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Executive Summary

Indigenous people have inhabited the Canadian Arctic for over 5,000 years and for much of this time solely
relied on food and other resources that they harvested. This traditional subsistence way of life continues in
large part for cultural, resiliency, and financial reasons. Community members work together to harvest food and
share with other members in need. Thus, there is a demand for community freezers in Arctic communities to
enable safe storage of country food. An added challenge is climate change bringing increasingly warmer
conditions to the Canadian north, increasing refrigeration demands and decreasing the feasibility of traditional
storage methods.

Most remote communities are not connected to the intercontinental electricity grid and rely exclusively, or
heavily, on diesel generators for electricity. As a result of the negative aspects of hydrocarbon combustion,
communities and individuals are increasingly interested in renewable energy for offsetting a portion of their
diesel consumption and associated costs. The two renewable energy technologies most readily applied in the
Far North currently are solar photovoltaic (PV) and wind turbines.

As a result of these combined interests expressed by different representatives and individuals across the
Canadian north, this work explores a system consisting of a refrigerated container, PV array, small wind
turbine, and electric battery using simulations. OpenStudio, a building energy simulation tool, was used to
simulate the combined system in various configurations to evaluate its feasibility in providing an off-grid
refrigerated storage space year-round, using Cambridge Bay, Nunavut as a representative community.

A series of parametric analyses of the combined system were used to inform the hill-climbing process which
established high-performing designs for the combined system. The initial parametric runs highlight the effects
of key design parameters (e.g., azimuth angle, surface absorptance, PV tilt, battery storage capacity, etc.) and
the ranges that would lead to a high performance system. This information was used to iteratively establish
designs based on a baseline configuration.

The results are highly sensitive to the assumptions of the simulation models employed. Due to limited
performance data on refrigerated containers available in the literature, assumptions were made regarding its
performance parameters (e.g., compressor performance, insulation level) to provide a conservative estimate
(i.e., less efficient) of its performance. The sandia PV model used is empirically based, while the wind turbine
model is a combination of kinetic energy equations (physics based) and empirical power correlations. For both
power generating systems, the empirical correlations were obtained from the modelling software’s component
database.

The largest uncertainty in the modelling is the battery performance and longevity, which are highly sensitive to
ambient temperature. Cold temperatures lower performance (instant capacity) and reduce long-term battery
capacity (maximum capacity diminishes over time). This relationship is also dependent on the battery’s
chemical composition. In this study, a lithium nickel manganese cobalt (Li-ion NMC) battery was analyzed
because it was one of the few choices available in simulation tool and the specific battery type to be procured is
currently unknown. Li-ion batteries are highly sensitive to cold temperatures; therefore, this study evaluated the
performance of the combined system twice, first by accounting for long term capacity degradation (LTCD) and
a second time without LTCD. Accounting for LTCD using the Li-ion NMC battery is an overestimation of the
battery’s degradation, which results in a lower limit in the performance of the combined system. On the other
hand, ignoring LTCD provides an idealistic scenario which establishes an upper limit on the performance.

As a result of these uncertainties, the simulation results are coarse estimates of the combined system’s
performance. The study quantifies the off-grid performance by using the annual operational energy gap, which
is the energy deficit between the electricity demand of the refrigeration unit and the availability of electricity
from renewable generation or the battery. By conducting the analysis using LTCD and without LTCD, the upper



and lower energy gaps present a range of performance that better illustrates the reliability of the system’s off-
grid performance compared to a single energy gap value.

This study presents two high performing configurations, the first consists of a 3 kW wind turbine with an
expected energy gap ranging from 202 — 258 kWh/yr, and a second system with a 5 kW wind turbine with an
expected energy gap ranging from 28 — 135 kWh/yr. In both scenarios, the energy gap is less than 5% of the
annual energy demand (i.e., renewable and battery meets approximately 95% of the demand). Although the
energy gap was used to compare configurations and selecting high performing designs, on its own, it is an
incomplete metric to fully evaluate off-grid reliability.

An evaluation of how well the designs operate off-grid required a review of the duration of the energy gaps, in
addition to the magnitude of the gap over the year, because energy gaps translate into refrigeration
interruptions. For the highest performing design with the 5 kW wind turbine (with LTCD modelling), on a
monthly basis, the peak power generation (wind and solar) occurs in May, two months before the peak
refrigeration demand in July. During these two months, the battery capacity examined (50 kWh) was large
enough to support the system overnight or during less windy conditions until sufficient solar/wind resource was
available again to power the refrigeration unit directly and recharge the battery to near full capacity to maintain
the daily cycle. However, as autumn approaches, the system was unable to maintain consistent refrigeration.
Even though refrigeration demand decreased, declining power generation coupled with the limited battery
capacity to supply energy over longer periods of nighttime, resulted in hours of insufficient refrigeration which
extended in duration and accrued during September and October. The durations of the individual energy gaps
varied from 3 — 10 hours, totalling to 37 hours, based on the simulation results.

Although the results suggest the combined system, in the configurations considered, is unable to operate
entirely off-grid, the study shows quasi-off-grid refrigeration is possible. Therefore, pairing the combined system
with a back up diesel generator can result in off-grid performance year-round that can significantly reduce
emissions and energy costs compared to full diesel-powered system.

The uncertainty of the subsystems (refrigerated container and battery) has not been quantified and additional
simulations employing empirically obtained performance data are required to establish a more accurate
evaluation.



1 Introduction

There is a high level of interest in remote communities for adoption of renewable energy sources due to the
high dependence on hydrocarbon fuels as a result of the remoteness. By virtue of the remoteness, such
communities are mostly unconnected to the continental electricity grid or any regional distribution grid, leading
to a high reliance on diesel generators for most or all electricity needs. In Canada, remote communities tend to
be concentrated at high northern latitudes.

Solar photovoltaic (PV) panels have substantially reduced in costs over the past couple of decades resulting in
an economical means of generating electricity in northern latitudes. Large-scale solar deployments in remote
communities, such as the 940 kW PV system installed in Old Crow, Yukon in 2020 (Arctic Council Secretariat,
2020), demonstrate the feasibility of this technology to avoid substantial amounts of diesel fuel combustion and
the associated emissions.

The Small Off-Grid Renewable Energy System Demonstration in the Canadian Arctic project undertaken with
funding from Polar Knowledge Canada (POLAR) and National Research Council Canada (NRC) aims to
assess the benefit, operation, and maintenance of small renewable energy technologies under Arctic
conditions. One application for renewable energy that is of high interest in remote Arctic communities within
Canada is for refrigeration and freezers. Inuit communities commonly have community freezers for storage of
country food that has been harvested, such as fish, whales, seals, and caribou. These freezers, often managed
by the local Hunters and Trappers Organization (HTO) or Association (HTA) or hamlets, are available to
individuals to store harvested food that they could not store at a residence and as a means to support food
sharing within the community for individuals unable to hunt for themselves or otherwise access crucial country
food.

Interestingly, a refrigeration load profile of a conditioned space in the Arctic is roughly in line with the availability
of solar radiation. This is not by chance, since this is inherently the relationship the seasons have with the sun
in a given location. Atmospheric conditions, specifically cloud coverage, are key factors affecting the solar
radiation incident at the earth’s surface. In other words, outdoor temperature is higher when there is more solar
radiation, so the very force causing increased energy demand also produces increased energy supply for this
case. As a result, there could be good potential for a solar-powered refrigeration systems at high latitudes such
as in the Canadian Arctic.

Community freezers powered by renewable energy can help improve food security in remote Arctic
communities by providing refrigerated storage for locally harvested food in areas facing with high groceries and
energy costs. There are significant opportunities to reduce greenhouse gas emissions due to the current near
100% reliance on hydrocarbon fuels for energy in these locations. This study investigates the application of
renewable energy systems and a battery array to power a refrigerated container to provide food-safe
refrigerated storage year-round. A refrigerated container was considered as it is a fit-for-purpose, common
solution for such applications and can be readily shipped to remote Arctic communities since the majority of
goods are delivered by sea. While many communities have a purpose-built community freezer, there are some
examples of refrigerated containers being used for community freezer purposes, such as the one delivered to
Igaluit in 2016 (Canadian Broadcasting Corporation, 2016).

The authors are not specifically recommending refrigerated containers as a community freezer solution; the
selection was made for representative modeling purposes. Additionally, a refrigerated container located in
Cambridge Bay was envisioned for future possible experimental work and this study aims to evaluate the off-
grid performance of that specific container (see Section 2.1.2). It is intended that future work will explore the
performance of representative purpose-built community freezer designs.



2 Methodology

The operational energy gap is the primary metric used to evaluate the performance of the combined system
(integration of renewable energy generation, battery and refrigerated container); the gap is the deficit between
the energy supplied by the PV (or other renewable source) or battery and the energy demanded by
refrigeration unit. To assess the renewable energy and battery capacities required to energize the container
(i.e., minimize the energy gap), a hill-climbing approach was used to study a series of designs of the combined
system consisting of base components (photovoltaic array, battery, container). The hill-climbing process is an
iterative method that:

1. Establishes a design;

2. Improves upon the design by modifying an aspect of the system; and

3. Simulates the design and analyzes the impact of the modification on the performance in order to
inform on the development of its next iteration (i.e., repeat step 1).

The process ends when the desired performance is achieved or further iterations are not possible because of
the limits of the design space (i.e., limited by the theoretical maximum of the parameters)

In this study, instead of a single design, a set of designs based on a family of changes to parameters are
assessed sequentially. This is a balanced approach between a full factorial design analysis and a rough back-
of-the-envelope estimate; it provides insight on the boundary of the solution space and the significance of each
design parameter, and results in a high performing final design.

In this study, the overall system is simulated using OpenStudio, an open-source framework for building
performance simulation. The model simulates the performance for each design over a year in Cambridge Bay
and accounts for the cross influence of each subsystem.

Each design is a unique configuration of the base components’ parameters. Several sets of configurations were
developed and each set was used to assess the impact of a group of parameters on the operational energy
gap of the system. The first set focused on the heat transfer characteristics of the container and was used to
identify passive design elements with a significant impact on the performance; other configurations focused on
the photovoltaic array and the setpoint strategy of the combined system.

An existing container located in Cambridge Bay was selected for potential future experimental work and is used
as the representative model for this study. Section 2.1 describes the base subsystems and their parameters
(i.e., fixed, non-configurable parameters such as container dimensions), modelling tools used, and the variable
parameters analyzed in this study (parameters varied to investigate its impact). Section 2.2 follows with a
description of the parametric analyses.

System Modelling and Component Specifications

For this study, the entire system consists of 1) container, 2) PV array, 3) battery storage, and 4) micro-wind
turbine. The container is placed on grade, with PV panels along the length of the roof and sides; the battery is
placed outdoors and it is assumed the turbine is unobstructed by its surroundings due to its height (10 m hub
height modelled).

2.1.1 OpenStudio Application and SketchUp Pro

The OpenStudio Application is an open-source building energy simulation tool developed by the OpenStudio
Coalition using the EnergyPlus simulation engine. The software models the heat and moisture transfer through
the building surfaces, conditions within the building (e.g., temperature, humidity, etc.), and the energy
consumption of the equipment conditioning the building. OpenStudio was used to simulate the performance of



the container and its renewable energy systems in this study. SketchUp Pro is a graphical editor and was used
to create the geometry of the container and PV arrays.

2.1.2 Refrigerated Container

Container construction
A 40 ft container (11.56 m x 2.29 m x 2.61 m) is shown schematically in Figure 1. The modelled container is
assumed to be constructed of polyisocyanurate insulation sandwiched between two layers of steel.

Nominal polyisocyanurate thermal conductivity ranges include:

e 0.018 - 0.024 W/(m-K) according to Berardi (2019);
o 0.022 - 0.025 W/(m-K) according to ASHRAE Handbook — Fundamentals 2017 Chp 26 Table 1
(ASHRAE, 2021).

However, polyisocyanurate can experience a significant increase in thermal conductivity with decreasing
temperatures due to condensation of the blowing agent remaining in the pore structure.

Berardi (2019) presented simulated results showing that under several days of continuous circa -17°C
conditions in Toronto, the thermal conductivity of a panel of polyisocyanurate increased to 0.04 W/(m-K) from
an initial value of 0.024 W/(m-K). This temperature adjusted value was assumed in the model, which represents
a 67% increase over the nominal value. For this study, the existing container was left outdoor at the site for
years, therefore, the insulation is assumed to have degraded to 0.04 W/(m-K). Based on the schematic in
Figure 1, the properties of the container’s surfaces (wall, roof, floor) are presented in Table 1.

The unit is modelled with flat surfaces instead of corrugated panels in order to use the default heat transfer
models in OpenStudio. In operation, the container settles into the ground and ground surface remains fully in
contact with the soil. Modelling the floor as a flat surface reduces the total heat transfer area compared to the
corrugated panels, and will result in underestimating the energy required to refrigerate the container. However,
since most of the heat gain will be through the walls and roof of the container, the portion through the floor is
less significant; other modelling assumptions discussed in the following sections will eventually result in a
conservative estimate of the system’s overall ability to operate off-grid.

Figure 1. Schematic of the intermodal refrigerated container modelled



Table 1. Refrigerated container construction properties

Overall
Surface Thickness [m] tra;*:;:it";:Lce RSI [m2-KIW] [ﬂ§°|=-‘;3::$u1 S”"f?;‘i]area
[W/(m?-K)]
Walls 72.3
Roof 0.078 0.57 175 R-10 265
Floor 26.5

Container thermostat setpoint
ASHRAE Handbook — Refrigeration 2022 Chapter 16 recommends at most -18°C (i.e., could be colder) for
storing frozen beef and pork — it is assumed that this temperature also applies for caribou and other meats that
would be stored within such a container. Unlike the construction details of the container, which are constant,
the thermostat setpoint was considered a design parameter that can be modified. Several thermostat strategies
based on PV generation and battery charge levels were examined; the purpose is to maintain safe temperature
ranges while reducing energy consumption. These strategies are described in Appendix A - Thermostat
Setpoint Sequence Control.

2.1.3 Refrigeration System

Assumptions on the performance (capacity, efficiency, temperature ratings) of the refrigeration unit were made
for this study, given the lack of information on the existing container in Cambridge Bay. These performance
parameters were selected through a trial-and-error process to ensure that the heat transfer capacity of the
refrigeration unit was sufficient to meet the refrigeration load. These values are summarized in Table 2.

Table 2. Refrigeration system parameters and values

Parameter Value ‘
Rated unit load factor 600 W/K
Rated refrigerant saturation temperature -33°C

Rated DT1 (temperature difference between the air inlet

and the saturated refrigerant temperature) lge
Max DT1 25°C
Rated Heating Power (drip pan and other heaters) 250 W
Rated Fan Power 375 W
Rated Fan Air Flow Rate 0.8 m¥s
Defrost Type None

2.1.4 Ground Properties

A soil conductivity value of 1.73 W/(m-K) was assumed, which is associated with moist soil when modelling the
ground heat transfer of the container. This conductivity may be higher than the conductivity of the gravel pad
the refrigerated container may be placed upon, thus, minimizing the potential to overestimate the performance
of the combined system.

2.1.5 Air Infiltration

Air infiltration can introduce additional refrigeration load. The model assumes a nominal flowrate per exterior
wall area of 0.185 air change per hour (ACH). It is adjusted based on the wind speed as shown in Equation 1,

Infiltration = nominal infiltrationrate - (0.224 -wind speed) Eq. 1



0.224 is an empirical coefficient adjusting the impact of wind speed on the infiltration rate and is in units of s/m;
it is the default value used in OpenStudio.

For this study, air exchanges as a result of opening the container door is not modelled (i.e., closed container for
the entire simulation).

2.1.6 Weather File
CWEC2016 file for Cambridge Bay, Nunavut was used (ECCC, 2024).

2.1.7 Photovoltaic Arrays

The PV simulation assumes a hypothetical monocrystalline PV panel with the properties listed in Table 3
(Standard Test Conditions, STC, are 1000 W/m? at 25°C), modelled using the Sandia model. The panel is
based on the default Sandia PV object from OpenStudio; based on the assumed rated power (294 W), the
rated current and voltage was adjusted assuming the current is one-third of the voltage’s magnitude.

Although a monocrystalline panel was modelled with a particular set of performance behaviours, the results are
applicable approximations for other monocrystalline panels with the same rated efficiency at STC. This
assumption relies on the limited influence different glass coverings, backing materials, and framing have on the
PV cell temperature in contrast to the much higher influence of the PV cell type. Thus, the results are
applicable for a range of other monocrystalline panels of different dimensions and rated power.

Table 3. Photovoltaic panel parameters and values

Property Specification |
Rated power at standard test conditions (per panel) 294 [W]
PV cell area (per panel) 1.4 [m?]
Rated efficiency (based on cell area) 21 %
Current at rated power 9.9 [A]
Voltage at rated power 29.7 [V]

PV panels are arranged along the length of the container on-grade and on a mounting rack above the container
as shown in Figure 2. Note the individual panels are illustrative and do not represent the number of panels in
each array. The individual panels are oriented to allow for two rows of 10 panels along the length of the
container. Placing the panels around the container also provides shading to minimize heat gain during daytime.
PV arrays A and B are tilted 70° from the horizontal and are fixed for all configurations examined in the study.
This angle should limit the amount of snow cover after a snow fall. On the other hand, PV arrays C and D will
likely require manual intervention to clear accumulated snow. Snow cover is not modelled in the simulations.
This is unlikely to have a significant impact since the refrigeration load is minimal until the end of winter.



Figure 2. Container with PV arrays (arrays B & D are due north; A & C face south)

The parameters for each PV array (A to D) are summarized in Table 4. The entire PV system consists of 80
panels and is rated at 23.5 kW; note that the tilt of PV array C and D are variable and their impact will be
investigated as part of the parametric analyses.

Table 4. Combined system PV array parameters and values

Property PV ArrayA PV ArrayB PV ArrayC PV ArrayD

Number of panels per array (-) 20
Rated power per array (W) 5880
Tilt 70° 70° Variable

2.1.8 Wind turbine

The wind turbine model from OpenStudio uses kinetic energy relations and empirical power coefficient
parameters to simulate its performance. The dimensionless power coefficients used were the default set from
OpenStudio. The general form of the kinetic energy relation used in OpenStudio is shown in Equation 2,

1 Eq. 2
Pying = EpairAR(Vwind)BCp a

Where, P4 is the power generated by the turbine, p,;, is the density of the air, A,. is the swept area of the
rotor, V,,iq is the velocity of the wind, and C, is the power coefficient.

Other parameters such as rated power, rated rotor speed, and cut-in/out speed are unique to each wind
turbines. These were obtained based from manufacturer specifications and are presented in the report in
Section 5.2.



2.1.9 Battery

The Lithium-ion nickel-manganese-cobalt (Li-ion NMC) battery model from OpenStudio was used in this study.
It uses temperature to compute the instantaneous capacity and to model long-term capacity degradation
(LTCD). Although lithium-based batteries are not intended for operation in extreme cold such as in Cambridge
Bay where the average temperature in January is -32°C (ECCC, 2023), the Li-ion NMC battery was used
because of limited options from OpenStudio and the battery type to be procured for the existing container is not
known at this stage of the evaluation. In order to alleviate the bias introduced by this, this study evaluated the
combined system using the Li-ion NMC model with and without LTCD. The former option provides a lower band
of performances (overestimated battery capacity degradation over time) and the latter forms the higher
performing band of results (idealized performance without degradation). Evaluating the performance using both
options yield a more complete picture of the combined system’s performance.

2.1.10 Thermal Properties of Refrigerated Food

The thermal properties of the refrigerated food are modelled in this study since there is a significant amount of
thermal mass present that could alter the performance of the combined system. The food was approximated as
a block with uniform thermal properties (and therefore temperature). This simplification was made because
OpenStudio is not intended to model the detailed transfer through food objects and a more accurate
representation (shape and non-uniform properties e.g., fat, cartilage, sinew) would only result in negligible
differences in the results on an annual basis compared to the overall energy consumption of the system. The
block interacts with the zone air via convection and with other surfaces (e.g., zone walls, ceilings, floors) via
long-wave radiation. Properties of the refrigerated food are presented in Table 5; properties of ground beef
were used in the absence of specific information for different cuts in the literature.

Table 5. Refrigerated food properties (ground beef)

Property Values

Mass 1370 kg

Volume 1.33 m®
Conductivity 0.35 [W/(m-K)] (Pan & Singh, 2001)
Density 1033 [kg/m®] (Pan & Singh, 2001)
Specific heat 3.14 [kJ/(kg-K)] (ASHRAE, 2022)

Parametric Analyses

While the parameters described in Section 2.1 are constant, design parameters (e.g., PV tilt, PV azimuth)
values were varied to generate sets of configurations (e.g., 15° to 75° from the horizontal). There are several
families of parameters, each focusing on an aspect of the combined system. The simulation of these
configurations was used to identify parameters with a significant impact on the performance of the combined
system. By applying a hill-climbing approach to iteratively generate better configurations based on the
parametric results, the study evaluates a fraction of the full solution space but yields a high performing design.

Box and whisker plots are used to represent much of the data. For these plots, the box represents 50% of the
data, the line within the boxes indicates the median, the X represents the mean, and the whiskers represent 1.5
times the interquartile range. Datapoints outside the whiskers represent outliers.

2.2.1 Container Parameters
The parameters and values presented in Table 6 are configurable physical parameters of the container. The
interplay between these parameters and other subsystems (e.g., shading from PV arrays, impact of the



container’'s azimuth on PV generation) were considered in the simulation. Figure 3 illustrates the container in its
default orientation, where the azimuth is 0° relative to the north.

Table 6. Physical container parameters and values

Design parameters Parameter description Values

Container surface Fraction of shortwave (solar) radiation absorbed by

. 0.1,0.3,0.5,0.7,0.9
solar absorptance a container surface.

The “default” orientation is 0° where the one set of

arrays face north, and the other faces south as

shown in Figure 3. The values exclude 180° 0°, 45°, 90°, 135°
because the system is symmetrical along its centre

longitudinal axis.

Combined system
azimuth angle

Envelope thermal Thermal resistance of the container surfaces (wall,

. R-5, R-10, R-15, R-20
resistance roof, floor).

Figure 3. Top view: combined system (without PV arrays A and B) in the default orientation

2.2.2 Photovoltaic and Battery Parameters

Since the power generation and storage capacity are tightly intertwined, they are analyzed concurrently. The tilt
of the PV arrays on the top of the container (arrays A and B) are fixed due to their size and the limited space.
On the other hand, the arrays placed on the ground on either side of the container (array C and D) are flexible
and their tilt was varied in this analysis. Generally, the larger the battery capacity, the smaller the energy gap.
However, it is likely that storage capacity will be determined by the financial constraints. Nevertheless, this
parameter was still examined in the analysis to identify potential configurations with a lower energy gap and
smaller battery. For this study, the nominal capacity is assumed to range from 44 to 56 kWh. A restriction on
the state of charge to 80% of the nominal capacity was modelled, resulting in an effective range of for 35 kWh
to 45 kWh for the simulation. Although the system azimuth angle was examined in the previous analysis, it was
evaluated simultaneously in this analysis again because it is a core parameter of the PV system. The
parameters examined in this section is presented in Table 7.



Table 7. PV and battery parameters and values

Design parameters Parameter description Values

Number of PV panels The number of panels used is fixed. 80
. The rated power of the entire PV system at
Nominal PV Power 1000 W/m? at 25°C. 23.5 kW
PV array A and B tilt _ 70°
PV array C tilt T|It_of the PV panels_meas_ured from the _ 15°, 30°, 45°, 60°, 75°, 90°
horizontal level on either side of the container.

PV array D tilt 15°, 30°, 45°, 60°, 75°, 90°
Nominal battery : 44 kWh, 47 kWh, 50 kWh, 53
capacity Storage capacity of the battery. KWh, 56 KWh

The “default” orientation is 0° where the one set

of arrays are facing north, and the other faces

south as shown in Figure 2. The values exclude 0°, 45°, 90°, 135°
180° because the system is symmetrical along

its centre longitudinal axis.

Combined system
azimuth angle

2.2.3 Thermostat Setpoint Control Parameters

Although Health Canada suggests frozen meat be stored at -18°C or lower for food safety, James & James
(2024) reports there is a lack of evidence to support that is required and that frozen meat can be safety stored
at -12°C; this is also corroborated by Holman et al. (2017) who found insufficient amounts of microbial species
for analysis from samples of frozen beef stored at -12°C. A control strategy involving dynamic thermostat
setpoints during hours where PV generation and/or electrical storage is limited (or in excess) is explored. This
may improve the energy independence of the system and maintain a comparable level in food safety as

a -18°C setpoint (the baseline setpoint for this study).

Each thermostat strategy (TS) consists of temperature setpoints ranges and a control sequence (CS). The CS
incorporates the temperature, power generation, and battery state of charge to determine a setpoint within the
range of the temperature. The TS will overcool the container when excess power is available, undercool when
power is limited until energy becomes available, or default to the baseline setpoint. Table 8 presents an
overview of the two sets of temperature setpoints and seven control sequences (described in detail in Appendix
A - Thermostat Setpoint Sequence Control). Together with the -18°C constant baseline strategy, 15 TS
combinations were examined.

Table 8. Thermostat strategy: temperature setpoints and control sequence

Design parameters Parameter description Values
Thermostat setpoint Setpoint range consists of a minimum, default, and -29°C, -18°C, -15°C
temperature range maximum temperature. Generally, the minimum

(coldest) setpoint is set when there is an excess of -22°C, -18°C, -16°C

energy (generation or stored capacity). The
maximum (warmest) setpoint is used when power
is limited (e.g., night time, battery nearly empty). At = -18°C (constant — baseline)
all other times, the default setpoint is applied.
Thermostat setpoint An algorithm to modulate the cooling setpoint CS-1t0oCS-7
control sequence based on solar irradiance, battery charge



2.2.4 Baseline parameters

The parametric analyses examine the impact of different sets of parameters applied onto a baseline
configuration. When a particular family of parameters (e.g., container or photovoltaic) is studied, other design
parameters are held constant and are shown in Table 9. Other non-design parameters that are not varied (e.g.,
air infiltration rate, number of PV panels) are found in the component specifications presented in Section 2.1.

Table 9 Baseline configuration parameters and values

Container envelope (walls, roofs, floor) R-10 (0.57 W/(m?-K))
Combined system azimuth 0°

Solar absorptance 0.2

PV array A and B tilt (fixed) 70°

PV array C tilt 60°

PV array D tilt 60°

Battery capacity (nominal) 47 kWh
Thermostat Strategy -18°C (constant)

3 Model Verification

Results from the simulation of the baseline configuration (Table 9) were used to verify the reasonableness of
the values assumed for the parameters of the combined system. In this configuration, the refrigeration period
(the start and end time of the year where refrigeration is required to maintain the setpoint temperature) is from
March 215t to November 23™. The results from this period are examined below.

3.1.1 Heat Transfer Across Container Surfaces

The simulation uses conduction transfer functions (CTF) to estimate the heat transfer through the opaque
surfaces of the container. It is a quasi-steady state method that captures some of the transient behaviour. The
combined conduction heat transfer through all container surfaces exposed to outdoor air (i.e., walls and roof) is
calculated for each timestep (10-minute intervals). The daily average conduction through these surfaces for the
refrigeration period are presented in Figure 4. Positive values indicate heat gain towards the interior of the
container and negative values reflect heat loss through the container. The use of daily averages facilitates
easier visual verification when compared to the full steady state heat transfer calculations for the same
surfaces. This relationship is shown in Equation 3, where, the steady state heat conduction through a surface
Qss » is calculated using the overall thermal transmittance of the surfaces U, area of the surface (A.xposed area)
and the daily average outdoor (T, ;400 ) @nd indoor temperatures (T;,400-)- These results are also presented in
Figure 4. There is a strong agreement between the two relations, which supports validity of the simulation’s
thermal demand profile.

st = U(Aexposed area) (Toutdoor - Tindoor) Eq 3
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Figure 4. Baseline verification: conduction through the container wall and roof surfaces (March 215! to November 239)

3.1.2 Air infiltration

The daily average operational infiltration (ACH) of the container and the corresponding wind speed for the
refrigeration period is presented in Figure 5. Based on Equation 1, the operational infiltration is 0.185 ACH or
greater when the wind speed is greater 4.5 m/s. This is observed in the figure, given the average wind speed
rarely is greater than 4.5 m/s, the operational infiltration rate is often below the nominal value. The trend of the
infiltration rate closely correlates with the wind speed in Figure 5.
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Figure 5. Baseline verification: air infiltration and wind speed (March 215! to November 23™)
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3.1.3 Refrigeration System — Sensible Cooling

The daily average sensible refrigeration rate from the simulation and a reference calculation of the refrigeration
load are presented in Figure 6, and show a strong alignment. The calculated sensible refrigeration load is the
sum of the convective heat gain to the zone from the interior surfaces (walls, roof, and floor) and heat gain from
the infiltration. In Figure 6, the heat transfer through the envelope forms the majority of the refrigeration load.
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Figure 6. Baseline verification: refrigeration cooling rate and electricity consumption (March 215t to November 23)

3.1.4 Refrigeration System — Latent Cooling

The results from the simulation show latent cooling by the refrigeration unit in OpenStudio does not impact the
humidity of the refrigerated space. As the air is conditioned (i.e., dry bulb temperature lowers), the latent
cooling calculated by the refrigeration module is not incorporated into the humidity calculations of the container
zone. This can be observed by comparing the daily average latent refrigeration rate and the humidity ratios of
the space, in Cambridge Bay and Toronto, respectively in Figure 7. Note the refrigeration unit is only required
approximately from March 215t to November 23, whereas it is required nearly at all times in Toronto.

As infiltration introduces additional moisture into the container over the simulation period, the refrigeration unit
removes this moisture. However, in Figure 7, the humidity ratio of the space and latent cooling rate are nearly
identical between the two locations, even though the humidity ratio of the outdoor air in Toronto is generally
higher than in Cambridge Bay. Additionally, as the latent load fluctuates day by day (i.e., moisture introduced
via infiltration varies based on ambient conditions), the latent refrigeration rate remains constant. This shows a
disconnect between the refrigeration module’s latent calculation and the humidity of the refrigerated space.
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Figure 7. Latent refrigeration rate and humidity ratio of the container operating in (a) Cambridge Bay and (b) Toronto

Although the zone’s humidity is not impacted by the refrigeration unit, its humidity ratio changes slightly. This
fluctuation is attributed to the algorithm used to estimate moisture in EnergyPlus. The dry bulb temperature
(U.S. Department of Energy, 2023a) and the humidity (U.S. Department of Energy, 2023b) of a space are
modelled using the Third Order Backward Difference method, where the humidity calculations are detached
from the temperature, aside from its dependence on temperature-dependent air properties. When the
estimated humidity ratio is beyond saturated conditions for a given dry bulb temperature, the algorithm resets
the ratio to the saturated humidity ratio (100% relative humidity). This can occur when the refrigeration unit is
turned on and off during seasonal or sudden changes in demand.

Given the relatively low humidity in Cambridge Bay and the infiltration rates modelled, the estimated latent
refrigeration rate is likely an overestimate of the actual latent load. This is corroborated by the total heat
transfer loss (negative values) and gain (positive) due to infiltration showing a maximum 121 W gain over the
refrigeration period presented in Figure 8. In the simulation, moisture is introduced via infiltration, even if 100%
of the peak 121 W is latent gain, the constant 250 W latent cooling is excessive. This contributes to an
overestimation of the energy consumption over the year.
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Figure 8. Daily average heat transfer via air leakage (positive — gain; negative — loss)

3.1.5 Photovoltaic

The daily electricity generated by PV array A (rated 5880 W, 70°, south facing) is shown in Figure 9, along with
the available solar energy and the PV array’s efficiencies; overlayed on top of the daily values is the 30-day
moving average trend line. These results are presented for the entire year; the refrigeration period (March 21st
to November 23") is highlighted in orange.

The available solar energy is the accumulation of the incident radiation on PV array A for each day, which
correlates with the electrical energy generated. The PV efficiency curve represents the ratio of electricity to the
solar energy available for each day. It represents the average efficiency of the PV panel only during the hours
when it operates (i.e., it excludes the hours when the efficiency is 0%). For example, a particular day in
February may have a high average operating PV efficiency for 4 hours, but generate less electricity than a day
in May with a lower operating efficiency because solar radiation is available for 19 hours continuously (even
though the solar intensity varies throughout those hours).
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Figure 9. Baseline verification: PV generation of PV array A (south, 70° tilt)

4 Parametric Simulation Results and Discussion

The results of the parametric analyses highlight the parameters of significance for minimizing the operational
energy gap. The impact of each parameter is evaluated via the overall system’s annual operational energy gap,
which is an accumulation of the deficit over the year. The results are presented for both battery modelling
options:

1. Temperature dependent instantaneous battery capacity with long-term capacity degradation, where
maximum capacity degrades over time (with LTCD).

2. Temperature dependent instantaneous battery capacity without long-term capacity degradation
(without LTCD).

The battery capacity directly affects the duration the container can operate without electricity generation, which
significantly impacts the results from the parametric analyses. The first battery model option represents the
higher bands of operational energy gaps (poorer overall performance) because the maximum capacity of the
battery degrades over the year and increases the energy deficit. Conversely, the second option results in the

lower bands of energy gaps (better overall performance) because the maximum battery capacity does not
diminish.

Parametric Analyses with LTCD

4.1.1 Container Parameters

The container parameters examined include the container surface’s solar absorptance, insulation level, and the
combined system’s azimuth angle (defined as a clockwise rotation of the container from the north, seen in
Figure 3). Other design parameters were held constant (see Table 9). A total of 80 configurations were
simulated in Cambridge Bay over a year.



Solar absorptance
The effects of the solar absorptance values on the energy gap are presented in Figure 10. The figure has five
groupings of data, one for each of the five absorptance values. For reference, white paints have solar
absorptance values ranging from approximately 0.15 to 0.35. Black paints have solar absorptance values
ranging from approximately 0.95 to 0.99.

A lower solar absorptance should result in lower cooling demand through reflection of more incident solar
energy. This expected result is seen by the results in Figure 10; configurations with a lower solar absorptance
(e.g., 0.1) have smaller energy gaps compared to those with a higher solar absorptance (e.g., 0.9). The impact
is subdued as a result of the shading from the PV panels.

Figure 10. Container exterior solar absorptance impact on annual operational energy gap (with LTCD)

Although a lower solar absorptance results in a lower energy gap, its impact is minor. Largely due to the PV
arrays surrounding the container. For a solar absorptance of 0.3, representing white paint, the energy gaps
range from 609 — 1080 kWh/yr (average 779 kWh/yr), compared to 614 — 1109 kWh/yr (average 793 kWh/yr)
for the configurations with 0.9 solar absorptance, representing black paint.

Orientation
The azimuth angle of the combined system is defined as a clockwise rotation relative to the default position,
where the arrays B and D are due north (the default position is shown in Figure 3, with arrays A and B hidden
for clarity). The impact of the azimuth of the container (and PV arrays) on the energy gap is shown in Figure 11.



Figure 11. Combined system azimuth angle (°) impact on annual operational energy gap for container parametric
analysis (with LTCD)

For a system azimuth of 135° (shown schematically in Figure 12), the average energy gap is 762 kWh/yr, which
is 83 kWh/yr less than the average energy gap for an azimuth of 90°. The 90° azimuth (i.e., the orientation
where the arrays directly face east and west) stands out as the worst performer and the other three options of

0°, 45°, and 135° yield similar results.

Figure 12. Top view: the combined system at 135° azimuth from the default position (PV arrays A and B not shown)



Envelope insulation
The operational energy gaps for the envelope thermal resistance examined are presented Figure 13. As the
insulation level of the surfaces increase linearly, from R-5 to R-20, its impact on reducing the energy gap
diminishes; at R-10, the energy gaps begin to a plateau.

Figure 13. Container envelope thermal resistance impact on operational energy gap (with LTCD)

4.1.2 Photovoltaic and Battery Parameters

In this analysis, the PV array’s azimuth, PV panel tilt (array C and D only), and battery capacity were studied. In
total, 720 configurations were simulated and the operational energy gaps, which ranges from 630 kWh/yr to
888 kWhlyr, are presented in Figure 14. Each box and whisker encompass the entire range of tilt angles (15° to
90°) and battery capacity (44 — 56 kWh) listed in Table 7. Note, other non-PV or non-battery were set to the
baseline parameters shown in Table 9.



Figure 14. Combined system azimuth angle (°) impact on annual operational energy gap for PV parametric analysis
(with LTCD)

Table 10 shows the 20 configurations with the lowest energy gaps, which are all similar. All of these
configurations have a battery capacity of 56 kWh. The results show that a PV azimuth of 0° dominates the
energy gap results (ranging from 630 — 645 kWh/yr). The wide variety of tilt angles for PV array C and D show
that the energy performance of the system overall is not particularly sensitive to this parameter. There are
multiple reasons for this: first, these arrays only represent half of the overall PV area since arrays A and B have
a fixed tilt angle; and second, PV output is not particularly sensitive to tilt angle near their optimal tilt angle due
to the nature of the trigonometric functions governing their performance.

Table 10. Photovoltaic parameters of the 20 configurations with the lowest operational energy gaps

PV tilt (from the Combined Annual PV tilt (from the Combined Annual
i system operational horizontal) system operational
PVarrayC PV arrayD G energy gap - p,, array C | PV array D G energy gap
60° 30° 0° 630 75° 60° 0° 637
60° 15° 0° 631 45° 60° 0° 637
60° 45° 0° 631 60° 75° 0° 639
75° 30° 0° 633 90° 30° 0° 640
60° 60° 0° 633 90° 15° 0° 641
45° 30° 0° 634 90° 45° 0° 642
75° 15° 0° 634 75° 75° 0° 642
45° 15° 0° 634 45° 75° 0° 643
75° 45° 0° 634 60° 90° 0° 644
45° 45° 0° 635 90° 60° 0° 645




Figure 15 illustrates the effect of battery capacity on the annual energy gap for various PV tilt and azimuth
angles. As expected, a larger battery capacity reduces the energy gap by prolonging the length of time the
system can operate independently. There comes a point when additional battery capacity has diminishing
returns on performance, either by being oversized compared to the PV array or other renewable energy or
simply because the energy availability is mismatched from when it is needed.

Figure 15. Battery capacity (with LTCD) impact on annual operational energy gap (for various azimuth angles and tilt
angles)

The mean energy gap from Figure 15 ranges from 805 kWh/yr for a battery capacity of 44 kWh to 688 kWh/yr
for a battery capacity of 56 kWh; this represents a 117 kWh/yr or 15% reduction in energy gap with the
increased battery capacity.

4.1.3 Thermostat Setpoint Control Parameters
The annual energy gap for each of the 15 TS described in Section 2.2.3 are presented in Figure 16. Note all
other parameters unrelated to the thermostat setpoints used are the baseline set shown in Table 9.

The lowest energy gap is 491 kWh/yr and was obtained using CS — 6 with the -29°C, -18°C, -15°C setpoints
(TS —1). Compared to the constant -18°C setpoint strategy (baseline), shown as TS — 15 (733 kWh/yr), TS — 1
resulted in a 33% reduction in the energy gap. Figure 16 illustrates the relative energy gap reduction possible
by using a dynamic temperature setpoint strategy compared to the baseline constant -18°C setpoint.
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Figure 16. Operational energy gap of various thermostat strategies (with LTCD)

Parametric Analyses without LTCD

The same analyses from Section 4.1 were repeated without modelling LTCD. This second set of results is
required because of the uncertainty associated with the battery type and its performance under Arctic
conditions. Together, the LTCD and non-LTCD data provide an upper and lower band of results, respectively,
to encapsulate the performance of the combined system.

Neglecting LTCD is equivalent to simulating the same configuration assuming LTCD but with a larger battery
capacity. In a hypothetical scenario, a configuration with a 50 kWh battery capacity might degrade by 10% over
the year and end up with a 45 kWh capacity; by neglecting LTCD, the battery capacity is assumed to remain
unchanged at 50 kWh by the end of the year. In the latter scenario, the system operates with a larger battery
through the year. Therefore, the annual operational energy gap ranges for each analysis in the present section
are lower (i.e., better performing) than the corresponding results from Section 4.1.

4.2.1 Container Parameters

The impact of the solar absorptance on the energy gap without LTCD is presented in Figure 17; the impact of
the combined system’s orientation and envelope insulation, without LTCD, are presented in Figure 18 and
Figure 19, respectively. Modelling without LTCD results in a lower range of energy gaps compared to the
results assuming LTCD, because the former effectively simulates a larger capacity battery that prolongs the
period of times when the combined system can operate off-grid.

The surface absorptance parametric results in Figure 17 depicts similar trends as shown in the effect of solar
absorptance on the energy gap in Figure 10. The results from both parametric analyses (with and without
LTCD) show low solar absorptance values resulting in higher performing systems (lower range of energy gaps).



Figure 17. Container exterior solar absorptance impact on annual operational energy gap (without LTCD)

The primary differences between the present container orientation (without LTCD) and the previous (with
LTCD) is the variance of the energy gaps for various combined system azimuth angles (Figure 18) is smaller
than previously observed in Figure 11 (same plot as Figure 18, but of configurations modelled with LTCD). The
results from Figure 18 shows an azimuth of 90° generally results in the highest energy gaps, which is also seen
in Figure 11.

Figure 18. Combined system azimuth angle (°) impact on annual operational energy gap for container parametric
analysis (without LTCD)



The impact of the envelope thermal resistance on the energy gap is presented in Figure 19. It shows a similar
trend of diminishing reduction in energy gap for increasing the thermal resistance beyond R-10.

Figure 19. Container envelope thermal resistance impact on operational energy gap (without LTCD)

4.2.2 Photovoltaic and Battery Parameters
Figure 20 shows the impact of the azimuth; it was obtained by repeating the procedure from Section 4.1.2.

Figure 20. Combined system azimuth angle (°) impact on annual operational energy gap for PV parametric analysis
(without LTCD)



Figure 21(a) shows decreasing energy gaps while battery capacity increases, however, this trend is less
discernable than in the corresponding plot from the analysis with LTCD (Figure 21(b)). This illustrates the
battery capacity has less impact in the case without LTCD. Since modelling without LTCD is effectively
modelling with a larger battery capacity, the diminishing marginal reduction in the energy gap as the capacity
increases suggests the range of capacities examined may contain an optimal solution from a cost/benefit

perspective.

(a) without LTCD (b) with LTCD (repeat of Figure 15)

Figure 21. Battery capacity (without LTCD) impact on annual operational energy gap rotation (for various azimuth and
tilt angles)

4.2.3 Thermostat Setpoint Control Parameters

The same 15 TS used in the analysis from Section 4.1.3 were re-examined without LTCD and their energy
gaps are presented in Figure 22 (TS — 15 represents the constant -18°C setpoint strategy). Note the range of
the energy gap axis on the plot is from 380 — 460 kWh/yr, unlike previous figure axes that start at zero. This
was done to highlight the variability in the strategy (as much as ~10%).
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Figure 22. Operational energy gap of various thermostat strategies (without LTCD)

Summary of Parametric Analysis

Two sets of parametric analyses consisting of 1630 simulations in total were completed. The first set accounts
for LTCD and the second set does not; each set explored a range of container, PV, battery parameters and
thermostat strategies in 815 (80 + 720 + 15) simulations. A summary of the annual operational energy gap for
each group of parameters for both sets of analyses is provided in Figure 23.

The container parameters have the largest range of energy gaps in both analyses with and without LTCD (608
— 1109 kWh/yr and 448 — 741 kWh/yr, respectively). The battery capacity is the limiting parameter that dictates
the duration the system can operate without an external source of energy. Both of these family of results have
a larger range and generally higher energy gap than any of the thermostat strategies (aside from the fixed
setpoint strategy, TS — 15). The thermostat strategy analysis is the most impactful, resulting in the highest
performing (lowest energy gap) set of configurations. Note the outlier datapoints above the thermostat strategy
box and whisker plots (with and without LTCD) represent the baseline strategy (TS - 15).

In operation, the actual performance of the combined system should be bounded by the results from the
thermostat-strategy analyses, with LTCD and without LTCD. The former uses a LTCD model for Li-lon
batteries, where the maximum capacity degrades significantly under cold temperatures, and the latter neglects
LTCD. Thus, the actual performance of a system optimized using one of the thermostat strategies is expected
to have an annual energy gap of 409 — 553 kWh/yr.



Figure 23. Annual operational energy gap of the parametric analyses, with and without LTCD
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5 Hill-Climbing Designs

First Set of Designs (initial hill-climbing)

The parametric results indicate a subset of values for various parameters would lead to higher performing
designs; using this set of values, configurations were iteratively improved. Figure 24 presents the annual
operational energy gap of these hill-climbing configurations; results from the parametric analysis of thermostat
strategies from Figure 23 are also provided for comparison. Because the designs with and without LTCD
overestimate and underestimate the energy gap, respectively, the limits of these results form the range of
performances for an actual system would operate at (401 — 691 kWh/yr).

691 kWh/yr

401 kWh/yr

Figure 24. First Set of hill-climbing designs

It is important to evaluate the annual operational energy gap within the context of the energy required to
refrigerate the container and the availability of solar energy, especially given that the hill-climbing exercise did
not yield any design capable of operating off-grid year-round.

Firstly, the refrigeration electricity required depends whether LTCD is modelled and the thermostat-strategy
used. From the LTCD parametric analyses, annual refrigeration electricity demand ranges from 6289 —

6956 kWh/yr and 6289 — 7019 kWh/yr for the analyses without LTCD. The hill-climbing method yields a design
where approximately 90% of its electrical demand is met.

Secondly, the remaining ~10% of the demand was unmet because of diminished solar irradiance during
autumn, before freezing temperatures negate the need for refrigeration. This is illustrated in Figure 25, where
solar irradiance on the PV arrays decreasing during September and October but outdoor temperature remains
higher than -18°C. Even though the 23.5 kW PV array generates significantly more energy than required to
refrigerate the container in the first half of the year, most of the excess energy cannot be stored and used in
autumn because of the limited size of the battery; on the other hand, a larger capacity battery may be cost-
prohibitive.
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Figure 25. Total PV array incident irradiance

Second Set of Designs (Supplemental Wind Turbine)

Building upon the First Set of Designs, several configurations of the combined system were simulated in
conjunction with a wind turbine to further minimize the annual operational energy gap (this was completed

twice: with LTCD and without LTCD). An overview of the combined system’s and wind turbine’s parameters are
shown in Table 11 and Table 12, respectively. The combined system’s parameters were selected based on the

highest performing configurations from the initial hill-climbing exercise. On the other hand, the wind turbine
parameters were selected from real systems.
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Table 11. Parameters and values of the combined system equipped with a wind turbine

Design parameters

Combined system
azimuth angle

Container surface
solar absorptance

No. of PV panels &
nominal power

PV array C tilt
PV array D tilt
Battery storage

Thermostat setpoint
temperature range

Thermostat setpoint
control sequence

Parameter description

The “default” orientation is 0° where the one
set of arrays are facing north, and the other
faces south as shown in Figure 3. The values
exclude 180° because the system is
symmetrical along its centre longitudinal axis.

Fraction of shortwave (solar) radiation
absorbed by a container surface

The number of panels used is fixed. The
nominal power is given at 1000 W/m? at
25°C.

Tilt of panels from the horizontal.

Tilt of panels from the horizontal.
Storage capacity of the battery.

Setpoint range consists of a minimum,
default, and maximum temperature.
Generally, the minimum (coldest) setpoint is
set when there is an excess of energy
(generation or stored capacity). The
maximum (warmest) setpoint is used when
power is limited (e.g., night time, battery
nearly empty). At all other times, the default
setpoint is applied.

An algorithm to modulate the cooling setpoint
based on power generation, container unit
temperature, and battery state of charge.

Values

0°, 23°, 135°, 158°,

0.2

80 panels; Rated 23.5
kW

60°, 75°
15°, 30°
50 kWh

-29°C, -18°C, -15°C

CS-6



Design

Table 12. Wind turbine parameters

Parameter

3kW - turbine
(Wind Turbine

5kW - turbine
(Wind Turbine

10kW - turbine
(Wind Turbine

parameters
Rated power
Rated wind speed

Rated rotor speed

Height
Number of blades

Rotor diameter

Cut-in wind speed

Cut-out wind
speed

Fractional system
efficiency

Max power
coefficient

Max. tip speed
ratio

description

Nominal power at
rated wind speed
Wind speed at rated
condition

RPM at rated
condition

Height of turbine hub
Blades per turbine
Swept area of a
turbine

Minimum wind speed
for operation
Maximum wind speed
for operation

Overall turbine
efficiency (internal to
the turbine)
Maximum power
extraction as a
fraction of ambient
wind

Maximum ratio of
rotor velocity and
ambient wind speed

Models, 2018a) Models, 2018b) Models, 2022)

3 kW 5 kW 10 KW
10 m/s 10 m/s 13 m/s
260 rev/min 200 rev/min 350 rev/min
10m’ 10 m' 10 m'
3 3 3
3m 4.5m 7m
1.5 m/s 1.5 m/s 3 m/s
52.5 m/s 52.5m/s 60 m/s
83.5%?2
35%?

5 (U.S Department of Energy, 2024)

From the parameters listed in Table 11, 16 different configurations of the combined system can be established
(four azimuth angles and four PV tilt angles) which form a new set of baseline configurations; note that these
data points represent a higher performing subset of the initial hill-climbing results. Coupling each of these
configurations with the three turbines from Table 12, yields an additional 48 (3 x 16) combined systems with
wind turbines for a total of 64 configurations (16 baseline + 48 baseline with wind turbine). Evaluating with and
without LTCD, a total of 128 simulations were conducted for the supplemental wind turbine analysis. The range
of the energy gap for different combined systems coupled to the same wind turbine is small which permits an
arithmetic average energy ga to be representative of the configuration (e.g., the 3 kW configurations’ energy
gaps range from 258 — 289 kWh/yr). The average annual operational energy gap of the combined systems
coupled the wind turbines are presented in Figure 26.

T Assumption based on operating environment (i.e., turbine height can be adjusted during installation)
2 Default EnergyPlus model values
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Figure 26. Average annual operational energy gap for different wind turbine configurations

The addition of a wind turbine results in smaller energy gaps. However, a temporal mismatch between energy
demand (refrigeration) and supply (generation/storage) remains. The magnitude of the operational power gaps
(the power deficit between the renewable generation or battery storage and the power demanded by
refrigeration unit) of the same configuration connected to a 3 kW and 10 kW wind turbine are similar during
poor wind conditions. In the LTCD analysis, although the 10 kW configuration has a lower average energy gap
(85 kWh/yr) compared to the 3 kW configuration (271 kWh/yr), it is oversized for the majority of the year and
demonstrates diminishing marginal benefit, especially during poor wind conditions.

Final Designs

The optimal 3kW and 5 kW configurations from the results with LTCD modelling are presented in Table 13. The
optimal design was selected from the LTCD results because it provides an upper limit estimate of the energy
gap and lends to an additional factor of safety in the analysis. The configuration’s corresponding results without
LTCD are also presented in Table 13 to better understand the actual operational energy gap since the non-
LTCD results provide a lower limit estimate.



Table 13. Parameters and annual operational energy gaps of the Final Designs (with and without LTCD)

Design Parameter Parameter Value

:'I:’T“gg)erm battery capacity degradation |, 1, Without LTCD  LTCD Without LTCD
Wind turbine capacity 3 kW 5 kW
Combined system azimuth angle 0°

Container surface solar absorptance 0.2

No. of PV panels & nominal power 80 panels; 23.5 kW

PV array C tilt 60°

PV array D tilt 30°

Battery storage 50000 kWh

Thermostat setpoint temperature range -29°C, -18°C, -15°C

Thermostat setpoint control sequence CS-6

Annual operational energy gap 258 kKWh/yr 202 kWhlyr 135 kWhlyr 28 kWhl/yr



6 Evaluating Off-Grid Performance

It is important to understand the causes of the energy gaps and the energy gaps’ impact on the container’'s
refrigerated conditions. Since OpenStudio is a building energy modelling software, it assumes electricity is
always available for the refrigeration system during the simulation. Therefore, the temperature does not drift
and cannot be used to evaluate off-grid performance. Instead, the energy gap is reviewed because it indicates
instances of insufficient refrigeration.

Although none of the hill-climbing designs presented above can completely operate off-grid (i.e., zero energy
gap), some of the designs may be acceptable if the duration of the energy gaps is minimal. Table 14 presents
the energy gap, as a percentage of the annual electrical demand. Note, for the First Set of Designs and the
Second Set of Designs (Supplemental Wind Turbine), the average energy gap (%) of the configurations
(previously presented in Figure 26) are shown; on the other hand, the energy gap (%) of the Final Designs are
not averages but the actual gap of the individual configurations described in Table 13.

Table 14. Annual operational energy gap as a percentage of annual electrical demand for each set of designs

Hill-Climbing Designs

First set (average energy gaps) Without wind turbine 7.9% 6.5%
With 3 kW turbine 4.2% 3.2%
Second set (average energy gaps) With 5 kW turbine 2.2% 0.5%
With 10 kW turbine 1.3% 0.03%
With 3 kW turbine 4.0% 3.1%

Final Design With 5 kW turbine 2.1% 0.4%

Parasitic Consumption as a Component of the Energy

Gap
Part of the annual operational energy gap is attributed to the refrigeration system’s constant parasitic
consumption (250 W). This setting allows the system to remain active during the shoulder season when
refrigeration is required sporadically (e.g., exclusively during sunny hours). In actual operation, the container
may be switched off as winter approaches, thus, the actual operational energy gap would be lower than the
simulation suggests. The current parasitic power (250 W) is on an “always-on” schedule. It is based on an 87
kW refrigeration chiller, where its parasitic power is not always on. The current study overestimates this
parameter because uncertainty of the container’'s consumption profile, age, and the potential addition of other
Sensors.

Therefore, in the simulation, an operational power gap less than or equal to 250 W indicates one of two
scenarios:

e the refrigeration unit is off and only parasitic power is active, or
o there is insufficient power to meet all of the electrical demand (i.e., renewables and battery power
supply has a 250 W deficit or less).

Assuming the refrigerated conditions are not materially affected by a 250 W deficit (i.e., container temperature
is slightly warmer than the thermostat setpoint) then the total number of hours when the power gap is greater
than 250 W is an estimate of the time renewable generation and battery storage are unable to meet the
refrigeration demand. Assessing the hours when the power gap is greater than 250 W is more reflective of the
off-grid performance than simply summing all instances of power gaps, because the simulation relies on
parasitic power of a larger refrigeration unit and assumes it is constantly active which contributes to an
overestimation of the annual operational energy gap (note power gaps result in energy gaps, so the number of
hours of a power/energy gap are the same).



Unmet Electrical Demands of an Initial Hill-Climbing (First

Set) Design
As described in the Section 6.1, examining the hours when the power gap is greater than 250 W provides a
more balanced assessment of the off-grid performance than tabulating all instances greater than 0 W. A
histogram of the duration of the energy gaps of the optimal configuration (lowest energy gap) from the First Set
is presented in Figure 27. The first bar represents occurrences where the duration is 1 hour, followed by
occurrences of 2-hour gaps, 3-hour gaps, etc. Over the year, 1-hour energy gaps occurred once (1 hour in
total), 2-hour gaps occurred once (2 hours in total), and 3-hour gaps occurred three times (9 hours in total).
Over the year, there were 19 instances of an energy gap or a total of 134 hours.

1 2 10 11 12 13 14 15 16 17 18 19 20 21 22
Duration of power gap (in consecutive hours)

[y N w N v

Number of events with power gap > 250 W

o

Figure 27. Histogram of the duration of power/energy gaps of the optimal configuration from the First Set of Designs
(with LTCD)

On the other hand, Figure 28 presents the total hours of power gaps on a monthly basis. These gaps occur
during the transition into autumn in Cambridge Bay. Although ambient temperature, and therefore refrigeration
demand, is declining, the decrease in solar radiation results in insufficient energy to power the refrigeration unit.
The large number of instances and the duration of the gaps suggest the optimal First Set design cannot
satisfactorily refrigerate food year-round off-grid from September to November.
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Figure 28. Monthly operational energy gap from the optimal First Set design (with LTCD)

Unmet Electrical Demands of the Final Designs

This section examines the duration of the energy gaps of the combined systems with a wind turbine, using the
3 kW and 5 kW final designs presented in Table 13. An overview of the off-grid performance of the 3 kW and 5
kW designs with and without LTCD are presented in Table 15.

Table 15. Annual operational energy gaps and its frequency of the Final Designs

. . With LTCD Without LTCD
Design with
wind turbine Hours of power gap > Hours of power gap >
Energy gap 250 W Energy gap 250 W
3 kw 258 kWh/yr 40 202 kWh/yr 0
5 kW 135 kWh/yr 37 28 kWh/yr 0

For the 3 kW design with LTCD, a histogram of the duration of the energy gaps throughout the year and the
monthly hours of energy gaps are presented in Figure 29 and Figure 30, respectively. The same figures for the
5 kW system with LTCD are presented in Figure 31 and Figure 32, respectively. For both systems, the
corresponding non-LTCD results show that although there is an energy gap, the total hours when the power
gap > 250 W is zero.
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Figure 29. Histogram of the duration of power/energy gaps of the Final 3 kW design with LTCD
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Figure 30. Monthly operational power gaps of the Final 3 kW design with LTCD

For the 3 kW (with LTCD) option, Figure 29 shows the longest gap lasted 11 hours and other single instances
of 10-, 8-, and 6-hour gaps over the year; these gaps occurred throughout October, which is reflected in Figure
30. There are 40 hours of energy gaps (power gaps > 250 W) in October, which suggests the container would
not be able to provide satisfactory refrigeration during this time. On the other hand, without LTCD modelling,
the system operates without power gaps > 250 W. Actual performance of this configuration would likely result



in energy gaps in between these two sets of results (i.e., 0 — 40 hours of energy gaps). However, during an
energy gap, the temperature of the container may rise to an unacceptable level for proper refrigeration.

Although the 5 kW with LTCD option in Figure 31, results in fewer energy gaps (occurrences and duration of
those gaps), actual operation may also result in unsatisfactory conditions for food storage, given a 10-hour long
energy gap.
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Figure 31. Histogram of the duration of energy gaps of the Final 5 kW design with LTCD
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Figure 32. Monthly operational energy gaps of the Final 5 kW design with LTCD



Uncertainty of Off-Grid Performance

The actual energy gap of the final 3 kW and 5 kW designs should be bounded by their respective LTCD and
non-LTCD simulation results. For the 3 kW final design, the gap ranges from 202 — 258 kWh/yr and

28 — 135 kWh/yr for the 5 kW final design. Since the lower bound results are idealized, actual operation of the
system will result in at least some hours of insufficient refrigeration, unless the actual battery and the
refrigeration unit's performances exceed the specifications modelled. In actual operation, these hours of
insufficient refrigeration, are bounded by the estimates presented in Section 6.3 (i.e., 0 — 40 hours and 0 — 37
hours of energy gaps for the 3 kW and 5 kW final designs, respectively). These results suggest the combined
system (container + PV + battery + turbine) can provide quasi-off-grid refrigeration.

The combined system as modelled will experience periods of insufficient refrigeration during autumn for most
years since the simulations were conducted using statistically representative weather data for Cambridge Bay
(ECCC, 2024). During September and October, the decline in solar and wind availability results in increasing
power deficits, even though refrigeration demand diminishes with cooler temperatures. This is visualized in
Figure 33, which illustrates the performance of Final 5 kW — with LTCD design (from Table 13). In addition to
the hours of insufficient refrigeration (i.e., energy gap), the figure also presents the:

e monthly energy generation (wind and solar)

e monthly energy demand, (refrigeration energy and its parasitic consumption), and

e monthly average battery storage state (as a percentage of the maximum capacity; note, maximum
capacity degrades over time because of the LTCD model).
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Figure 33. Monthly system trend and energy gaps (Final 5 kW design with LTCD)

Although the peak energy generation (May) and demand (July) are out of phase by approximately two months,
the system operates without an energy gap in July or even August. This is largely attributed to the battery
providing energy overnight, which gets recharged to or near full capacity during the day. However, insufficient
refrigeration starts to occur in September as energy generation declines to 1468 kWh (38% of the peak
generation) and further to 990 kWh (26% of peak generation) in October, while the energy demand only
declines to 718 kWh (67% of peak demand) in September and 509 kWh (47% of peak demand) in October.



During months with significant excess renewable energy (February to August) the average battery storage was
at 86% or higher; generation is often sufficient to directly power the refrigeration unit and the requests to draw
energy from the battery is limited. On the other hand, starting in September, energy generation diminishes and
the battery is relied upon for longer durations, resulting in declining average storage. Although energy
generation remains greater than energy demand from September to November, in aggregate, its duration and
intensity is insufficient to consistently power the refrigeration unit and recharge the battery. The result is the
battery is unable to bridge the gaps between solar/wind availability and refrigeration demand.

The uncertainty is an accumulation of the assumptions made on the conditions of the container (e.g., air
leakage and insulation characteristics), performance of the refrigeration unit, availability of solar and wind
resources, operating conditions (e.g., door opening frequency) and other numerical modelling abstractions
used in EnergyPlus (e.g., heat transfer through the container, forgoing snow cover on PV, equipment modelling
etc). The simulation results show an energy gap between 28 — 135 kWh/yr for the 5 kW final design for typical
weather conditions in Cambridge Bay. This range suggests the container can provide quasi-off-grid
performance. In some years with colder temperatures and/or greater solar/wind availability, the combined
system can operate entirely off-grid to provide refrigerated storage, while it may not in other years. In general
terms, a combined system (container with PV panels and a micro wind turbine) paired with a back-up diesel
generator can significantly reduce operating emissions and energy costs while operating off-grid year-round.



7 Conclusion

The similarity between the energy demand profile of a refrigerated space and the availability of solar radiation
on a seasonal scale (i.e., warmer temperature correlates with higher solar radiation) suggests an off-grid solar-
powered refrigerated container for harvested food can be a low emissions solution to improve food security for
remote Arctic communities year-round. This solution was assessed through simulation of a refrigerated
container coupled with PV, wind turbine, and battery. A hill-climbing search for an off-grid design configuration,
based on a parametric analysis of the combined system was conducted and its off-grid performance was
evaluated.

The simulation results show the final design of the combined system (with 5 kW wind turbine) is estimated to
operate with an energy gap of 28 — 135 kWh/yr (approximately 0.4% — 2.1% of the annual refrigeration energy
consumption). Although the system examined is only able to provide quasi-off-grid year-round refrigeration, the
energy gap can be easily alleviated using a diesel generator. In this hybrid configuration (renewables in
conjunction with diesel generator backup), the combined system can significantly reduce operating emissions
and energy costs, compared to a full diesel-powered refrigerated container.

The study also highlights uncertainties associated with the refrigeration and battery model may have resulted in
an underestimation of the performance of the combined system. Firstly, parameters of the container insulation
and air leakage were assumed. Firstly, the parasitic power assumed was based on a larger refrigeration unit
and the disconnect between the refrigeration module’s latent calculation and the humidity of the refrigerated
space, both overestimates the energy consumption of the refrigeration unit. Secondly, since the simulation tool
does not account for refrigeration provided latent cooling in the humidity calculations of the container zone, the
refrigeration energy is overestimated. Lastly, the battery capacity degradation model used overestimates the
degradation of the battery capacity and the battery type simulated is ill-suited for cold weather application (i.e.,
Lithium-based battery with LTCD in Arctic conditions — modelled because of limited selection options in the
simulation tool).

A future analysis can extend the findings of the study by quantifying the uncertainties using empirically
determined performance data of the refrigerated container and battery unit, simulating a hybrid system, and
evaluating the operational greenhouse gas emissions performance of the system.
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