combined results are all
presented in Appendix I — Detailed RE and ETS Simulation Results. First, Figure 48 shows the
effect of adding ETS units on the overall portion of RE that is curtailed, or in other words, wasted.
Since ETS units are charged with excess RE generation, the net amount of energy curtailed can be
represented by subtracting the amount of electrical energy supplied to the ETS units from the initial
amount of energy that is curtailed. On each of the subplots, the hard lines represent the initial RE
curtailment for all the configurations considered. The first curve (red), from down to top, represents
RE configurations with 1 WT while the last one (green) is for RE mixes with 5 WTs. The dotted
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lines represent the net RE curtailment for scenarios where ETS units are added alongside the RE
mix.
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Figure 48 — Effect of ETS Units on RE Curtailment: a) 10 ETS, b) 20 ETS, ¢) 30 ETS, d) 40 ETS

From those results, one can note that adding ETS units has a substantial effect on reducing the
curtailed RE generation. Even when adding ETS units, the curtailment remains substantial for some
RE configurations, mainly when there is a lot of installed PV, since this excess generation is
generally paired with periods of lower heating requirements. Next, Table 26 lists the average and
maximum curtailment reduction when adding different numbers of installed ETS units. The
maximum reduction in curtailment occurs for the RE configuration of 1 WT and 5 kW of PV.

Table 26 — Curtailment Reduction Statistics When Adding ETS Units

Number of ETS units | Average Reduction in Curtailment (%) | Maximum Reduction in Curtailment (%)
10 38 78
20 54 88
30 63 90
40 68 90

These results show that the efficiency of the RE systems will be increased because their curtailment
or wasted energy is much lower. This will lead to much more energy supplied by RE and will also
have a direct impact on the fossil fuel savings. Indeed, Figure 49 shows the effect of adding ETS
units on the total fuel savings (diesel and heating oil) to the RE configurations. The diesel
consumption from the gensets and the heating oil consumed by the ETS heaters are summed as
total fuel consumed since they emit the same amount of GHG per litre [64], [65]. As for Figure 48,
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the full lines represent the initial scenario with only RE while the dotted lines show the total fuel
savings when adding ETS heaters.
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Figure 49 — RE and ETS Combined Fuel Savings: a) 10 ETS, b) 20 ETS, c) 30 ETS, d) 40 ETS

Then, Table 27 shows detailed fuel savings statistics for the configurations with ETS units. The
maximum increase in fuel savings occurs for the RE configuration of 5 WTs + 200 kW PV for
which the available excess RE to charge the ETS units is the highest.

Table 27 — Fuel Savings Increase Statistics When Adding ETS Units

Number of ETS units | Average Increase in Fuel Savings (%) | Maximum Increase in Fuel Savings (%)
10 13 20
20 19 34
30 22 41
40 24 46

These results show that the addition of ETS units has a clear effect on the total fuel savings of the
community when compared to the ones obtained for RE supplying electrical loads only. First, if
the objective were simply to maximize the total fuel savings, combining 5 WTs and 200 kW of PV
with 40 ETS units would lead to total savings of 100.0 kL, which is 31.4 kL. (46%) more than with
PV and WTs only.

Then, the addition of ETS units leads to a much better increase in fuel savings when adding a third
WT than it was the case in the original study. For example, the average gain in total fuels savings
when adding a third WT ranges from 15%, with 10 ETS units, to 17% with 40 ETS heaters. With
high numbers of ETS units installed, the fuel savings gain of adding a fourth or fifth WT becomes
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more substantial. For example, with 40 ETS heaters, adding a fourth WT will lead to average gains
of 12% while adding a fifth one will increase the savings by 9%.

Another interesting element to point out is that, when adding ETS units, the average slope of the
fuel savings curves is much higher than it was in the original scenario. This suggests that the ETS
units increase the yield of the PV system, by reusing its power generation, which was mostly
curtailed and wasted in the first study. Indeed, with the added storage component, the PV
generation can be converted to heat and stored during the day, when the outdoor temperature is
higher, and then circulated in the houses at night, when the temperature drops, and the heating
requirements increase. Therefore, the addition of storage could be beneficial for RE configurations
with a lot of PV. For example, in the original study, when 3 WTs are installed with 200 kW of PV
instead of 5 kW, it leads to an increase in diesel fuel savings of 11.7 kL. However, when combined
with ETS units, going from a configuration of 3 WTs and 5 kW of PV to 3 WTs and 200 kW of
PV leads to higher gains of total fuel savings, when combining both diesel and heating oil
consumption. Indeed, it leads to additional savings of 15.5, 19.1, 21.3 and 22.6 kL when paired
with 10,20,30 and 40 ETS units respectively.

Lastly, for all RE configurations equipped with 3 WTs and paired with 10 or more ETS units, the
total fuel savings are higher than for any RE configurations, up to 5 WTs and 200 kW of PV,
without any ETS heaters. Also, with 20 or more ETS units, it is possible to get more fuel savings
than in with any configuration of the original study with only 2 WTs and 150 kW of PV (Figure
49-b),c),d) and further detailed in Appendix I — Detailed RE and ETS Simulation Results).

Next, Table 28 presents different RE configurations, with and without ETS units, which allow to
obtain specific amounts of total fuel savings similarly to what was done in Table 19 in the first

study.
Table 28 — Comparison of Total Fuel Savings Obtained for RE Configurations with and without ETS Units
Number of WTs | Installed PV (kW) | Number of ETS | Total Fuel Savings (kL) | RE Curtailment (%)
1 200 - 50 46
1 100 20 9
3 200 - 55
2 100 30 65 12
5 200 - 66
2 150 20 69 21
2 200 40 75 20
3 150 30 80 22
3 200 40 85 23
4 200 40 93 26
5 200 40 100 29

As seen in the first six rows of the table, adding ETS units to the microgrid allows to decrease the
installed RE to obtain similar fuel savings with reduced RE capacity due to the substantial decrease
in RE curtailment. Also, with the addition of ETS units, the potential for fuel savings is increased.
As mentioned earlier, the addition of an ETS unit in each of the houses of the community (40)
could lead to total fuel savings up to 46% higher than with RE only. The results of this study clearly
show the potential and added value of ETS units for space heating electrification in remote Arctic
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microgrids. Indeed, ETS heaters increase RE penetration and fuel savings while reducing RE
curtailment. With the addition of ETS units to the microgrid, the potential for RE integration is
higher. Indeed, it can supply both the initial electrical loads as well as the heating requirements,
which represent a larger portion of the energy consumed and the GHG emissions of the community.
These results therefore suggest that the electrification of heating should be a priority when trying
to decarbonize remote Arctic communities.

When designing a hybrid microgrid in a real-life scenario to reduce the fuel consumption by a
specific amount, it would most likely make more financial sense to include ETS units and limit the
number of WTs installed. First, the capital cost of ten Steffes 2103 units represents just under 15%
of the cost of a single Eocycle EOX S-16 WT [66], [67]. Next, shipping a WT is much more
expensive than it is for ETS units. Shipping equipment to the Arctic is generally extremely
expensive and depends on the size and on weight of the equipment. The WT considered in the
study is generally shipped in a 40-foot container, which could fit around 100 Steffes 2103 without
stacking them. In terms of weight, one EOX S-16 is equivalent to roughly 65 Steffes 2103, without
considering the container. Then, installing, and operating WTs is more complex and expensive
than it would be for heating systems. ETS units don’t require specific maintenance while WT
maintenance will be more expensive due to the cold climate. Further, the installation of WTs might
require heavy machinery, such as a crane, which would also affect the shipping costs. Obviously,
a more thorough assessment of the capital and O&M costs as well as the savings obtained from the
fuel consumption reduction would be required to identify the optimal configuration of PV, WTs
and ETS units for a remote Arctic microgrid. Also, since the heating demand is modelled in this
study, having access to measured space heating data would be relevant. If a similar configuration
were considered in a real-life scenario, measuring the oil consumption of several buildings with,
for example, an hourly sampling rate, would be useful during the design process and would increase
the accuracy of the potential fuel savings obtained when adding ETS units.
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Chapter 5 - Conclusions

5.1. Summary

With the objective of increasing the RE penetration and reducing diesel fuel consumption in a small
Canadian Arctic PV-Diesel hybrid microgrid, this work investigated the addition of wind energy
to the microgrid, the combination of PV and wind in the microgrid and the implementation of
methods which aimed to reduce PV curtailment. Before adding RE technologies, the remote
microgrid considered in this study was powered solely by diesel gensets, which leads to a yearly
consumption of 183.9 kL of fuel. With 2.5 kW - 200 kW of south-facing PV panels at an optimal
tilt, yields a yearly PV penetration of 0.6 - 21.8% and fuel consumption of 183.0 - 151.3 kL. When
considering the microgrid with WTs as its only source of RE, the penetration and the fuel
consumption are 17.6% and 156.2 kL, 30.1% and 138.7 kL. and 35.6% and 131.1 kL for one, two
and three WTs, respectively. When combining the PV with up to three wind turbines, the RE
penetration and the fuel consumption range from 18.1 - 44.3% and 155.4 - 118.5 kL, respectively.
However, the increases in RE penetration without energy storage are associated with increases in
curtailment, which is much more notable for PV than it is for wind. This is due to the fact that the
load demand of the community is at its lowest when the PV produces most of its energy and vice
versa.

New PV configurations, considering different panel tilts and orientations, with the objective of
reducing PV curtailment and diesel fuel consumption, showed slight improvements in fuel
consumption although the curtailment remained high. An East-West PV configuration was also
considered and showed potential. However, it was set aside since a thorough techno financial
analysis would be required to compare it to the other PV scenarios.

Considering the obtained results, one can conclude that the previous scenarios do not seem to be
reasonable for medium or high RE penetration because of the high RE curtailment which makes
the systems less effective (Table 19). Thus, the first part of the study shows the limit of the low
penetration regime of RE in a remote Arctic microgrid.

Next, the second part of the study considers a new technology, alongside WTs and PV panels, to
obtain a medium RE penetration configuration. The technology considered is electric thermal
storage (ETS), which allows to recycle excess RE production to charge ETS units that store heat
in high density bricks. The addition of those devices allows to reduce RE curtailment and oil
heating consumption in buildings, which increases the efficiency of the installed WTs and PV
panels. Also, the addition of a storage element allows to mitigate the issues related to the variability
of the RE production as well as its mismatch, or delay, with the demand of the community. In this
portion of the study, since the excess RE production can be recycled and the literature stated that
WTs are a good fit for space heating requirements, the maximum number of WTs considered in
the scenarios is increased from 3 to 5. The addition of ETS units to the PV-WT-Diesel hybrid
microgrid results in substantial reductions in curtailment and overall fuel consumption. When
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paring 10, 20, 30 or 40 ETS units, with 5 to 200 kW and 1 to 5 WTs, the RE curtailment is reduced
on average by 38, 54, 63 and 68% (Table 26). These numbers of ETS units also increase the overall
fuel savings on average by 13, 19, 22 and 24% (Table 27). For the configuration with the most RE
installed considered in the study (5 WTs + 200 kW PV), the addition of 40 ETS units can provide
an increase of fuel savings of 46% (Table 32). Also, when adding 40 ETS units to 1 WT + 5 kW
PV, a reduction of 90% in RE curtailment is obtained (Table 26), which is the highest out of all the
configurations considered. Lastly, pairing ETS units with the RE configurations considered can
lead to residential oil heating savings of 65% for 10 houses (Figure 45-a)). If 40 houses are
considered, the savings can reach 38% (Figure 45-¢)).

Optimization is out of the scope of this study. However, it would be required to identify the optimal
configuration of PV, WTs and ETS units for this specific setting. Some of the parameters that
should be considered are: 1) the capital costs of the RE and ETS systems, including installation
and shipping, 2) the O&M costs of the power plant, 3) the cost of diesel and 4) the GHG emissions.

Established approaches to optimize the sizing of PV and WTs already exist. A common method is
the creation of a parametric objective function based on parameters similar to the ones
aforementioned and the use of an optimization method to identify the best scenario [49], [50], [51].
These objectives functions generally aim to reduce the levelized cost of energy (LCOE), the sum
of all the costs of an energy system over its lifetime divided by how much energy it produced,
measured in $/kWh. Also, the reduction of GHG emissions is considered in those objective
functions.

5.2. Future Work

First, since PV and WTs are intermittent sources of energy, it would be relevant to repeat the current
study with solar and wind datasets from different Arctic communities to confirm whether these
findings can be generalized.

Next, a similar study with a larger community size could be interesting because having a bigger
load could give more flexibility for the sizing of RE systems. Indeed, it would be interesting to
consider other types of WTs, for example in the 100 kW — 1 MW range to see their impact on a
remote microgrid and assess which specific devices would be a better fit for specific wind profiles.
Similarly, having access to more ETS experimental data would allow to compare the potential of
different ETS units and assess how heaters with different input power ratings, storage capacity and
number of charging elements could affect the fuel savings and net RE curtailment.

Also, since the method developed to generate the space heating profile of the community also
allows to generate the water heating requirements, the electrification of that load could be an
interesting next step.

Lastly, load-side management could also be considered to increase the match between RE
production and loads such as heating requirements. For example, demand response control
strategies could be developed to preheat buildings or water heaters when excess RE is available
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and the ETS heaters can no longer be charged. However, this type of study would require further
modelling to represent the thermal behaviour of buildings and water heaters.
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Appendix I — Detailed RE and ETS Simulation Results

Table 29 — Detailed Combined Simulation Results — 10 ETS

RE Diesel | Initial RE | ETSOil | ETS Oil Total Fuel | 0t Fuel
# Installed Savings Curtailed Savings Savings th REO Savings Savings

WTs | PV (kW) (kL) (%) (kL) (%) Curtailed (%) (kL) Inzg/&;&)lse
5 29.3 4 0.3 1 1 29.5 1
50 40.6 10 0.7 4 4 41.4 2
1 100 46.3 24 2.5 12 13 48.8 5
150 48.9 37 4.1 20 24 53.0 8
200 50.5 46 5.1 24 33 55.6 10
5 46.4 18 2.0 10 9 48.4 4
50 54.3 24 3.0 14 13 57.3 6
2 100 58.1 33 4.8 23 20 62.9 8
150 59.9 42 6.1 29 28 66.0 10
200 61.0 49 6.9 33 35 68.0 11
5 53.7 35 6.2 30 18 60.0 12
50 59.8 39 7.3 35 21 67.2 12
3 100 62.9 45 8.6 41 27 71.6 14
150 64.4 50 9.5 46 33 74.0 15
200 65.4 55 10.1 49 39 75.5 16
5 57.0 48 10.1 49 27 67.1 18
50 62.3 50 10.7 52 30 73.1 17
4 100 65.2 54 11.5 55 35 76.6 18
150 66.5 58 12.1 58 40 78.7 18
200 67.4 61 12.6 60 44 79.9 19
5 58.9 57 11.7 56 37 70.6 20
50 63.9 58 12.0 58 40 75.9 19
5 100 66.5 60 12.6 61 43 79.1 19
150 67.8 63 13.1 63 47 80.9 19
200 68.6 66 13.5 65 50 82.1 20

Table 30 — Detailed Combined Simulation Results — 20 ETS

RE Diesel | Initial RE | ETSOil | ETS Oil Total Fuel | 0t Fuel

# Installed Savings Curtailed Savings Savings Ne.t REO Savings Savings

WTs | PV (kW) (kL) %) (kL) %) Curtailed (%) (kL) In((:i/e.;se
o
5 29.3 4 0.3 1 0 29.6 1
50 40.6 10 0.9 2 3 41.6 2
1 100 46.3 24 3.2 8 9 49.5 7
150 48.9 37 5.9 14 17 54.8 12
200 50.5 46 8.0 19 25 58.5 16
5 46.4 18 2.5 6 6 48.9 5
50 54.3 24 3.7 9 10 58.0 7
2 100 58.1 33 6.2 15 15 64.3 11
150 59.9 42 8.7 21 21 68.6 15
200 61.0 49 10.6 25 28 71.6 17
5 53.7 35 7.5 18 13 61.2 14
3 50 59.8 39 9.1 22 16 68.9 15
100 62.9 45 11.3 27 21 74.3 18
150 64.4 50 13.4 32 26 77.8 21
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200 65.4 55 14.9 36 31 80.3 23
5 57.0 48 13.4 32 20 70.3 23
50 62.3 50 14.7 35 22 77.1 24
4 100 65.2 54 16.6 40 26 81.7 25
150 66.5 58 18.2 44 31 84.8 27
200 67.4 61 19.5 47 35 86.9 29
5 58.9 57 18.7 45 25 77.6 32
50 63.9 58 19.8 48 28 83.7 31
5 100 66.5 60 21.1 51 31 87.7 32
150 67.8 63 22.4 54 35 90.2 33
200 68.6 66 23.4 56 39 92.0 34
Table 31 — Detailed Combined Simulation Results — 30 ETS
RE Diesel | Initial RE | ETSOil | ETS Oil Total Fuel | 10t Fuel
# Installed Savings Curtailed Savings Savings Ngt REO Savings Savings
WTs | PV (kW) (kL) %) (kL) %) Curtailed (%) (kL) In((:i/ea)lse
(1]
5 29.3 4 0.4 1 0 29.6 1
50 40.6 10 1.1 2 41.7 3
1 100 46.3 24 3.6 7 49.9 8
150 48.9 37 6.7 14 55.6 14
200 50.5 46 9.6 20 60.1 19
5 46.4 18 2.8 4 4 49.2 6
50 54.3 24 4.2 7 8 58.4 8
2 100 58.1 33 6.9 11 12 65.1 12
150 59.9 42 10.0 16 18 69.9 17
200 61.0 49 12.7 20 23 73.8 21
5 53.7 35 8.1 13 11 61.8 15
50 59.8 39 9.9 16 14 69.7 17
3 100 62.9 45 12.6 20 18 75.6 20
150 64.4 50 154 25 22 79.9 24
200 65.4 55 17.7 28 26 83.1 27
5 57.0 48 14.7 24 16 71.6 26
50 62.3 50 16.4 26 19 78.8 26
4 100 65.2 54 18.8 30 22 83.9 29
150 66.5 58 21.2 34 26 87.7 32
200 67.4 61 23.1 37 30 90.5 34
5 58.9 57 20.9 34 21 79.9 36
50 63.9 58 22.5 36 23 86.4 35
5 100 66.5 60 24.5 39 26 91.0 37
150 67.8 63 26.6 43 29 94.4 39
200 68.6 66 28.3 45 33 96.9 41
Table 32 — Detailed Combined Simulation Results — 40 ETS
RE Diesel | Initial RE | ETSOil | ETS Oil Total Fuel | 0t Fuel
# Installed Savings Curtailed Savings Savings Ne.t RE Savings Savings
WTs | PV (kW) (kL) (%) (kL) (%) Curtailed (%) (kL) In((:g/ia)lse
5 29.3 4 0.4 0 0 29.7 1
| 50 40.6 10 1.2 1 1 41.8 3
100 46.3 24 3.8 5 6 50.1 8
150 48.9 37 7.2 9 11 56.1 15
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200 50.5 46 10.5 13 17 61.0 21
5 46.4 18 2.9 4 3 49.4 6
50 54.3 24 4.4 5 6 58.7 8
100 58.1 33 7.4 9 10 65.5 13
150 59.9 42 10.7 13 15 70.7 18

200 61.0 49 14.0 17 20 75.0 23
5 53.7 35 8.6 10 9 62.3 16
50 59.8 39 10.5 13 12 70.3 18
100 62.9 45 13.4 16 15 76.4 21
150 64.4 50 16.6 20 19 81.0 26

200 65.4 55 19.6 24 23 84.9 30
5 57.0 48 15.5 19 14 72.4 27
50 62.3 50 17.4 21 16 79.7 28
100 65.2 54 20.2 24 19 85.3 31
150 66.5 58 23.0 28 22 89.5 35
200 67.4 61 25.6 31 26 93.0 38
5 58.9 57 22.3 27 18 81.3 38
50 63.9 58 24.2 29 20 88.1 38
100 66.5 60 26.5 32 23 93.1 40
150 67.8 63 29.1 35 26 96.9 43
200 68.6 66 314 38 29 100.0 46
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