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ABSTRACT

This paper seeks to determine the feasibility of utilizing on-site concentrated solar power
plus thermal energy storage to produce energy for electric vehicle charging in Medicine Hat,
Alberta. A literature review outlines system specifications to determine the potential viability of
a novel concentrated solar power generation technology through an assessment of the solar
thermoelectricity via advanced latent heat storage (STEALS) system which utilizes miscibility
gap alloys (MGAs) as the thermal energy storage component of the system. A comparative
economic analysis that utilized the U.S. National Renewable Energy Lab’s (NREL) System
Advisor Model (SAM) to determine the levelized cost of energy (LCOE) and resultant feasibility
of a project or system, found a solar photovoltaic plus STEALS system to have a lower LCOE

than a solar photovoltaic plus battery energy storage system.
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CHAPTER 1: INTRODUCTION

As the recently released Intergovernmental Panel on Climate Change (IPCC) report made
clear, rapid decarbonization of energy systems is required if we are to stave off the worst impacts
of climate change (Masson-Delmotte, et al., 2021). As transportation accounts for 25% of
Canada’s emissions, cleaner transportation options can play a crucial role in meeting this goal (
Environment and Climate Change Canada, 2021; Government of Canada, 2021). To maximize
the environmental and health benefits derived from the expected mass-scale adoption of electric
vehicles, inexpensive, non-emitting forms of power generation and energy storage should be
pursued (Murphy, et al., 2021).

The transportation sector is undergoing a period of rapid transformation. In the next few
years, a massive influx of new electric vehicles is expected to take place in markets around the
world. In fact, in some more established markets, electric vehicles already make up the majority
of new car sales (Edelstein, 2021). From an initial baseline of 7.9 million electric vehicles on the
road in 2020, projections indicate that over the next five years, more than 50 million electric
vehicles (EVs) are expected to be on the road, with numbers increasing to 130 million electric
vehicles, globally, by 2030 and ultimately over 1.1 billion EVs by 2050 (IRENA, 2020, p. 40;
Hoover, Ndgele, Polymeneas, & Sah, 2021).

As the federal government has recently announced a ban on the sale of internal-combustion
engine (ICE) vehicles by 2035 to align with the goals of a decarbonized transportation sector
(Clean Energy Canada, 2021a; Scherer, 2021), considerations must be undertaken for how to
accommodate the increased demand on our electricity grid (Dao, 2021; Alberta Electric System
Operator, 2021; Alexander, Crisostomo, Krell, Lu, & Ramesh, 2021; Coignard, Saxena,

Greenblatt, & Wang, 2018; Murphy, et al., 2021).



To accommodate this mass influx of EVs, between $110-$180 billion will be required to
deploy the requisite charging infrastructure between 2020 and 2030 (Hoover, Négele,
Polymeneas, & Sah, 2021). Previous research has shown that oil will require a long-term
breakeven price of between $10-$20/bbl to remain competitive for mobility (Lewis, 2019). Even
then, the infrastructure required to provide the same amount of mobility (measured as power at
the wheels) will be significantly less (6.2x-7x less) given a shift to electric vehicles on a
renewable energy powered grid, as compared to internal combustion vehicles powered by fossil
fuels (Lewis, 2019).

Figure 1 - EROCI of Capital - Renewables & EVs versus Gasoline
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(Note: Lewis, 2019)

Figure 2 - EROCI of Capital - Renewables & EVs versus Diesel

ENERGY AND GROSS GROSS | GROSS ENERGY NET EROCI MULTIPLEOF | IMPLIED DIL
TECHNOLDGY POTENTIAL | ENERGY ATPUMP OR (MOBILITY) EROCIOFOIL |  PRICE FOR
SOURCES ENERGY | PURCHASED | CHARGER AT $60/BBL | SAME NET EROCI
0il for diesel vehicles ~ 2.824TWh 1497TWh 1497TWh 524TWh Ix S60/bbl
Onshore wind w/EVs ~ 3443TWh 2583TWh 2,324TWh 1673TWh 3 $16.7/bbl
Offshore wind w/EVs ~ 3871TWh 2903TWh 2613TWh 1881TWh 36x $18.8/bbl
Solar-PV w/EVs 3249TWh 2437TWh 2315TWh 1667TWh 3 $18.9/bbl

Source: BNP Paribas Asset Management *In this report, net EROCI is the amount of mobility bought for a given capital outlay

(Note: Lewis, 2019)



Though overall capital costs are expected to be drastically less under a renewable energy
powered system, other factors must be considered. Demand management and grid stability will
be critical components of mass adoption of electric vehicles. Studies have shown that demand
related to the charging needs of just 10 million EVs would require an additional 3GW of power,
if all vehicles were charged simultaneously, versus an increase of only 0.5GW, if smart charging
is incentivized (IRENA, 2020, p. 40). Clearly, smarter energy systems will be required in order
to handle this mass influx of EVs (Alberta Electric System Operator, 2021; Alexander,
Crisostomo, Krell, Lu, & Ramesh, 2021; Coignard, Saxena, Greenblatt, & Wang, 2018).

The objective of this research is to determine if it is technically feasible to generate enough
energy from on-site solar power production to enable electric vehicle charging. This research
will contribute to the design of a sustainable operating model for greenfield construction and/or
the transition and retrofitting of existing fueling stations, to accommodate EV charging
applications as the global vehicle fleet transitions from internal-combustion engine (ICE)
vehicles. Though focused on a singular location, the resulting research and design scheme may
serve as a blueprint or prototype for such systems in other locations.

This research will address UNSDGs 7 - Affordable & Clean Energy; 9 - Industry, Innovation
& Infrastructure; 11 - Sustainable Cities & Communities (United Nations, n.d.), along the themes
of energy, environment and technological feasibility and will serve to demonstrate the potential
of the electrification of transport, powered by renewable energy sources to achieve economy
wide decarbonization, while showcasing the economic development potential of cleaner energy
technologies (Doluweera, 2020a). To achieve this aim, the research will assess the viability of a
system that utilizes a novel combined concentrated solar power (CSP) and thermal energy

storage (TES) system to determine optimal



system dynamics and operability within the Alberta context. The system being considered
includes two new technologies: a novel phase-change material, miscibility gap alloys, are
assessed as the thermal energy storage medium, housed within a solar thermoelectricity via
advanced latent heat storage (STEALS) module which uses a heliostat array as a heat source.
The heat that is generated from the heliostat field is concentrated on the STEALS module to

generate electricity that is then used to charge electric vehicles.



CHAPTER 2: LITERATURE REVIEW

The transition from internal-combustion engine (ICE) vehicles to electric vehicles (EV) in
the personal mobility market is informed by a number of factors. Despite studies indicating that
electric vehicles could meet the daily requirements of the majority of drivers, range anxiety
related to the perceived inability to travel long distances and challenges related the time it takes
to recharge EVs are a limiting factor in EV adoption (Needell, McNerney, Chang, & Trancik,
2016).

Difficulties in finding a charging station are also a concern for prospective purchasers concerned
about the lack of available charging infrastructure (KPMG, 2021). Such challenges will be
mitigated as the EV charging infrastructure network continues to build out and additional
services become available to make EV charging simpler, and more seamless. Integrating smart
charging to “shift the timing of charging based on electricity pricing, carbon intensity, demand
response, or other grid signals” (Alexander, Crisostomo, Krell, Lu, & Ramesh, 2021, p. 57) can
mitigate these concerns, ensuring that driver’s range requirements and preferred travel times are
met (Alexander, Crisostomo, Krell, Lu, & Ramesh, 2021). With major announcements of
continued development of EV charging systems by oil majors, including Shell, targeting at least
500,000 additional EV charging stations within their network in the next five years, as well as
indications that the US will be introducing a nationwide EV charging network of similar scale,
determining the most suitable system design for infrastructure will be of utmost importance
(Kane, 2021; Evannex, 2021). Additional resources including websites such as PlugShare and
new features offered by Google Maps make finding EV charging stations simple and
straightforward, offering additional benefits of ease, convenience and timesaving for EV drivers

in locations where such services are available (PlugShare, 2021a; Donaldson, 2019).



Continued advancements in battery technology and economies of scale should enable BEV's
(battery electric vehicles) to reach cost parity with conventional (ICE — internal combustion
engine) vehicles across most vehicle segments within the next five to ten years (Lutsey &
Nicholas, 2019). As battery technology has made marked improvements over the last decade,
production costs for electric vehicles have also experienced substantial cost declines, leading to
greater appetite from and opportunity for auto manufacturers to produce such vehicles (Clean
Energy Canada, 2021; Sharpe, Lutsey, Smith, & Kim, 2020). Rapid cost declines of 89% over
the last decade have led to projections indicating that electric vehicles are expected to reach a
purchase price parity with internal combustion engine vehicles within the next five years (Henze,
2020; Lutsey & Nicholas, 2019). The total cost of operations of electric vehicles has been
indicated to be just a fraction of that for comparable internal combustion engine vehicles, owing
to lower maintenance and fueling costs, making the switch to electric vehicles that much more
enticing to prospective buyers (Harto, 2020). As total cost of ownership is projected to be lower
for BEVs across most vehicle segments, and as consumer attitudes toward EV adoption improve
(KPMG, 2021), additional policy supports continue to drive innovation and a transition towards
electrification of transport (Transport Canada, 2020). Such policy supports will be important as
recent consumer surveys indicate a majority of consumers intend to opt for an electric vehicle
with their next vehicle purchase, though these findings are largely contingent upon there being
rebates and incentives offered as part of the purchase (KPMG, 2021). The recent announcement
of the ban on fossil fueled powered vehicles in Canada by 2035 (Clean Energy Canada, 2021a;
Scherer, 2021) should be attainable, providing Canada an opportunity to play a leadership role in
developing new battery technology (Clean Energy Canada, 2021; Sharpe, Lutsey, Smith, & Kim,

2020). An integrated North American vehicle emissions strategy coupled with renewed interest



and appetite from automakers and supportive incentives for consumers should help foster
conditions conducive to greater market penetration of electric vehicles.

There are some concerns regarding the grid’s ability to handle the mass influx of electric
vehicles (Dao, 2021; Alberta Electric System Operator, 2021), though these forecasts do not
include the potential for vehicle-to-grid, or smart-charging charging and additional storage
capacity enabled by mass-scale adoption of EVs to reduce overall system demand, (Coignard,
Saxena, Greenblatt, & Wang, 2018; Alexander, Crisostomo, Krell, Lu, & Ramesh, 2021; U.S.
Department of Energy, 2020; Murphy, et al., 2021). A transportation system in which renewable
energy generation is combined with electrified mobility options is not only significantly cheaper
to build and operate (Lewis, 2019), EVs can provide additional storage capacity (U.S.
Department of Energy, 2020) which can defer investments in new generating capacity (Coignard,
Saxena, Greenblatt, & Wang, 2018; Murphy, et al., 2021) and transmission lines, leading to
increased cost savings while helping reduce emissions (Doluweera, Hahn, Bergerson, &
Pruckner, 2020; Knobloch, et al., 2020; Murphy, et al., 2021). Smart charging can align charging
times with periods when wind and solar energy are abundant helping to better aid in renewable
energy integration by reducing curtailment and maximizing use of renewable energy sources,
saving drivers money and reducing emissions (Alexander, Crisostomo, Krell, Lu, & Ramesh,
2021). Further, there is significant potential of increasing storage capacity by enabling bi-
directional charging for EVs, which can provide additional economic incentives for EV owners
(Alexander, Crisostomo, Krell, Lu, & Ramesh, 2021; Coignard, Saxena, Greenblatt, & Wang,
2018), and aide in ensuring grid resilience, by enabling peak shaving and load shifting which

will become increasingly important with the adoption of ever more variable renewable energy



sources, as is projected to occur across North America (Murphy, et al., 2021; Williams, et al.,
2020; BloombergNEF, 2021; Sepulveda, Jenkins, Sisternes, & Lester, 2018).

Ensuring adequate charging infrastructure will be particularly important as recent studies
have found that it is feasible for heavy-duty trucking to increase its use of EVs with 80% of
routes comprising 50% of fuel use are for trips shorter than 200 miles, availing the opportunity
for depot charging to meet the needs of an electrified heavy-duty trucking sector (National
Renewable Energy Lab, 2021). As the passenger vehicle and heavy-duty truck freight sectors in
Canada account for 21% of total emissions ( Environment and Climate Change Canada, 2021),
widespread adoption of EVs for both passenger and heavy-duty transport could aide in
significantly reducing emissions (Doluweera, Hahn, Bergerson, & Pruckner, 2020) (Knobloch, et
al., 2020), particularly within urban areas (Sisson, 2021), providing for added cost savings
through decreased health care costs (Health Canada, 2021).

Table 1 — Transport Emissions (Canada)

Mt

CO2
Emissions Source eq Percentage (%) of Total
Canada's Total Emissions (2019) 730 | 100.00%
Canadian Transport Emissions Total (2019) | 185.8 | 25.45%
Freight - Heavy Duty Trucks 64.77 | 34.86% 21.00%
Passenger Cars 33.63 | 18.10% 47739 82.59% e
Passenger - Light Trucks 55.06 [ 29.63% '

(Note: Environment and Climate Change Canada, 2021)

To meet the increased demand required to facilitate higher variable renewable energy
penetration, several different energy storage systems have been developed. While battery
technologies have made impressive advances in recent years, having tripled in energy density
while experiencing precipitous cost declines over the past decade, they are still not able to

provide long-term energy storage capabilities required for an increasingly renewable-integrated



grid, requiring a 17-fold increase in deployed battery storage to meet a doubling in renewable
energy capacity (IRENA, 2020, p. 41). Though lithium-ion batteries have become the preferred
storage medium for transportation purposes, there are safety concerns with their use in stationary
storage applications as such systems also pose a significant fire risk in the case of thermal
runaway of the lithium cells (Dufty, 2021; Australian Associated Press, 2021). There are also
challenges related to the manner in which the materials required for the manufacture of lithium-
ion cells are derived (International Energy Agency, 2021; Schlossberg, 2021; Stratmann,
Soetaert, Kersken, & Oevelen, 2021), as well as end-of-life considerations that could prove to be
challenging to overcome given the number and scale of battery cells soon to require recycling,
refurbishment or re-use, though efforts are being made to pro-actively address these challenges
(Kelleher Environmental, 2019; U.S. Department of Energy, 2021; Willuhn, 2021; Lei, et al.,

2021; Thompson, et al., 2020).

Pumped storage hydro is the main method of longer-duration energy storage, comprising
96% of the world’s current storage capacity (IRENA, 2020, p. 41).
However, such systems are dependent on availability of particular conditions including suitable
terrain and water availability and require large land areas (Sepulveda, Jenkins, Sisternes, &

Lester, 2018).



Figure 3 — Pumped Storage Hydro & Lithium-Ion Battery System
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(a) Pumped storage hydro (b) Li-ion battery

(Note: Denholm, Cole, Frazier, Podkaminer, & Blair, 2021)

Additional storage systems currently under development include redox-flow battery systems
such as those designed by Primus Power (Primus Power, 2021), flywheel storage (OXTO
Energy, 2021), gravity-fed energy storage systems (Energy Vault, Inc., 2021) (Ares North
America, 2021), compressed air storage (Hydrostor, 2020), liquid air energy storage (Highview
Power, 2021), and thermo-photovoltaic systems (Antora Energy, 2020). However, there are
limitations of each of these systems as each is either location dependent, higher cost, shorter
duration, requires greater land use, requires rare earth elements, has difficulties in scaling or is
not yet commercially proven.

Other technologies, including thermal energy storage, are expected to fulfill the need of
storing power for durations in excess of 8 hours (Denholm, Cole, Frazier, Podkaminer, & Blair,
2021). With a potential capacity of 100 GW of storage in the US market, longer-duration
storage can provide additional benefits of enhancing the ability to match diurnal fluctuations in

VRE output, enabling time-shifting and deferring the need for additional transmission capacity
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(Denholm, Cole, Frazier, Podkaminer, & Blair, 2021). Coupling VRE resources, particularly
solar, with longer-duration storage could enable VRE to provide more than half of all power
produced on an annual basis (Denholm, Cole, Frazier, Podkaminer, & Blair, 2021).

Thermal energy storage does not experience the same losses in the storage-recovery cycle as
either electrochemical or mechanical storage systems, returning nearly 99% of the initial energy
input in the system (Sugo, Kisi, & Cuskelly, 2013). They also do not suffer from the effects of
degradation attributed to electrochemical storage. Combined, these features make thermal energy
storage ideal for longer-duration and high-cycle storage systems such as those required for EV
charging applications.

To achieve the desired emissions reductions from the mass adoption of EVs, it will be
important to consider the source of power for such systems. Solar powered thermal energy
storage has been shown to be a viable technology in the local context, with the successful
integration of solar thermal heating and underground thermal energy system deployed in the
Drake Landing project in Okotoks, Alberta (IRENA, 2020, p. 94; Sudeyko & Greacen, 2017).
Conversely, previous studies conducted within Alberta have indicated that efforts to meet the
demand for EV charging utilizing on-site energy generation from solar photovoltaic energy is not
feasible for generating the required amount of energy to meet charging demand for the expected
influx of electric vehicles, and would require additional on-site storage capacity, or energy drawn
from the grid to provide the necessary power for EV charging (Lefebvre, 2018). The increased
energy density and efficiency afforded by concentrated solar power generation, coupled with the
efficiency of the miscibility gap alloys (MGAs) used in the thermal energy storage seek to

overcome this limitation.
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The advantage of the CSP system selected for this study is that it provides for greater
energy density using solar thermal collectors than solar photovoltaic panels, improving overall
system efficiency (Smil, 2010) and also requires significantly less land area than existing CSP
systems due to its compact, modular design (Kisi, et al., 2018; Reed, Sugo, & Kisi, 2018).

2.1 Miscibility Gap Alloys (MGAs)

Miscibility gap alloys are a type of binary metallic phase change material (PCM) that are
used for thermal energy storage. Modular blocks composed of two thermodynamically stable,
immiscible metals which contain “discrete, fully encapsulated, particles of a lower melting point
metal trapped within a dense matrix of a higher melting point metal” (Kisi, et al., 2018, p. 2)
operate under a narrow temperature range (+50°C, heat) (Kisi, et al., 2018; Reed, Sugo, & Kisi,
2018) to store energy as a combination of the ”latent heat of fusion of the lower melting point
metal and 100°C of sensible heat storage” (Kisi, et al., 2018, p. 2). The narrow temperature
range of the latent heat of the miscibility gap alloys enables precise control of system

parameters (Kisi, et al., 2018; Reed, Sugo, & Kisi, 2018).
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Figure 4 — Miscibility Gap Alloys — Modular Blocks

(Note: Kisi, et al., 2018)

Figure 5 — Miscibility Gap Alloys — Inverted Microstructure
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(Note: Kisi, et al., 2018)
MGASs provide benefits over existing phase change materials as they have high thermal
conductivity (50 — 200 times greater than the majority of installed thermal storage materials) and

high energy density and employ conductive rather than convective heating, which enables rapid,
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uniform heat distribution, and allows for greater energy storage in smaller volumes, thus
reducing plant footprint and associated system costs (Kisi, et al., 2018; Reed, Sugo, & Kisi,
2018). Miscibility gap alloys exhibit decreased time delay between discharge-recharge cycles
than other phase-change materials owing to the higher energy storage density per unit volume,
and greater thermal conductivity of the miscibility gap alloys (Sugo, Kisi, & Cuskelly, 2013). As
a result, the application of miscibility gap alloys combined with concentrated solar power
generation is expected to provide significant cost and greenhouse gas emissions reductions
potential, providing opportunities for load shifting and the ability to address intermittency
concerns related to the diurnal nature of solar availability, and issues related to inclement
weather (Sugo, Kisi, & Cuskelly, 2013).

Table 2 — Miscibility Gap Alloys — Phase Change Material Comparison

Candidate thermal storage systems compared with state of the art PCM (rows 1.2),

System Fusible phase Thermmal conductivity
Phase name Melting point Heat of fusion Energy density Equivalent temperature of matrix (W/m K]
(*C) (klfkg) (MJJL) range of sensible heat
PCM-1 organic Paraffin Czg.33 [5] 50 189 0.17 76 <1
PCM-2 salt KMNO3—MNaMOs eutectic [9] 221 100 0.204 70 =1
Al-Sn Sn 232 59 043 257 237
Al-Bi Bi 271 52 051 433 237
Fe—Mg Mg 650 346 0.60 590 80
Fe—Cu Cu 1085 205 1.84 526 80
SIC—Si Si 1414 1926 449 2713 200

(Note: Sugo, Kisi, & Cuskelly, 2013)
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Table 3 — Miscibility Gap Alloys — Thermal Properties

Calculated thermal properties of candidate MGA thermal storage media for AT = 100°C,

System Fhase Heat of Energy Thermal
change ("C)  fusion (k]  density™ (MJ/ mﬂduﬁli'.’[t}" (W
L) L) mK)
C-Zn 420 B43 0.62 100
C-Al 660 1071 0.9 158
C{ AL-Si) 577 1516 1.1 158
Molten salt® N/A M/A 0.27 = 0.7

* Energy density here includes + 50°C of sensible heat around the phase change
temperature and AT of 100 °C for the molten salt.

" Thermal conductivity was calculated using the Lattice Monte Carlo technique

(Rawson et al.).

* Sodium Mitrate (60%) and Potassium Nitrate (40%6), (NaN Oy — ENOy).
(Note: Reed, Sugo, & Kisi, 2018)

As the material remains and behaves as a solid, the storage unit can be composed of
modular blocks. The modular, scalable nature of the blocks enables opportunities for re-use and
recycle; the blocks can be re-configured for new or different applications and, as MGAs are
composed of immiscible metals, they can be readily separated by melting and recycled at end of
life, further enhancing the economics of such systems through materials recovery at end-of-life
with approximately 25% of material costs realized through salvage (Kisi, et al., 2018).

MGAs are versatile and adaptable and operate across a broad range of temperatures
(232°C Al-Sn to 1414°C SiC-Si), making them suitable for a many different applications,

including space heating, industrial processes, waste heat recovery and concentrated solar thermal

energy generation, and energy storage (Sugo, Kisi, & Cuskelly, 2013).
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Table 4 — Miscibility Gap Alloys - Thermal Properties Comparison

Type Melting temperature of Thermal conductivity Energy density
active phase (°C) (W/mK) (MI/L)*

Sn 50%- Al 230 120 0.43

Zn 50%- C 420 70 0.65

Mg 50%- Fe 650 100 0.58

Cu 50% - Fe 1085 200 12

S150% - SiC 1410 75 2:5

* All values include 100°C of sensible heat capacity
T A convenient graphical method of displaying the thermal properties of MGA was pioneered in earlier work and
may be consulted for further comparison with other storage materials (Rawson A., et al., 2014).

(Note: Kisi, et al., 2018)

As “more than 65% of the globally produced energy is lost as waste heat” (Zhou, et al.,
2021, p. 1), with the annual thermal energy storage demand on the order of 10'%J in the US
market alone, MGAs could provide for a low-cost form of thermal energy storage with the
capability of reducing the use of fossil fuel generated energy, producing commensurate
emissions reductions and environmental benefits (Sugo, Kisi, & Cuskelly, 2013). Lower
conversion losses for thermal energy storage systems provide for more efficient storage than
thermochemical, chemical and mechanical storage means, suffering only from environmental

losses, which can be on the order of a few percent per day (Sugo, Kisi, & Cuskelly, 2013).
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2.2 Solar thermoelectricity via advanced latent heat storage (STEALS)

Solar thermoelectricity via advanced latent heat storage (STEALS) system integrates
several technologies utilizing aspects of concentrated solar power (CSP), thermal energy storage
(miscibility gap alloys) and a thermoelectric generator into a compact, modular, scalable form.
The STEALS system is a novel, fully-integrated solar electricity-generating technology that
includes the solar receiver, phase-change material (PCM) thermal storage (in the form of
miscibility gap alloys (MGAs), heat pipes, thermal valve, thermoelectric generators, and heat
rejection in a single module, providing cost-effective, dispatchable power at a variety of scales,
ranging from 10kW to 20MW (Olsen, et al., 2016; Glatzmaier, et al., 2017; Rea, et al., 2018).
The design of the system, as a solid-state device that incorporates latent heat thermal energy
storage combined with a thermal valve, eliminates the need for piping, valves, and pumps
associated with circulating heat-transfer fluid as part of conventional concentrated solar power
system designs, thus reducing operation and maintenance costs while enabling the STEALS
system to deliver near-constant power generation at times shifted from peak sunlight hours, to
peak demand hours, providing dispatchable electricity on demand (Olsen, et al., 2016;
Glatzmaier, et al., 2017). The solid-state design has the added benefit of making the system
inherently modular and scalable, overcoming the challenges faced by traditional CSP steam
turbine plants, which require large scale deployments (minimum 50MW.) to be economically

viable (Olsen, et al., 2016; Glatzmaier, et al., 2017).
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Figure 6 — STEALS System Diagram
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(Note: Rea, et al., 2018)

An array of heliostats (reflective mirrors) that use two-axis tracking reflect concentrated
sunlight through an aperture in the bottom of the STEALS device, which is located atop a central
tower. The concentrated sunlight is converted to heat via a solar absorber containing the phase-
change material, which acts as both the solar receiver and thermal energy storage medium. The
concentrated sunlight (1,000 kW/m?) diverges at the point of the receiver, resulting in an average
intensity of 100 kW/m? at the receiver surface (Olsen, et al., 2016). An absorption efficiency of
90% results in a heat flux density of 9W/cm? through the MGA (Olsen, et al., 2016). Thermal
gradients within the STEALS device are minimized as heat pipes with extremely high thermal
conductivity (10,000W/m/K) are embedded within the MGA, providing for a high thermal-

conductivity pathway through the MGA (Olsen, et al., 2016; Rea, et al., 2018). The heat pipes
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work in tandem with a thermal valve (valved thermosyphon) controlling the rate at which the
heat is then delivered to the thermoelectric generator (TEG) module where it is used either for
direct electricity generation, or to charge the MGA for thermal energy storage, enabling
subsequent generation during off-sun hours, or both for simultaneous electricity production and
energy storage (Olsen, et al., 2016; Glatzmaier, et al., 2017; Rea, et al., 2018). The STEALS
module has an operating temperature of 650°C and the heat valve is 90% efficient, resulting in
less than a 50°C temperature drop between the MGA and hot side of the TEG when the system is
operating, which is crucial as the thermoelectric generator is reliant upon a stable temperature
range for optimum performance (Olsen, et al., 2016). The narrow operating range of the latent
heat of the MGAs, provide a precise temperature range during system operation providing for
ideal system design and compatibility of the two technologies (Kisi, et al., 2018). The TEGs
have a projected thermal-to-electric energy conversion efficiency of 9 percent, and the output
power of the system scales linearly with the size of the TEG array (Olsen, et al., 2016). Having
no moving parts, these solid-sate devices have been shown to work for decades without the need
for maintenance, reducing overall system cost (Olsen, et al., 2016).

Excess heat is vented through the top of the STEALS module through a finned, air-cooled
heat exchanger (Glatzmaier, et al., 2017). The configuration of the system limits convective
losses of the STEALS module at the receiver and allows for improved heat flow throughout the
system by enabling gravity-assisted liquid return through the embedded heat pipes (Olsen, et al.,
2016). By directly integrating the thermal energy storage and power block components together
with the solar receiver, the STEALS system reduces the length of pathways for heat, thereby
reducing thermal losses, making the system nearly isothermal with a combined receiver optical

and thermal efficiency of 95 %, and reducing system cost compared to traditional

19



concentrating solar power designs, thus enabling a modular system design that allows for
dispatchable solar electricity generation at a lower levelized cost of energy (LCOE) than
traditional CSP or solar PV plus battery systems (Olsen, et al., 2016; Glatzmaier, et al., 2017).
Previous techno-economic analysis of a 100 kW system located in Daggett, CA showed
favourable LCOE for STEALS systems when compared to a solar PV plus battery; 11.7- 11.9
cents/kWh versus 15-25 cents/kWh for solar plus battery (Glatzmaier, et al., 2017)

Microgrids have been identified as the best application for the STEALS system, with LCOE
for STEALS systems relatively constant for systems ranging in size from 20 kWe to 1 MWe,
with minimum LCOE achieved for systems sized at 100 kWe. The relatively constant LCOE for
STEALS systems is due to the trade-off in optical efficiency resulting from reduced heliostat
field size and cost, to improved storage efficiency as a result of improved surface area to volume
ratio (Glatzmaier, et al., 2017).

Half of all current microgrids are for systems smaller than 1 MWe in size, considered to be
the best market for future STEALS installations, and can be utilized for applications ranging
from isolated communities and mines, to residential communities, commercial applications,
public institutions (hospitals, universities, etc.) and military installations. Cost reduction and
reliability are considered to be the main motivating factors for isolated installations, while
community installations are motivated by desires for locally produced renewable sources of
electricity (Glatzmaier, et al., 2017).

Locational factors, particularly solar resource availability, which is influenced by latitude,
affects the efficiency of STEALS (Glatzmaier, et al., 2017). At higher latitudes, with greater
seasonal variation in solar irradiance, larger heliostat fields and solar multiples are required to
achieve high-capacity factors and maintain dispatchability of the system, requiring larger

thermal storage systems that can
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reduce the feasibility of STEALS, adversely impacting the LCOE (Glatzmaier, et al., 2017).
Simulations that attempt to control for labour and locational factors found that a STEALS system
deployed in Soldotna, Alaska had twice the LCOE of a STEALS system deployed in Gila,
Arizona, despite both locations having similar labour market factors, owing predominantly to the
lower solar resource in Alaska (Rea, et al., 2018).

Figure 7 — STEALS System — Heliostat Array Based on Location

(Note: Rea, et al., 2018)
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CHAPTER 3: METHODOLOGY

I will first outline the methodology that was used to estimate the number of electric vehicles
that will visit the EV charging station each day, and annually. I will then discuss the
methodology that was used to calculate the energy, environment, and economic dimensions of
my analysis.
3.1 Number of Vehicles Using the Charging Station

First, I needed to determine the number of vehicles that would be charged each day, and
throughout the year. In my calculations, an estimate of three vehicles charged per hour was used.
An assumption of a 100% utilization rate was used over the span of 15-hour daily operations
throughout the duration of the year (See Appendix A — Energy Calculations).
3.2 Determination of the Energy Requirements for EV Charging

To start, I determined the energy demand of a Tesla Model 3 battery pack (Lambert, 2020)
which was used as a proxy estimate of the average battery pack size of vehicles that would make
use of the EV charger. I then estimated the depth of discharge of the average EV battery pack
requiring charging and multiplied that by the estimated average turnover or throughput of the
charging infrastructure based on the anticipated utilization rate of 100% to determine the number
of vehicles charged per hour to determine hourly charging requirements. I multiplied this number
by an estimated 15-hours of daily operations to determine daily energy requirements. This value
was then multiplied by 365 days to determine annual energy requirements for EV charging (See
Appendix A — Energy Calculations).

To determine system component sizing, requirements of 6 hours of daytime charging and 9
hours of storage, based on average hourly energy demand, were used for each of the respective

system designs; solar PV + battery storage & solar PV plus STEALS storage.
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Efficiency losses of 15%, an approximation for the average 85% efficiency of battery storage
systems (Doluweera, 2021), were calculated for the battery component of the solar PV + battery
storage system to ensure that the solar PV array was adequately sized to provide enough power
to meet energy demands. Once system component sizes had been determined, SAM was used to
provide a model of the solar PV plus battery system. Climactic data was downloaded from
Natural Resources Canada for use in the SAM model for the given location of Medicine Hat,
Alberta (Natural Resouces Canada, 2020). In the SAM modelling software, a system design with
a nameplate capacity of 810 kWdc with a DC to AC ratio of 1.2 and an inverter efficiency of
96% was used. The system model employed an array with 1-axis tracking, O tilt degrees and a
180° azimuth, generating a system with total losses of 12.6% (See Appendix A — Energy
Calculations).

A literature review was undertaken to determine the capacity factor based on solar irradiance
of location for the STEALS system for Daggett, California (Glatzmaier, et al., 2017).
Information for solar irradiance and capacity factor for solar PV installations was then derived
from the PV Watts website for the location of Daggett, California and Medicine Hat, Alberta,
respectively (National Renewable Energy Laboratories, n.d.). The information derived from
PV Watts, also included a system design using 1-axis tracking (See Appendix E — PV Watts Solar
Irradiance, Capacity Factor) to increase solar irradiance and capacity factors, providing for
equivalent system design parameters to that used to model the solar PV plus battery storage
system in SAM (See Appendix A — Energy Calculations). The solar irradiance and capacity
factor information derived for Medicine Hat, Alberta through PVWatts was used to determine the
equivalent capacity factor for the STEALS system for Medicine Hat, Alberta. This information
was then used to determine the sizing of the system components for the solar PV plus STEALS

storage system.
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Again, SAM was used to model the solar PV component of the solar PV plus STEALS
system. Climactic data was downloaded from Natural Resources Canada for use in the SAM
model for the given location of Medicine Hat, Alberta (Natural Resouces Canada, 2020). In the
SAM modelling software, a system design with a nameplate capacity of 300 kWdc with a DC to
AC ratio of 1.2 and an inverter efficiency of 96% was used. The system model employed an
array with 1-axis tracking, O tilt degrees and a 180° azimuth, generating a system with total
losses of 12.6% (See Appendix A — Energy Calculations).

3.3 Determination of Emissions Reductions

To determine the amount of COx. emissions reductions from using renewable energy
generation for EV charging, a calculation of the total annual energy requirements for the system,
and the electricity grid displacement factor with renewable generation for the Alberta grid
(Government of Alberta, 2019) were used. The total annual energy requirements, previously
calculated as kWh/yr were converted to MWh/yr and the electricity grid displacement factor for
renewable generation (Government of Alberta, 2019) was then applied to determine total annual
emissions reduction as a result of using renewable generation for EV charging.

3.4 Determination of Economic factors (LCOE) for Respective Systems

As part of the system simulation using SAM modeling software, a LCOE was generated for
the solar PV plus batter system.

Similarly, as part of the system simulation using SAM modeling software, a LCOE was
generated for the solar PV component of the solar PV plus STEALS system.

A literature review was undertaken to determine the LCOE of the STEALS system for the
location of Daggett, California (Glatzmaier, et al., 2017). The LCOE value of the STEALS

system for Daggett, California was multiplied by the high-level capacity factor of the STEALS
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system for Daggett, California (Glatzmaier, et al., 2017) and divided by the proxy high-level
capacity factor for Medicine Hat (derived from the process described previously) to determine a
proxy LCOE for Medicine Hat.

A weighted-average LCOE for the total solar PV plus STEALS system was determined
by multiplying the hourly energy requirements for the requisite number of hours of daytime
charging by the LCOE determined for the solar PV component of the solar PV plus STEALS
system (as derived by SAM modeling). This value was then added to a calculation of the hourly
energy requirements the requisite number of daily storage hours multiplied by the proxy LCOE
of the STEALS component for Medicine Hat, which was divided by 100 to provide a weighted-
average LCOE for the solar PV plus STEALS system design (See Appendix C — Economic

Calculations).
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CHAPTER 4: RESULTS & DISCUSSION

Listed below is a flow diagram outlining the process for determining the values, inputs

and system modelling included as part of the calculations for the energy, environmental and

economic components of my analysis. All subsequent calculations are derived from the

initial starting point of determining EV charging system requirements. The calculations are

discussed in greater detail, below.

Figure 8 — Analysis Process Flow Diagram
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4.1 Number of vehicles visiting a charging station each day

For this calculation, I assumed the site would be able to accommodate 3 EVs charging

per hour, over a daily operating duration of 15 hours, operating 365 days a year, for an

estimated throughput of 16,425 total vehicles charged annually.
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Table 5 - EV Charging System - Vehicle Throughput

EV Charging System - Vehicle Throughput
Number of vehicles per hour 3 vehicles per hour
Daily Hours of Operation 15 Hours
Days per Year 365 Days
Total Vehicles Charged 16,425 | Annually

(Note: Choveaux, 2021)

4.2 Energy Calculations

The Tesla Model 3 battery pack, with an 82 kWh capacity (Lambert, 2020), was used as a
proxy for the average battery pack size in energy calculations. Each vehicle was estimated to
have a depth of discharge of 80% of the battery pack. Charging 3 vehicles per hour would
require a total energy requirement of 196.8 kWh per hour. With daily operations of 15 hours,
total daily energy requirements were calculated as 2,952 kWh/day. Over the span of 365

days, total annual energy requirement was determined to be 1,077,480 kWh/yr.

Table 6 — EV Charging System Requirements

EV Charging System Requirements
Number of vehicles per hour 3 | vehicles per hour
Size of battery pack 82 | kWh
Depth of Discharge 80 | %
Hourly Energy Demand 196.8 | kWh
Daily Hours of Operation 15 | hours
Daily Energy Requirements 2952 | kWh
Yearly Energy Requirements 1,077,480 | kWh/yr

(Note: Choveaux, 2021)
The EV charging system is designed to mostly function independently, but limitations due to

seasonality of solar irradiance require the system to still be connected to the grid. Over the 15
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hours of daily operation, the system was modeled to provide 6 hours of daytime charging,
requiring 9 hours of storage capacity for both battery and STEALS storage systems. Daytime
charging was calculated as 6 hours of operation multiplied by the hourly energy demand of
196.8 kWh, resulting in a solar PV array sizing of 1,181 kWh for daytime charging. The total
capacity for the battery was calculated as 9 hours multiplied by the hourly energy demand of
196.8 kWh, resulting in a minimum battery capacity of 1,771 kWh. An adjustment must be
made based on the overall efficiency of the battery pack, estimated as 85% efficient, to ensure
adequate charging of the system, requiring a solar PV array of 2,084 kWh for battery charging,

resulting in overall daily energy requirements of 3,265 kWh, including system losses.

Table 7 — Solar PV + Battery Storage System Specifications

Solar PV + Battery Storage System Specifications

Daily Energy Requirements (including system losses) | 3,265 | kWh
Solar PV Array - Daytime Charging 1,181 | kWh
Solar PV Array (Battery Charging) 2,084 | kWh
Battery Size (9 hour storage) 1,771 | kWh

(Note: Choveaux, 2021)

To determine system sizing requirements for the solar PV + STEALS system, a literature
review was undertaken to determine comparable capacity factors for the given location of
Medicine Hat, Alberta. Previous studies had provided information on capacity factors for the
STEALS system for the location of Daggett, California (Glatzmaier, et al., 2017). Using PV
Watts, Daggett, CA was found to have a direct nominal solar irradiance of 7.90 kWh/m?/day,
producing a capacity factor of 25.2 for solar PV installations (National Renewable Energy
Laboratories, n.d.). Given that the literature provided a higher capacity factor for the STEALS

system on the order of 31.4-38.1 (Glatzmaier, et al., 2017), this information was then used to
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make a proxy estimate of the potential capacity factor for the STEALS system when located in
Medicine Hat, Alberta.

Again, PVWatts was used to determine the direct nominal irradiance for Medicine Hat,
Alberta of 4.91 kWh/m?/day, with a capacity factor of 16.4 for a solar PV array (National
Renewable Energy Laboratories, n.d.). Given these factors, it was determined that a STEALS
system located in Medicine Hat, Alberta would provide a capacity factor ranging from 19.5 to

23.7.

Table 8 - Solar Resource and Capacity Factor - Medicine Hat, AB

Solar Resource and Capacity Factor - Medicine Hat, AB
Solar PV Daggett, CA Medicine Hat, AB
Direct Nominal Irradiance 7.90kWh/m?/day 4.91kWh/m?*/day
Capacity Factor 25.2 16.4
STEALS Daggett, CA Medicine Hat, AB
Direct Nominal Irradiance 7.90kWh/m?/day 4.91kWh/m?*/day
Capacity Factor (Low) 314 19.5
Capacity Factor (High) 38.1 23.7

(Note: Choveaux, 2021)

To compare the systems, I used the US National Renewable Energy Laboratories System
Advisor Model to model the solar PV plus battery energy storage system. I uploaded location
and resource data for Medicine Hat, Alberta (Natural Resources Canada, n.d.) into the SAM
modeling software. In the SAM modelling software, a system design with a nameplate capacity
of 810 kWdc with a DC to AC ratio of 1.2 and an inverter efficiency of 96% was used. The
system model employed an array with 1-axis tracking, 0 tilt degrees and a 180° azimuth,
generating a system with total losses of 12.6% (See Appendix A — Energy Calculations).

The solar PV component of the solar PV plus STEALS system was modelled using the

SAM software. Given the difference in capacity factors for the different storage mediums, it was
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determined that a solar PV system plus STEALS would require a 300 kW solar PV array.
This solar array would then be couple with a 450 kW STEALS storage system to produce

requisite energy demand for EV charging.

4.3 Environmental Calculations

To determine the amount of COxc emissions reductions from using renewable energy
generation for EV charging, I looked at the total annual energy requirements for the system,
1,077,480 kWh/yr and the electricity grid displacement factor with renewable generation for the
Alberta grid. I converted the total annual energy requirements to MWh/yr and then applied the
electricity grid displacement factor for renewable generation of 0.53tCO2/MWh (Government of
Alberta, 2019), to determine a total annual emissions reduction of 571.06 tCOac/year displaced as

a result of using renewable generation for EV charging.

Figure 9 — Electricity Grid Displacement Factors (Alberta)

Factor t CO2e/MWh Description
Electricity grid displacement factor

Electricity grid displacement with 0.53 Applicable to projects displacing grid-
renewable generation electricity with renewable generation.

Electricity grid displacement factor with line loss applied

Increased on-site grid electricity Applicable for use in projects that increase
use (includes line loss) 0.57 electricity usage in the project condition.
Reduction in grid electricity usage Applicable to energy efficiency projects
(includes line loss) 0.57 resulting in decreased grid electricity usage in

the project condition.
Distributed renewable
displacement at point of use 0.57 Applicable to projects displacing grid
(includes line loss) ’ electricity with distributed renewable
electricity generation at point of use.

2018 Electricity Grid Displacement Discussion Paper, calculation methodology is based on 2007 EDC
Associates, Calculation of the Grid Emission Intensity Factor for Alberta.

(Note: Government of Alberta, 2019)
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Table 9 - EV Charging System Requirements & Emissions Reductions

EV Charging System Requirements & Emissions Reductions

Yearly Energy Requirements 1,077.48 | MWh/year

Electricity Grid Displacement Factor| 0.53 | tCO2/MWh

Annual Emissions Reductions 571.06 | Total tCOze/year

(Note: Choveaux, 2021)
4.4 Economic Calculations
The total capacity for the battery was calculated as 9 hours multiplied by the hourly
energy demand of 196.8 kWh, resulting in a minimum battery capacity of 1,771 kWh. Using
an average cost estimate of $250/kWh installed, total battery costs determined to be $442,800.
Assuming a battery replacement would be required after 10 years operations, LCOE for the solar
PV plus battery energy storage system increased from 17.48 cents/kWh to 18.77 cents/kWh with

the battery replacement factored in.

Table 10 - Solar PV + Battery Storage System Specifications

Solar PV + Battery Storage System Specifications
Daily Energy Requirements (incl
system losses) 3265 | kWh
Solar PV Array - Daytime Charging 1181 | kWh
Solar PV Array (Battery Charging) 2084 | kWh

Battery Size (9 hour storage) 1771 | kWh
LCOE PV + Battery (no battery

replacement) 17.48 | cents/’kWh
LCOE PV + battery (battery

replacement year 10) 18.77 | cents/kWh

(Note: Choveaux, 2021)
The 300 kW solar PV array modeled in SAM had a LCOE of 14.67 cents/kWh. A literature
review found that the high-end LCOE for a STEALS system to be 11.9 cents/kWh. Utilizing the
high-end capacity factor of 23.7 for the Medicine Hat location, the STEALS component of the

system had a LCOE of 19.13 cents/kWh, producing a total weighted average LCOE for the
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solar PV plus STEALS system design of 17.35 cents/kWh, producing a lower LCOE than the

solar PV plus battery system.

Table 11 - Solar PV + STEALS Storage System Specifications

Solar PV + STEALS Storage System
Specifications

Solar PV Array 300 | kW
STEALS system (9hr storage) 450 | kW
LCOE PV 14.67 | cents/kWh
LCOE STEALS 19.13 | cents’kWh
Wgt Avg LCOE PV +
STEALS 17.35 | cents/kWh

(Note: Choveaux, 2021)



CHAPTER 5: CONCLUSION & FUTURE WORK

The viability of the STEALS system has been shown to be effective in a northerly
latitude, given that the location selected has abundant solar irradiance, as is the case for Medicine
Hat, AB.

A comparative techno-economic analysis of solar PV plus battery storage and solar PV
plus STEALS utilizing MGAs as the thermal energy storage medium determined that thermal
energy storage is a viable storage medium to pair with solar photovoltaic systems, providing for
a lower overall LCOE. Given the enhanced economics of the solar PV + STEALS system design
over the solar PV + battery energy storage system, it is recommended that options for STEALS
deployment in other applications be pursued, including for community microgrid and mining
applications, industrial processes, and for space heating.

5.1 Limitations

Both MGAs and STEALS are early-stage technologies and will require continued
development and advancement towards commercialization to be viewed as truly viable
technologies. As the technologies are based on theoretical models or small-scale deployments,
continued research and development for both MGAs and STEALS could lead to further cost
reductions and improved performance. Preliminary testing suggests that STEALS system
components, namely the thermosyphon valve will work more efficiently at larger scales (Rea, et
al., 2018).

This research did not include an assessment of the additional emissions reductions that are
expected to result from the transition from internal combustion engine vehicles to electric

vehicles, producing potentially considerable additional environmental benefits.
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5.2 Future Research

To date, a complete LCA has not been conducted for MGAs (Kisi, 2021). A
determination of the emissions related to production of different materials and production
processes would aid in determining overall emissions reductions potential throughout the product
lifecycle. MGAs use abundant, recycled and recyclable materials, and are able to be repurposed
and reconfigured to optimize system design for different use cases and applications, extending
product lifecycle and enhancing sustainability metrics (Kisi, et al., 2018). The availability,
recyclability, and ease with which the constituent materials can be recycled should provide for a
favourable LCA over competing storage mediums, particularly batteries. Additional recent
advancements in the production process for high temperature alloy materials (SiC) could lead to
further emissions reductions in the manufacturing process and enhanced LCA metrics by
utilizing plant-based material inputs that will provide some carbon sequestration benefits as part
of the material inputs (Salk Institute, 2021; Thomas, Shin, Clair, & Noel, 2021).

Improvements in system component functionality, particularly in the form of higher
efficiency thermoelectric generators (TEG) could also increase emissions reductions and reduce
overall system costs of the STEALS system through enhanced performance and reduction in the
need for additional system components, namely a smaller heliostat array (Zhou, et al., 2021;
Glatzmaier, et al., 2017).

Site-specific EIAs would need to be undertaken for each of the systems studied, with
particular attention paid to land use considerations of the STEALS system when compared to
solar PV installations and traditional CSP system designs. Potential wildlife impacts related to
the use of heliostat arrays as part of the STEALS system would also need to be assessed and any

potential issues addressed.
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A determination of additional/best use case for thermal energy storage, particularly
miscibility gap alloys should be undertaken to determine impact of expected future cost
reductions on the economics of each system.

Considerations for additional cost reductions in both solar PV cells and battery technology as
the technologies mature and production scales up, providing for more rapid descent of learning
curves and continued decline of system costs.

An LCA to evaluate the potential for enhanced system economics and environmental
benefits of incorporating recycled content in both battery and solar PV cell design and

manufacture.
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APPENDICES
Appendix A — Energy Calculations

An assumption was made that the site would be able to accommodate three EVs charging per
hour, over a daily operating duration of 15 hours, operating 365 days a year, for an estimated

throughput of 16,425 total vehicles charged annually.

EV Charging System - Vehicle Throughput
Number of vehicles per hour 3 vehicles per hour
Daily Hours of Operation 15 Hours
Days per Year 365 Days
Total Vehicles Charged 16,425 | Annually

(Note: Choveaux, 2021)

3 vehicles/hr * 15 hours/day * 356 days/year = 16,425 Total Vehicles Charged, Annually
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The Tesla Model 3 82 kWh battery pack was used as a proxy for the average battery pack size
(Lambert, 2020). An assumption was made that each vehicle was estimated to have an average
depth of discharge of 80% of the battery pack. Charging 3 vehicles per hour would require a total
energy requirement of 196.8 kWh per hour. With daily operations of 15 hours, total daily energy
requirements were calculated as 2,952 kWh/day. Over the span of 365 days, total annual energy

requirement was determined to be 1,077,480 kWh/yr.

EV Charging System Requirements
Number of vehicles per hour 3 | vehicles per hour
Size of battery pack 82 | kWh
Depth of Discharge 80 | %
Hourly Energy Demand 196.8 | kWh
Daily Hours of Operation 15 | hours
Daily Energy Requirements 2,952 | kWh
Yearly Energy Requirements 1,077,480 | kWh/yr

(Note: Choveaux, 2021)

3 vehicles/hour * 82kWh battery pack * 80% depth of discharge = 196.8 kWh Hourly Energy
Demand

196.8 kWh Hourly Energy Demand * 15 Daily Hours of Operation = 2,952 kWh Daily Energy
Requirements

2,952 kWh Daily Energy Requirements * 365 Days/Year = 1,077,480 kWh/yr Yearly Energy
Requirements
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Over the 15 hours of daily operation, the system was modeled to provide 6 hours of daytime

charging, requiring 9 hours of storage capacity for both battery and STEALS storage systems.
Daytime charging was calculated as 6 hours of operation multiplied by the hourly energy
demand of 196.8 kWh, resulting in a solar PV array sizing of 1,181 kWh for daytime charging.
The total capacity for the battery was calculated as 9 hours multiplied by the hourly energy
demand of 196.8 kWh, resulting in a minimum battery capacity of 1,771 kWh. An adjustment
must be made based on the overall efficiency of the battery pack, estimated as 85% efficient, to
ensure adequate charging of the system, requiring a solar PV array of 2,084 kWh for battery

charging, resulting in overall daily energy requirements of 3,265 kWh, including system losses.

Solar PV + Battery Storage System Specifications

Daily Energy Requirements (including system losses) | 3265 | kWh
Solar PV Array - Daytime Charging 1181 | kWh
Solar PV Array (Battery Charging) 2084 | kWh
Battery Size (9 hour storage) 1771 | kWh

(Note: Choveaux, 2021)

196.8 kWh Hourly Energy Demand * 6 Hours Daytime = 1181 kWh Solar PV Array - Daytime
Charging

196.8 kWh Hourly Energy Demand * 9 Hours Storage *0.85 Efficiency = 1771 kWh Battery
Size (9 hour storage)

196.8 kWh Hourly Energy Demand * 9 Hours Storage / 0.85 Efficiency = 2084 kWh Solar PV
Array (Battery Charging)

1181 kWh Solar PV Array + 2084 kWh Solar PV Array = 3265 kWh Daily Energy
Requirements (including system losses)

To determine system sizing requirements for the solar PV + STEALS system, a literature
review was undertaken to determine comparable capacity factors for the given location of
Medicine Hat, Alberta. Previous studies had provided information on capacity factors for the

STEALS system for the location of Daggett, California (Glatzmaier, et al., 2017). Using PV
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Watts, Daggett, CA was found to have a direct nominal solar irradiance of 7.90 kWh/m?/day,
producing a capacity factor of 25.2 for solar PV installations (National Renewable Energy
Laboratories, n.d.). Given that the literature provided a higher capacity factor for the STEALS
system on the order of 31.4-38.1 (Glatzmaier, et al., 2017), this information was then used to
make a proxy estimate of the potential capacity factor for the STEALS system when located in
Medicine Hat, Alberta.

Again, PVWatts was used to determine the direct nominal irradiance for Medicine Hat,
Alberta of 4.91 kWh/m?/day, with a capacity factor of 16.4 for a solar PV array (National
Renewable Energy Laboratories, n.d.). Given these factors, it was determined that a STEALS

system located in Medicine Hat, Alberta would provide a capacity factor ranging from 19.5 to

23.7.
Solar Resource and Capacity Factor - Medicine Hat, AB
Solar PV Daggett, CA Medicine Hat, AB
Direct Nominal Irradiance 7.90kWh/m?/day 4.91kWh/m?*/day
Capacity Factor 25.2 16.4
STEALS Daggett, CA Medicine Hat, AB
Direct Nominal Irradiance 7.90kWh/m?/day 4.91kWh/m?*/day
Capacity Factor (Low) 31.4 19.5
Capacity Factor (High) 38.1 23.7

(Note: Choveaux, 2021)

(31.4 Capacity Factor / 7.90kWh/m?/day) * 4.91kWh/m?/day = 19.5
(38.1 Capacity Factor / 7.90kWh/m?*/day) * 4.91kWh/m?/day = 23.7
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To compare the systems, I used the US National Renewable Energy Laboratories System
Advisor Model to model the solar PV plus battery energy storage system. I uploaded location
and resource data for Medicine Hat, Alberta (Natural Resources Canada, n.d.) into the SAM
modeling software. In the SAM modelling software a system design with a nameplate capacity
of 810 kWdc with a DC to AC ratio of 1.2 and an inverter efficiency of 96% was used. The
system model employed an array with 1-axis tracking, 0 tilt degrees and a 180° azimuth,
generating a system with total losses of 12.6% (Choveaux, 2021a).

SAM - Solar PV + Battery - System Parameters

rSystem Parameters

System nameplate capacity

Rated inverter size

Inverter efficiency

rOrientation and Tracking

Array type| 1-axis tracking v
Azimuth Tilt
2 & '-m: Azimuthdegrees
sid o Ground coverage ratio

rLosses
-System Losses

System losses account for performance losses you would expect in a real system that are not
explicitly calculated by PVWatts.

Specify total system loss[v] Total loss %

-Specify System Loss Categories

Soiling 2 % Connections 05 %
Shading 3 % Light-induced degradation 1.5 9%
Snow 0% Nameplate 1%
Mismatch 2 % Age 0 9%
Wiring 2 % Availability 3 %

Total system losses 12.60 |9

(Note: Choveaux, 2021a)
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The solar PV component of the solar PV plus STEALS system was modelled using the
SAM software. Given the difference in capacity factors for the different storage mediums, it was
determined that a solar PV system plus STEALS would require a 300 kW solar PV array. This
solar array would then be couple with a 450 kW STEALS storage system to produce requisite
energy demand for EV charging.

In the SAM modelling software a solar PV array design with a nameplate capacity of 300
kWdc with a DC to AC ratio of 1.2 and an inverter efficiency of 96% was used. The system
model employed an array with 1-axis tracking, 0 tilt degrees and a 180° azimuth, generating a
system with total losses of 12.6% (Choveaux, 2021a).

SAM - Solar PV - System Parameters

rSystem Parameters

System nameplate capacity 300 |kWdc
Module type Premium ~
DC to AC ratio 1.2

Rated inverter size 250.00 |kWac

Inverter efficiency %

rOrientation and Tracking
Array type 1-axis tracking v
Azimuth Tilt .
i i —
7o o ‘-m.' Azimuth degrees

L o

s 180 Ground coverage ratio

rLosses
-System Losse:
System losses account for performance losses you would expect in a real system that are not

explicitly calculated by PVWatts.

Specify total system loss[v] Total loss %

-Specify System Loss Categories

Soiling 2% Connections 0.5 %
Shading 3% Light-induced degradation 1.5 %
Snow 0% Nameplate 1%
Mismatch 2 % Age 0%
Wiring 2% Availability 3%

Total system losses 12.60 (9

(Note : Choveaux, 2021a)
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Appendix B — Environmental Calculations

To determine the amount of CO,. emissions reductions from using renewable energy
generation for EV charging, I looked at the total annual energy requirements for the system,
1,077,480 kWh/yr and the electricity grid displacement factor with renewable generation for the
Alberta grid. I converted the total annual energy requirements to MWh/yr and then applied the
electricity grid displacement factor for renewable generation of 0.53 tCO2./MWh (Government

of Alberta, 2019), to determine a total annual emissions reduction of 571.06 tCOac/year displaced

as a result of using renewable generation for EV charging.

Electricity grid displacement factor
Electricity grid displacement with 0.53 Applicable to projects displacing grid-
renewable generation electricity with renewable generation.

Electricity grid displacement factor with line loss applied

Increased on-site grid electricity Applicable for use in projects that increase
use (includes line loss) 0.57 electricity usage in the project condition.
Reduction in grid electricity usage Applicable to energy efficiency projects
(includes line loss) 0.57 resulting in decreased grid electricity usage in

the project condition.
Distributed renewable
displacement at point of use 0.57 Applicable to projects displacing grid
(includes line loss) ' electricity with distributed renewable
electricity generation at point of use.

2018 Electricity Grid Displacement Discussion Paper, calculation methodology is based on 2007 EDC
Associates, Calculation of the Grid Emission Intensity Factor for Alberta.

(Note: Government of Alberta, 2019)

EV Charging System Requirements & Emissions Reductions

Yearly Energy Requirements 1,077.48 | MWh/year

Electricity Grid Displacement Factor| 0.53 | tCO2/MWh

Annual Emissions Reductions 571.06 | Total tCOxc/year

(Note: Choveaux, 2021)
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1,077,480 kWh/yr/1,000 = 1,077.48 MWh/year

1,077.48 MWh/year * 0.53 tCO2/MWh = 571.06 Total tCO»./year
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Appendix C — Economic Calculations

The total capacity for the battery was calculated as 9 hours multiplied by the hourly
energy demand of 196.8 kWh, resulting in a minimum battery capacity of 1,771 kWh. Using
an average cost estimate of $250/kWh installed, total battery costs determined to be $442,800.
Assuming a battery replacement would be required after 10 years operations, LCOE for the solar
PV plus battery energy storage system increased from 17.48 cents/kWh to 18.77 cents/kWh with

the battery replacement factored in (Choveaux, 2021a).

Solar PV + Battery Storage System Specifications
Daily Energy Requirements (incl
system losses) 3265 | kWh
Solar PV Array - Daytime Charging 1181 | kWh
Solar PV Array (Battery Charging) 2084 | kWh

Battery Size (9 hour storage) 1771 | kWh
LCOE PV + Battery (no battery

replacement) 17.48 | cents’kWh
LCOE PV + battery (battery

replacement year 10) 18.77 | cents/kWh

(Note: Choveaux, 2021)
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SAM - Solar PV + Battery - Monthly Energy Production, LCOE

Annual energy (year 1) 1,202,053 kWh
Capacity factor (year 1) 16.9%
Energy vield (year 1) 1,484 kWh/kW

Levelized cost of energy 18.77¢/kWh

(Choveaux, 2021a)

Monthly Energy Production

150000

100000 -
J:

k]

50000 -
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The 300 kW solar PV array modeled in SAM had a LCOE of 14.67 cents/kWh.

SAM - Solar PV - Monthly Energy Production, LCOE

Annual energy (year 1) 445,266 kWh
Capacity factor (year 1) 16.9%
Energy vield (year 1) 1,484 kWh/kW

Levelized cost of energy 14.67¢/kWh

(Note: Choveaux, 2021a)
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A literature review found that the high-end LCOE for a STEALS system to be 11.9
cents/kWh. Utilizing the high-end capacity factor of 23.7 for the Medicine Hat location, the
STEALS component of the system had a LCOE of 19.13 cents/kWh, producing a total
weighted average LCOE for the solar PV plus STEALS system design of 17.35 cents/kWh,

producing a lower LCOE than the solar PV plus battery system.

Table 11 - Solar PV + STEALS Storage System Specifications

Solar PV + STEALS Storage System
Specifications

Solar PV Array 300 | kW
STEALS system (9hr storage) 450 | kW
LCOE PV 14.67 | cents’kWh
LCOE STEALS 19.13 | cents’kWh
Wgt Avg LCOE PV +
STEALS 17.35 | cents/kWh

(Note: Choveaux, 2021)
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Appendix D — System Modeling Figures

SAM - Solar PV + Battery - System Parameters

rSystem Parameters : . - .
SAM uses PVWatts Version 7, which is
System nameplate capacity 810 [kwdc  different from the online PVWatts
Calculator version. SAM's results will likely
Module type Premium ™~ | be different from the online calculator's
results until the online calculator is
DC to AC rati 1.2
© AL ratlo updated. See Help for information about
Rated inverter size 675.00 |kwac  PVWatts versions.
Inverter efficiency 96 |%
rOrientation and Tracking
Array type 1-axis tracking v
Azimuth Tilt
N=0 80 Tilt 0 |degrees
J Vert. ]
o 50 '.A}' Azimuth 180 |degrees
§ 140 o Ground coverage ratio 04
rLosses
-System Losses
System losses account for performance losses you would expect in a real system that are not
explicitly calculated by PVWatts.
Specify total system loss[v] Total loss 12.6 |%
-Specify System Loss Categories
Soiling 2 % Connections 0.5 9%
Shading 3% Light-induced degradation 1.5 %
Snow 0% Nameplate 1T %
Mismatch 2 % Age 0 %
Wiring 2 % Availability 3 %
Total system losses 12.60 |9

(Note: Choveaux, 2021)
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SAM - Solar PV + Battery - Monthly Energy Production, LCOE

Annual energy (year 1) 1,202,053 kWh
Capacity factor (year 1) 16.9%

Energy vield (year 1) 1,484 kWh/kW
Levelized cost of energy 18.77¢/kWh

(Note: Choveaux, 2021)
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SAM - Solar PV - System Parameters

rSystem Parameters

SAM uses PVWatts Version 7, which is
System nameplate capacity 300 kwdc  different from the online PVWatts
Calculator version. SAM's results will likely
Module type Premium be different from the online calculator's
results until the online calculator is
i 1.2 -
DCto ACratio updated. See Help for information about
Rated inverter size 250.00 kwac  PVWatts versions.
Inverter efficiency 96 |%
-Orientation and Tracking
Array type| 1-axis tracking ~
Azimuth Tilt
N=0 a0 Tilt 0 |degrees
; Vert, ]
o FblA}' Azimuth 180 |degrees
§1d0 o Ground coverage ratio 04
rLosses
-System Losses
System losses account for performance losses you would expect in a real system that are not
explicitly calculated by PVWatts.
Specify total system loss[v] Total loss 12.6 |%
-Specify System Loss Categories
Soiling 2% Connections 0.5 %
Shading 3 % Light-induced degradation 1.5 %
Snow 0 % Nameplate 1%
Mismatch 2 % Age 0%
Wiring 2 % Availability 3%
Total system losses 12.60 |%

(Note: Choveaux, 2021)
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SAM - Solar PV - Monthly Energy Production, LCOE

Monthly Energy Production

Annual energy (year 1) 445,266 kWh

Capacdity factor (year 1) 16.9%
Energy yield (year 1) 1,484 kWh/kW 60000
Levelized cost of energy 14.67¢/kWh

50000

40000

Wh

30000
20000
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(Note: Choveaux, 2021)
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Appendix E — PVWatts Solar Irradiance, Capacity Factor

PVWatts — Daggett, California - Solar Irradiance, Capacity Factor

PVWatts" Calculator

Ay Location

RESULTS

[ B
= Pt Results

Goto
EYFIEMI IFD

L

SYSTEM INFI RESILTS

INREL
el

Month Solar Radiatlon AC Energy Vighue
1 KR ey | i 131
January 454 458 T2
Fabruary [ E1E 2
March T8 754 1
April EED 334 141
May 1078 1,418 18z
Jung 11.56 1,038 188
Jully 1037 524 142
Auguat 72 3 141
Sepiembar 570 TTF 124
Octaber 54 aT4 10E
Howvember E42 434 w
Dacamber 418 418 &7
Annual 7.50 8,513 §51.410
User Commeante
Typw hare o aod opdlonal commants (o peinioet /;:

s Pt el vy ol sy v byl or s chuneds

- srmanry s ey vkl ity ¢
S CImma b i e Bt

Location and Station Identification

Reguecisd Losation

Waainer Dats 3ource

daggedt

Lat Lon- 34.36, -1 1.2mi

Laifudi G4BEYH
Longltuds g W
PV Systam Spacications [Resigentisi)

DC Eycism Elzs 2 kW
Module Typa Pramium
Array Typs 1-A31C Trasking
Arrzy TH o=

ATEY ATimutn 1207
Eycism Loccas 14.05%
Inwartsr EMiolsnoy BEH

OC to AT Slz=s Radlo 1.2

@round Cowsrags Ratio n.e
Ecanomice

AnBrage Ratall Elsoiricity Rets D.1ED FRWh
Parfarmance Matrice

Gapanity Fazior 26.2%

(Note: National Renewable Energy Lab, 2021)
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PVWatts — Medicine Hat, Alberta - Solar Irradiance, Capacity Factor

PVWatts" Calculator

boto
EFIEM inf)

Ky Location Wer 0T

RESULTS

W Print Results

FESOURCE 1ATA

HELP

SETEMINFD  RESILTR

9,73k kWh/Year*

FEHIBACK

LINREL

il REEL
. REARTOAIS

Manth Solar Radiation AC Enargy Walug
[ WV m ) ey ) (7]
January 1.48 168 NIA
Felbruary 250 240 NIA
March %3 ] NIA
April B.AT BEI NIA
May 751 T4 NIA
Juna B0 TER NIA
July BAT H NIA
August 781 m NiA
Eeptembar BT ] NIA
Octaber 225 234 NI
Movember 178 178 NIA
Decamber 1.2 128 NIA
Annual 4. 5,734 a
User Commants

Typs hera fo add opdlanal comments o prindout

Iil Download Resufss Monthly | Hourdy

bl

sl chamritnal hars

el rpa b

3 Emt o Py P L
iy hidotca b ko o i 1-Aam I ool e, (s

ash Boweds

st i i Wl vy vl sl e e o s e

3 oo B AL warmanyy e D v kel sbectridy raia D v
§ sy, 24

Location and Staflon Identification

Reguecisd Losation madizine hat
Weather Dats 3ource Lai Lon: B0.0E, 11028 1.0mi
Laiftuds BO.DE* N
Longitude Hoeaw

PV System Spacifications [Reskgentis)

D Eyciem Bzn 4 kW

Module Type Pramium

Array Type 1-Axls Tracking
Array TH o:

Array Azimuth 180®

Eyeiem Locses J4.05%
Inverter EMolenoy BE%

DC b0 AC o= Ratla 12

Ground Cowernge Rabio n&

Economica

Average Rafall Eleciricity Rele

Mo whiitty data avallabie

Performance Matrice

Capanlty Fasdor

18.4%

(Note: National Renewable Energy Laboratories, n.d.)
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