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Abstract: The transition from fuel-based vehicles to electghicles (EVs) is fundamental in the decarboisgirocess
of countries — it has become an option to redueergrouse gases (GHG). This transition involvestaamations of the
transport sector that are influenced by transpoficyy However, policy makers sometimes experiededays in
implementing such a policy, which produces drawbaokthe long-term. The paper aims to assess lobeoapolicy
alternatives for mitigating the delays in the dieoctehicles transition, supported by a simulativodel. To simulate, the
model uses the historical data of pollution andperature generated by the Bogota’s transport sétt@olombia.
Results contribute to understanding the role of-¢@nbon policy on the reduction of @@missions in the transport
sector. Also, a dynamic perspective shows how WetEansition in the case of Colombia influencestendesired target
policy, such as the Paris Agreement and the intemgonental panel on climate change (IPCC).

1 Introduction consumption in Colombia and by 2016, its contribtio

Nowadays, the nations have taken action about timaCO. emissions had grown to 23.2% [17], where transport
change to reduce its effects [1]. Indeed, severahties represented 13.5% of this increase [8]. Althougitteic
have adopted the intergovernmental panel on clima@®d hybrid vehicles are less contaminant than gesahd
change (IPCC) agreement to reduce the increasietmily diesel engines, the diffusion of clean technologoeshe
warming to 1.5 °C [2] as well as the Paris Agreenten transport sector in Colqmbla has been insufficient. .
reach global temperature below 2 °C [3-5]. Howetferse In this context, this paper assesses the following
efforts have not yet been sufficient. Previous istithave guestions through a simulation model: i) Is it finissto
agreed that, despite these efforts, policy alterestare Mitigate the C®@ emission levels with electric vehicle
needed to support this issue [6-9]. This is corrateni by diffusion in Bogota, Colombia until 20507 ii) Coulow
the emissions growth in several countries [10-12]. carbon policies (i.e., Paris agreement or IPCC)efos

In the metropo"tan areas of deve|oping countrihe, electric vehicles transition for 2050 in the caSBogota,
emissions impact is much more significant becafisheo Colombia? and iii) What are the impacts of traositi
speed of urbanisation [13]. The urbanisation bringes delays of electric vehicles on both emissions and
challenges in terms of transportation and emissidgmperature in Bogota's transport sector in Col@®bi
reduction, which involve improving the transportipgp A low carbon policy for transport system involves
For instance, both Mexico and Brazil are amongape20  identifying the relationship between different aiges of
emitters with 1.33% of global emissions each, despitransport and their generated emissions [6,18] eldeer,
adopted transport policy to expand clean transystems the policy issue at the reglor_nal and national Iemhpr!ses_
in the last years [14]. In the case of Colombisg thdelays and feedbacks, which could affect the triamsi
contamination caused by the transport system haseem Processes. Thus, this paper developed a simulataatel
an essential point on the agenda of policymakenss T for understanding dynamics behaviour of the trartspo
situation has brought an increase in the generation system, including different types of technologyg(duel,

emissions from the transport sector [8,9,15]. hybrid, electric vehicle) and the effects of delays
Despite Colombia has promoted Sustainabléchnology transition on the generation of emission
Development Goals — SDGs for protecting théarticularly for electric vehicles.

environment, emissions from transportation arel stil Several well-known simulation approaches have been
expected to rise in the future [16]. The transpedtor has Used for evaluating transport policy and electehile

seen a rise in emissions over the last decade006,2 technology [19,20]. In this sense, system dynamics
16.2% of all CQ emissions were from solid fuel methodology has offered an excellent fit to evadudhie
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transition of the electric vehicle [6,8,19,21,ZDfe system Over recent years, several strategies have been
dynamics modelling comprises nonlinear dynamiclyde developed to support electric vehicle transitioy87639].

and feedback loops, which are simulated over tR8e25]. The research on electric vehicles transitions Haeen
Although previous research has used the simulation addressed from different aspects. First, studiest th
analyse causality between low carbon policy andtede associate passenger flows to determine transppécitst
vehicle transition [6-8,26,27], there are few stsdthat and demand [40-42]. Second, studies that assess the
address the effects of delay on vehicle technologlectric vehicles diffusion and its impact on the
transition, assessing the low carbon policy targetenvironment [11]. Third, studies related to analyise
especially in the case of Colombia. Thus, a modsél on transport congestion [43]. This paper contributes t
system dynamics simulation was developed to urafest analysing the delays of the electric vehicle tiamsiin the

the incidence of transition on emissions and teatpee.  case of Bogota city and their effects on the polargets

This paper is structured as follows: Section 2 dess of emissions reduction.

the main background of the research. Section a&gpthe The transition of the fuel vehicle to the electr@hicle
simulation model used for assessing the low capgmtioy could be understood around different modelling
in Bogota's transport sector in Colombia. Resutttamed approaches [27,44]. In this paper, the system digtam
from the simulation model are presented in Secton modelling is proposed to represent the interadiietween

Finally, the conclusions are presented in Section 5 delays of the electric vehicles transition anceffects on
the environment (i.e., CO2 emissions and temperatur
2 Background of the research System dynamics is an approach based on the fdedbac

Due to the increase from 3.4 million vehicles ii@0 control theory used to analyse complex system {845
mainly determined by private transport demand, thS the transport system involves complex relatigrsh
transport sector has become an essential contritw@02 ~ the traditional approaches (e.qg., optimisation epgin) are
emissions in Colombia [10,28]. This situation ha&Otsuitable to understand the delays of the syatehtheir
provoked resources depletion with a negative impa¢he ~ €ffects in the long term [9,19,48,49]. By utiliziagsystem
environment as well as public health impacts. Qulye dynamics model, a comprehensive system-based View o
private vehicles produce high emissions at thel lesel, transport planning can be achieved, and this catilzed
particularly in Bogota and Medellin, which has fedcthe to show decision-makers the importance of thesbieeks
public intervention of policymakers to reduce COZ2nd lagged responses [19]. Thus, system dynamiss ha
emissions [8,16]. A fuel vehicle can emit 256 gramis been applied in this paper. The paper describenduel’s
CO2 per kilometre travelled, while hybrid vehiclesdynamics, as well as providing a brief explanatdrthe
generate 85 grams, that is 67% less; as for achglettric Mathematical model used.
plug-in vehicle, it emits 43 grams, 83% less; amdlactric
vehicle, zero-emissions [29]. 3 Methodology and model description

The electric vehicles have a significant impacttiom A simulation model was built on understanding the
process of decarburisation of the environment []1,3 dynamics of the delays of electric vehicles tramsitand
However, the electric vehicles transition for pagges’ their effects on the CO2 emissions and temperalftre.
transportation requires the construction of newroposed model was developed as a stock and flows
infrastructure [31-33]. Inside the process of ti@ms from  diagram, including three interconnected sectionsthke
fuel vehicles to electric vehicles, there is evikenf the first section, the model comprises the private patlic
increase of innovation processes [34]. Proof of thithat vehicles according to the different types (i.e.ofjas,
some countries such as Germany, Sweden, Brazil adiésel, electric vehicle). The second section wprts the
China have incorporated scheme for development dfnamic of the accumulated emissions generateddsil f
electric vehicles industry, generating innovationda fuel vehicles. The third section shows the chaniges
changes on conventional energy systems [32,35,36]. temperature. Details on the sections of the sinwlatan

be observed in Figure 1.
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Figure 1 Simulation model for the case of studBafota City

The stock-and-flow diagram is composed of a system
of differential equations, which is solved through
simulation structure. For instance, in section2vehicles
in Bogota — the accumulated electric vehicles peiva
(EVp) (1) and electric vehicles on roddvr) (2) was
calculated by Equation 1 and 2, respectively. Aefori 31  Total vehiclesin Bogota
explanation of the model structure is presenteadviel The vehicles are classified according to the type o
service as private, official, public transportati@nd
diplomatic, as illustrated in Figure 2. Besidesblju
transportation by type of service can be individual

evr (t) = EVp(t — ¢) 2

Where,
@: is the constant delay time.

EVp (t) = EVp(t — 1) + f evr(t) (dt) (D
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collective and mass transit. The data was takethef vehicles, it is estimated 40 kilometres per gallon/gal]
transport secretary of Bogota [50] according totyfge of and 30 kilometre per day [km/day] [52]. On the taed,
technology (i.e. gasoline, diesel, hybrid and elect public fuel vehicles reach an average of 45.8 [laf/pr

vehicles) for private and public transportation. taxis [53], while for collective and mass transt6.36
[km/gal] [54]. On the other hand, the distance etked per
Motor vehicles day of one taxis is 232 [km] [53], and 300 [km] for
lassiteation collective and mass transit [54]. An initial valoé CO2
L I - 1 equivalent was taken from ground transportatiod 6f5
Private Official tranpsgg'lfaﬁo Diplomatic kilotons by 2012 [55].
\ndividual 3.3 Temperature section
] (Taxi cabs) This sector was adapted from Fiddaman’s model for
analysing the temperature, as illustrated in Figuf66].
= Collective The variables used to calculate the atmosphereseriyre
are: i) previous CO2 emission, ii) direct normahdiance,
and iii)) the net radiative forcing. The direct nam
=] Mass "a”Sii irradiance — DNI — for Bogota used in the model W87
Figure 2 Vehicles classification in the Bogota city kWh/mZ per year [57]. The ne_t radiative (F) (3)cfog to
Source: Adapted from Secretaria Distrital de Bod56 CO2 is calculated from Equation 3 [58].
3.2 CO;emissions _ ¢ c\T*
The CO2 emissions are calculated as from the gaflon F=532in (Co) +0.39 [ln (Co)] )

gasoline and diesel — 8,887 grams CO2 per gallon fo

gasoline and 10,180 grams of CO2 for diesel [SHe T  Where C represents the concentration of,0dile G
gallon consumed per fuel vehicles is the averagwdsm is equal to 278x16

gallon per kilometre and distance travelled. Forgie fuel
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Figure 3 Temperature sector adapted from Fiddemaroslel
3.4 Modd validation model behaviour test for the actual CO2 emissiorl&e

The simulation model developed was extensivelglata — reference mode — and simulated data frord 200
validated. This research applied tests of consigtemd 2017. It can be seen that both levels of CO2 hasesame
dimensionality suggested by [59-61]. Experts comfihe trend (red line). Thus, the simulation model pashes
dimensions of the simulation model through checkingehaviour validation test for carrying out the doling
based on previous studies [6,7,15]. Figure 4 ptesan scenarios of simulation.
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Figure 4 Model behaviour tests for @@mission levels of Bogota
3.5 Simulation scenarios uncertainty for infrastructure development in thHeors

We simulated the model within four scenarios. Thedgerm. Insufficient infrastructure for attending new

scenarios represent the delays in years of EVsitiamin ~ alternatives transportation produces congestiobl@nas.

the next years by Bogota, as shown in Figure 5.ffse The third scenario considers a delay of 10 yeardHe
scenario represents current conditions — businessaal  transition of clean technology alternatives. Thisrario
(BAU). There are no incentives or stimulates tingaV/s represents a transition not far so long to develop
in this scenario. The acquisition of the EVs camiswith  infrastructure and incentives to foster EVs acqoisj

a lower increase like up to now. This scenario doats Searching to align with the global environmentaliqyo
consider any of the environmental agreements ssiBfads such as Paris agreement and IPCC. The fourth soenar
agreement — limit global warming to 2.0 °C — or @€ considers encouraging the transition to acquire &Nsn
limit global warming to 1.5 °C. The second scenarithe next 5 years. This scenario shows a positive
considers 15 years for electric vehicles transjtiamely development in infrastructure and tax reductiontie
the incentives for the acquisition of EVs will bitea 15 incentive in the acquisition of EVs. The concepinteest
years. Delaying electric vehicles transition cogéuherate in EVs will help to reduce the G@mission levels.

—it : : —eo o
years 5 10 15 BAU 2 % e ,.

Scenario 4 Scenario 3 Scenario 2 Scenario 1 Electric Vehicles

Figure 5 Proposed scenarios to assess the EVsiti@ams

In summary, the scenarios focus on the low carbdhe trend of the temperature and CO2 emission devel
policy proposed in Table 1. These policies all@aessing between 2018 and 2050 according to the transitideMs.

~ 233 ~

Copyright © Acta Logistica, www.actalogistica.eu



Acta logistica - International Scientific Journal about Logistics
Volume: 10 2023 Issue: 2 Pages: 229-240 ISSN 1339-5629

Evaluating low-carbon policy alternatives to support electric vehicle transition: evidence from
Bogota-Colombia
Javier Andres Calderon-Tellez, Milton M. Herrera, Alvaro Javier Salinas-Rodriguez

Table 1 Low carbon policy proposed

Alternatives of low

Scenario Description Equation within the carbon policy. f_or
simulation model the EVs transition
(@)
1 Business as usu- BAU -
2 Uncertainty  for infrastructure 15
developmer
3 Searching to align with the 10
worldwide environmental polic evr (t) = EVp(t — @)
4 Optimistic development in
infrastructure and tax reduction to 5
the incentive in the acquisition of
EVs
4 Results transition in Bogota. Although these results amilar to
4.1 Electric vehicletranstion the results obtained by Ospina et al. [7] and Hares al.

Private EVs have an exponential increase in the folf] in terms of the growth of private electric veless in
scenarios, as illustrated in Figure 6. Scenaridd @nd 4 Bogota, our results consider the targets of the
show an increase of 1.5 million EVs for every Srgeaf €nVironmental policy of the Paris agreements ar@QpP
transition, while the scenario 1 shows a reductib.5 1he fragmentation between the design and implertienta

million EVs for the year 2050 due to the delaystfar Evs Policy caused by the transition delays producescesfon
temperature and emission reduction in the long-term

20M
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16M I
3 14Mm y
S y
N -
g 12M J
2 I
£ 10M
g )
(]
o 8™m g
s 4
£ om 4.
4
4M ¢ %
2M 2 #
-
K = = e= = e= = = = = P ———— £ R adi
n ~ (0] — o N ~ (o] — o N ~ (e)] — o n N~ (e))]
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(o] (o] N (@] (@] (@] (@] (o] (@] (@] (@] (@] (o] (o] (@] N N (@]
Years
Scenario 1 Scenario2 = Scenario3 <= Scenario 4
Figure 6 Private electric vehicles trend until 200Bogota
The simulation shows that scenarios 3 and 4 inereas Table 2 Electric vehicles transition by 2050
amount of EVs compared with BAU scenario by 2050, a Scenario Scenario Scenario Scenario
presented in Table 2. These results show how arase 1 2 3 4
in EVs as from investment has a positive impact oiVs for 205( 8.2 13.7 15.2 16.8

transportation, while the lack of EVs diffusion andin million
financial resources could affect the transportasgigstem.
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42 CO;emission levels

The trend of CO2 emission levels for the next 3&rye
is represented in Figure 7. This behaviour is aatext
with the EVs dissemination in Colombia accordingte
proposed scenarios (Table 1). The percentage fédra ©
2050 for the four scenarios are: the first sceniarizs.8%,
the second scenario is 9.3%, the third scenafigi¥, and
the fourth scenario is 3.4%. Results show thatrtbeease
in the CO2 emission levels for all scenarios isyvagh.
Scenario 1 represents the highest increase, wieleasio

et al. [7]; however, both studies show the needdfior
environmental policy for the case of Bogota cityn the
other hand, the results under the BAU scenariocadén
with the increase between 2030 and 2050 reported by
Espinosa et al. [7] BAU scenario by 2050 shows an
increase of 24.8% in the CO2 emission levels. Tiaisd
is directly associated with the traditional usdassil fuel
in the city [15]. As different delays can occuiGolombia,
it may affect the EVs diffusion. Thus, the £&missions
can increase in all scenarios because of a higher

4 represents the lowest increase for the CO2 emnissidependence on fossil fuel and gas. Other studiesagiree

levels. On the one hand, these results disagréeQsipina

120K

100K

80K

60K

CO, in kiloton

40K

20K

2015 1

Scenario 1 Scenario 2

a higher dependence on fossil fuel does not akboreduce
the emissions [6,7].

2035
2045
2050

Years

= Scenario3 = Scenario4

Figure 7 CO2 emission levels trend until 2050 ig&a

Table 3 shows the CO2 emission levels by 2050 f@2050
each of the scenarios. The fourth scenario shalesease kilotons
in CO2 emission levels due to a reduction of fugigles.

This situation might achieve with policy alternaé/focus 4.3 Temperature variation

to foster clean technologies; however, the compieangy An analysis of the behaviour of temperature foufet
with other policies (e.g., energy policy and traorsp years is presented in Figure 8. Both the CO2 eannissi
policy) should be considered. levels, and the temperature suffer the higheseass for
the next years (see, Figure 7 and 8). The firshaie
shows an increase of 2.09 °C for the temperature than
the fourth scenario that presents the lowest iiseréar the
temperature with an increase of 1.72 °C.

ir

Table 3 CO2 emission levels by 2050
Scenario Scenario Scenario Scenario
1 2 3 4

114,266 44,392 30,417 16,442

CO,
emission fo
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Figure 8 Temperature trend until 2050 in Bogota

Table 4 presents the temperature for each of tA#e difference in temperature for the four scermaiio
proposed scenarios by 2050. For achieve the rexfuofi comparison to the temperature mean for Bogotathee:
the temperature through electric vehicles transitibis first scenario is 2.09 °C, the second scenari®di 9C, the
necessary to foster a positive interaction betwm@rate third scenario is 1.83 °C, and the fourth scenario72 °C.
industry and government. Results show that none of the four scenarios nibets
IPCC criteria to limit the increase of 1.5 °C glbba
Scenario Scenario Scenaro Scenaro warming. The fourth scengrio exceeds th_e IPCCrtai’;a

1 5 3 4 0.22 °C; however, scenario 4 has_less dlffergnhmya
comparison to the other scenarios. The first séenar
Temperatu[e 16.58  16.40  16.32  16.21 exceeds 0.59 °C, the second scenario exceeds®.4hd
by 2050 (C the third scenario exceeds 0.33 °C. The Paris agnete

Although the scenarios do reduce emissions, thdtses Criteria limit the increase to 2 °C above the dctnean
show that it is insufficient in comparison with tgeal of ~temperature is fitted by the scenarios 2, 3 arithé. first
the Paris Agreement and IPCC, as illustrated imifi. ~Scenario shows that it exceeds 0.09 °C.

Table 4 Temperature variation by 2050

Paris Agreement

1,00

0,50

Diferrence in Temperature for 2050 in °C

0,00

H Scenario 1 Scenario2 M Scenario3 M Scenario4

Figure 9 Difference in temperature by 2050
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5 Conclusion
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