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Abstract: The Zero Emission Vehicle (ZEV) mandate by Canada’s federal government is a significant
initiative towards achieving net zero emissions by 2050. In this context, to quantify the evolution
scale of ZEVs alongside charging pile, a system dynamics (SD)-based policy simulation has been
adopted for the city of Regina, Saskatchewan. The vector autoregressive model (VAR) equation is
used as an input equation in the SD model for predicting ZEV sales. For model validity, calibration of
the data with an available historical dataset alongside a sensitivity analysis has been performed. The
SD model with two consecutive scenarios has been simulated until 2036, and “policy 2” has been
found to be adequate.

Keywords: system dynamics; electric vehicle; vector autoregressive model; policy simulation;
sensitivity analysis; Regina

1. Introduction

Canada’s aspiring target to reduce 310 megaton (Mt) CO2 eq. (40–45% of 2005 emission
levels) of national greenhouse gas emissions by 2030 requires extensive control measures
for both the building energy sector and transportation sector. The transportation sector of
Canada is solely responsible for 22% of the total greenhouse gas (GHG) emissions, where
around 51% of it is from light-duty vehicles, including passenger cars, SUVs, light trucks,
etc. [1]. The emissions for Saskatchewan during 2022 have decreased to −4.6 Mt or 5.8%
from the 2005 level due to emission reduction measures in the oil and gas industry. The
country has set an ambitious legislation under the name of “Regulations Amending the
Passenger Automobile and Light Truck Greenhouse Gas Emission Regulations” to enact a
20% share of (battery electric vehicles) BEVs among all vehicles sales by 2026, which will
gradually be 100% by 2030 for light-duty vehicles [2].

Canada has a regulation in place to familiarize ZEVs, which is identical to those of
California and other US states [1], as it is giving full credit to plug-in-hybrids (PHEVs),
depending on the electric-only range of these cars. The United States Environmental
protection agency (USEPA) has proposed new legislations based on the integrated-circular
effect to offer incentives through the Inflation Reduction Act, which will eventually transit
the US market, with 60% of new vehicles being ZEVs by 2030 [3]. However, for Canada
and especially for Regina, Saskatchewan, additional spatial factors such as the extreme
cold and battery range drops for BEVs must be considered prior to implementation of these
legislations. As a starting initiative towards green transition, the City of Regina has bought
20 zero emission buses, with an investment of CAD 20.6 million, which will be on the roads
by 2025, and has newly established 50 public charging stations for light fleet vehicles across
the city and highway periphery, with a CAD 1.5 million budget [4,5].

Despite the high efficiency of BEVs, it has remained more of a luxury across the city
of Regina due to the harsh winter conditions in the province. During 2023, Saskatchewan
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registered a total 47,438 vehicles, where only 602 were battery electric vehicles (BEVs),
2738 were hybrid electric and 470 were PHEVs, representing a mere 8% of the total vehicle
sales [6]. A study by Verma et al. (2015) [7] has assessed Canada’s renewable energy
technologies to charge electric vehicles in thirteen provinces where they have assessed the
techno-economic feasibility of renewable energy system (off grid wind turbine, hydroelec-
tric powerplants) and found that it is more cost competitive to retrofit the hydroelectric
power source with EV charging Additionally, A study by Domarchi and Cherchi (2023) [8]
has evaluated different genres of methods used in EV forecasting and found that SD is
more favourable for complex systems due to its detailed nature of numerically considering
exogenous interactions. Apart from that, being fundamentally multi-agent, the EV system
depends more on attributes on the supply side (driving range, costs and price), including
significant attributes such as fuelling infrastructure, maintenance, and charging efficiency.
Coffman et al. (2016) [9] identified the key drivers of EV purchasing decisions, which range
from EV range capacity to social norms and policy implications. These factors have been
incorporated into the built SD model for this study. Research conducted on the short-term
data-driven EV charging demand forecasting using a multivariate RNN-based deep learn-
ing framework has used datasets from Toronto and California to generate scenarios for load
forecasting with respect to both residential and commercial demands [10,11]. They have
numerically found that multivariate DeepAR algorithm keep the precision more consistent
in case of multi-step daily predictions, which in this case is the daily electricity demand
forecasting of the study area electric grids [12]. A pioneering study by Afandizadeh et al.
(2023) [13] has used automated hybrid machine learning approach named long short-term
memory (LSTM) and Convolutional LSTM to predict the insurge of electric vehicle in
USA’s automotive market. System dynamics approach has been applied by Xiang et al.,
(2017) [14] for articulating the evaluation pattern of Electric Vehicle (EV) and to validate the
model sensitivity analysis of key factors, such as fuel price, subsidy policy, etc. has been
considered. Application of system dynamics for simulating scenarios was first observed
through a study on market penetration of EV alongside CO2 emission reduction potential
and fuel usage in key OECD countries alongside China and India [15]. One recent study
that concentrated on system dynamics-based transportation policy adoption in India has
conducted a detailed analysis of the fundamentally challenging aspects such as the carbon
tax effect, new technology adaption scenarios, etc. [16]. Keith et al. (2020) [17] conducted a
detailed study on diffusion modelling for alternate fuel vehicle (AFV) forecasting while
considering four scenario simulations to ultimately assess the GHG emission reduction
potential for each type of AFV, including BEVs.

This paper will assess the closely knitted factors affecting the ZEV attractiveness and
thus simulate the best possible policy measures required to meet the Electric Vehicle Avail-
ability Standard’s target of 100 percent ZEV adoption for the city of Regina, Saskatchewan,
by 2035. It will use the integrated quantitative approach of system dynamics (SD) model-
based scenario simulations including policy generations, where the stochastic processes of
the vector autoregressive (VAR) model and linear regression-based time-series forecasting
have been developed for specific input parameters. STELLA 1.9.4 (student license version)
and Python 3.11.9 (student license version) have been used for developing and simulating
the scenarios including a scenario change after policy implications.

2. Materials and Methodology
2.1. Study Area and Data Source

From Statistics Canada, the city of Regina has an area of 178.81 sq. km with a pop-
ulation density of 1266 per square km [18]. As per quarterly data from Statistics Canada
(2024b) [19], only 1072 zero emission vehicles have been registered during the whole of
four quarters in 2023, of which 602 were battery electric vehicles (BEVs). The number
of privately owned electric vehicles in Regina is approximately only 380, where the total
stock of registered light vehicles is around 2,04,011 [6,20]. These datasets are used in the
built system dynamics model as baseline data for the simulation process. The model is
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being simulated until 2035 to obtain a perspective on the overall futuristic scenario. The
population and related dataset have been extracted from [18]. The birth and mortality rate
are 11 percent and 9.6 percent, respectively, whereas an average migration rate of 5.6 per-
cent has been observed. The regional GDP dataset from 2017 to 2023 has been acquired
from Statistics Canada (2023b) [21], specifically GDP data for the metropolitan area. A
dataset on the “Electric Vehicle Availability Standard” by the Government of Canada, to be
implemented during the policy simulation, has been extracted from the “Government of
Canada” website, named Environment and Climate Change Canada [22] (2023b). Electricity
demand, charging stations and charging with related costs specific to the region have been
extracted from the literature, government sources [23–25] and non-govt corporations such
as ArcGIS [26], ESRI, etc.

2.2. Dynamically Hypothesized Causal Loop Diagram

The abstract articulation of existing system behaviours is one of the many fundamental
processes in developing a system dynamics model. Identifying the factors alongside
establishing quantitative representation of their relationships are the most crucial parts of
the EV availability model [27]. The causal loop diagram (CLD) consists of variables and
arrows with polarities, mostly in circular patterns or loops. The loops are mainly reaction
loops (R) and balancing loops (B) [28]. The EV-scale simulation for this study has been
developed with two sub-sectors, namely EV demand (Green arrows and R1 reaction loop)
and the development sector (Navy blue arrows and R2 reaction loop), alongside B1 and B2
balancing loops (Black arrows) that are interconnected with EV charging facilities, price
and the attractiveness sector. The CLD for electric vehicle development in Regina is shown
in the following Figure 1. The EV development index is positively related to the assigned
factors, except negative factors such as post-purchase as well as charging prices and GHG
emission price. A positive, higher index value represents a high percentage of availability
and affordability when purchasing BEVs. Hydrogen is more suitable for freight transport
while for personal vehicles, EV can be viable option [29].
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2.3. Stock-Flow Diagram

The built stock-flow diagram is a detailed representation of the CLD discussed with
detailed values and flow patterns. The built SD model for this study has 94 (94) variables,
a root model with 2 sectors consisting of 6 stocks, 12 flows, 76 converters, 34 constants,
54 equations and 7 graphical functions. A stock flow diagram for forecasting EV integration
in the city of Regina is shown in Figure 2. For this study, the finite difference equation using
Euler’s method algorithm has been performed for the set of equations in each sector. Some
exceptional converters used in this SD model are mainly exponential graphical interpolation
functions due to the non-linear relationship of input dataset and non-integrated functions
having been used to operate the system smoothly. An alteration of the instantaneous
signal amplitude passing through the integration procedure is the main feature of those
functions [30–32]. The simulation will be performed from 2024 until 2036, where the 2022
and 2023 datasets will be considered the baseline datasets. Apart from the equations,
the deep learning method for generating forecasting equations such as the VAR equation
and the linear regression-based prediction method has been used to determine baseline
input dataset for the total number of light-duty vehicles and the amount of technological
development over the years, respectively, with an ideal delta time (DT) value of 0.25.
Examples of the equations used for this model are shown in the following section, in
Equations (1),and Equation (2) These equation are used as input code for the converters in
the stock flow diagram.

EV_Market_de f icit = IF((Total_Vehicle_Demand − EV_quantity_of_replaced_vehicles)
> EV_quantity_of_replaced_vehicles)THEN(Total_Vehicle_Demand
−EV_quantity_of_replaced_vehicles)ELSE(Total_Vehicle_Demand)

(1)

GDPgrowth = GRAPH(TIME)(1.000, 2.20), (2.000, 2.36988095238), (3.000, 2.23639880952),
(4.000, 2.30005527211), (5.000, 2.55857426304), (6.000, 2.69690192744),
(7.000, 3.13720663265), (8.000, 3.23887896825), (9.000, 3.09853174603),

(10.000, 3.10)

(2)
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Figure 2. Stock-flow model for EV development and availability.

3. Baseline Simulation Results and Discussion

The simulation was conducted from 2024 to 2036 using a time step value of 0.25. The
baseline simulation results generated are discussed through multi-scale comparative graphs
of numerous parameters as well as the associated dataset tables representing quantitative
values of the graphs discussed in each section. Euler’s integration method is followed
when simulating the SD model sectors for EV development in Regina, SK. A few baseline
results are illustrated in Figure 3 to give a perspective on the existing scenario. The stock
of EVs for the base year was 380, which logarithmically increased to 11.1 thousand by
2035. This increase will likely be due to the mandate for achieving the zero emission
vehicle target by 2030. If we closely consider the per capita GDP of Regina, which will
increase to 83 thousand by 2035, from 62.2 thousand in 2024, it is most likely that the EV
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availability will increase. The EV development index is a representation of the availability
of EVs in terms of technological advancement, charging and battery swapping stations’
infrastructure development, charging time, range viability, etc., that ultimately affects the
public concern. The public concern value has been assumed in this case after analysing car
owner’s general perceptions. The index value will increase to 29.1 by 2035 from a base value
of 5.01, indicating an exponential increase with pulse type pattern. It is due to the charging
behaviour and range drop of BEVs during extreme winter conditions as well as due to
yearly consumption pattern of electricity for charging purposes. As per the simulation
results, during the base year, only 77 of the 1550 replaced vehicle are EVs, which is a mere
5% of the total replaced vehicle, whereas the government is aiming to impose mandates
for increasing the market share to 20% by 2026 and 60% by 2030. The baseline simulation
results show a mere increase in BEVs to 510, which is 29.1% of the total market share,
during 2035. To achieve “Canada’s Zero Emission Vehicle Target”, this share must be 100%,
and this is where an analysis for policy measures has been conducted. The total electricity
consumption for charging purposes has increased exponentially from 1.26 thousand MWh
in 2024 to 28.6 thousand MWh. The zigzag pattern is due to the change in charging demand
during winter and summer in Regina. During winter, the range of EV drops due to heat
and power loss, thus requiring extended charging for the existing technology. The increase
is exponential for the charging demand of EV. If we look at the market, the existing ratio
of vehicles against the population and GDP in regina is 1.35, with a light vehicle quantity
of approximate 204,011, which increases to 222,000 by 2035. But, the existing per vehicle
ratio should be as much as 290 thousand by 2035. The market deficit for the stock of EVs in
the present scenario is around 91.1 thousand, which gradually decreases to 37.5 thousand
by 2035 due to partial implementation of “Canada’s Electric Vehicle Availability Standard”
initially. These scenarios represent the lack of strategic structure and an absent feature of
province-specific design parameters to achieve the targets specified in “Canada’s Electric
Vehicle Availability Standard” announced on 20 December 2023.
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4. Model Validation and Policy Simulation

The purpose of model validation is to compile or validate the model structures and
associated input dataset of the system dynamics model for boundary adequacy in extreme
conditions [33]. Experimenting with the system in function is mostly impractical and
even if it is con- 29 ducted, a failure may result in extreme costing of both financial and
physical resources 30 [34]. Thus, simulation can be a useful tool to check the viability of
different policy initiatives. In this study, to achieve the targets described by Canada’s recent
mandate for “Electric Vehicle Availability Standard”, parameters such as incentives to EV
owners, yearly tax rebate, technological advancement in the form of reduced charging time,
extended battery life, BEV charging and battery swapping stations availability, expansion
of wireless charging roads across the national highway network [35], charging price and
GHG emission reduction has been considered. Apart from that, before policy simulation,
model validation has been performed. Model calibration with population data showed min
deformation. Sensitivity analysis has also been conducted to check boundary adequacy.
Due to the unavailability of abundant existing dataset for the city of Regina, it is not yet
possible to calibrate some dataset such as charging stations shortage for existing policy,
electricity demand projections, etc. However, interestingly the population projection data
from SD model indicate a city population of 2,90,959 whereas the city of Regina report
indicate that the population for 2030 will be somewhere between 300,037 and 304,926
people. By 2035, the SD model projected a population of 3,02,545 people living in the city
of regina. Regional GDP has also been calibrated with GDP data published by the city
authority of Regina [36].

For policy 1, the EV road tax has been waived and a govt. tax rebate of $CAD 5000
has been introduced alongside a more laminar increase in the technological index while
reducing the avg. charging time to 2 h. Though for a long term, the model results are
inclusive, the results show the least resiliency for the fourth quarter of 2024 and all of 2025.
As a result from 2028, the EV development index exponentially comes close to the maximum
value of 90.4 by 2036, indicating drastically elevated public concern and a tendency to
purchase EVs. However, for 2024, the value showed a negative development index due
to the sudden increase in EV in spite of the availability of charging and maintenance
structures. Secondly, the quantity of EVs of the total replaced vehicles due to vehicle expiry
conditions has been a mere 5.4% for the base year, which increased to 1397 units out of
the total replaced vehicles of 1545 units by 2036. But, the results are less resilient and
are sensitive to parameters such as technological developments. The EV market deficit
indicates the shortage of EV purchases against the total vehicle demand of Regina, as per
the base year’s GDP to vehicle increment ratio. It decreases linearly from 91 thousand
units to 31.2 thousand units over the simulation period. Finally, the EV stock rises linearly
until 2027; after that, it increases logarithmically to 206,101 units from a base vehicle
quantity of 380, due to the mandatory policy implications for achieving ZEV targets. This is
because of the gradual replacement of ICEVs due to the imposed restrictions. In spite of the
encouraging results, the first years’ negative initially lower values showed the impression
of less resiliency for these policy initiatives. The resulting graph for policy 1 is shown in
Figure 4.

For the policy 2 simulation, resulting graph shown in Figure 5, an average $CAD 7500
government incentive in the form of a tax rebate has been introduced; the technological
index is considered to perform at its highest efficiency while reducing the charging time to
less than an hour. Apart from that, for both policies, the sudden drop and rise in energy
and charging demand due to seasonal variations have been normalized. Additionally, a
reducing trend over the years for the base price of EVs has been considered in this study
due to the improvisation of recent technological advancements. The simulation results
for the EV development index show very slow progress until 2027 but, after that, start to
increase exponentially to a final value of 99.4 from a 2030 index value of 17.6. One of the
main reasons for this exponential jump is the unavailability of new and used ICEVs due to
federal restrictions. The total EV quantity of replaced vehicles is very low during the initial
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four years, but from 2027, it will start to exponentially rise due to policy implications. The
replaced quantity will reach a maximum of 1536 units out of total replaced 1545 units by
2036, which was only 162 units out of a total of 1587 replaced vehicles before 2030.
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Figure 5. Simulated results for the policy 2 scenario.

The market deficit for the quantity of EV gradually decreased to 30 thousand units by
2036. This scenario is more resilient and achievable with extensive efforts in innovation and
resource mining, such as the inclusion of projects such “Saskatchewan Critical Minerals
Innovation Incentive (SCMII)” to discover and utilize resources such as lithium to upgrade
the current depreciation process time of EV batteries and charging stations. It is to be noted
that Saskatchewan has been found to be the most suitable location for lithium mining,
and projects like Oil and Gas Processing Investment Incentive (OGPII) and Saskatchewan
Petroleum Innovation Incentive (SPII) are sure to increase the innovation of the sector
and thus play major roles for the ZEV initiatives of not only the city of Regina but also
the province [37]. Finally, the stock of EVs grew slight exponentially until 2028 and then
increased rather logarithmically to 206,883 units by the end of the simulation period due to
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the policy imposed for market penetration of EVs while phasing out the traditional internal-
combustion engine vehicles, specifically the light vehicles and small passenger trucks. Even
though there are certain challenges to achieving the proposed policy measures within the
timeframe set by the government, cumulative initiatives in retrofitting carbon capture,
storage and utilization technology with the existing coal and gas-powered electricity
generation plants [38] can surely bring resiliency to the entire system through uninterrupted
power generation due to the massive increase of BEV fleets.

5. Conclusions

The EV evaluation model for Regina concentrates on EV development, vehicle demand
and evaluation modules using system dynamics. Rather than precision, this simulation of
policy measures gives us a perspective on the gaps in the system and remedial measures.
On a regional scale, data availability is the utmost hurdle to overcome for a more compre-
hensive SD model structure for the city of Regina. The model in this study is mostly built
upon available baseline datasets for the past decade. However, specifically for regina, there
is a sheer scarcity of dataset traffic volume to public perceptions regarding BEVs. Moreover,
this built model is the first of its kind to utilize vector autoregression (VAR) factors in the
SD model input equation module. VAR is a statistical model that is used for understanding
the dynamicity of inter-relationships for time-series forecasting among specified factors
or variables. On larger operations of machine learning, it acts as a statistical component
for two or more interactions of time-series dataset for the algorithm [39]. The model has
its limitations regarding the consideration of renewable electric grids, EV technological
breakthroughs, deflection and resilience of the model in disastrous conditions, and the
mandatory home charging connections for each EV owner due to the extreme uprise of
the EV fleet in the near future. The model presents a more transparent scenario of the EV
availability, and market penetration in the EV industry has to make the ZEV 2035 target
a reality. Finally, it can be said that, though the induction of EV has its own challenges
towards the environment, it can be more of a contributing attribute of the larger ZEV system
concentrated on AFV. Finally, the policy 2 simulation gives a mode-precise and -resilient
representation of the analysed parameters in this study for EV evaluation in Regina and
thus can be taken as the baseline policy to further improve the system’s structure across
the province.
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