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Abstract

Colombia aims to boost the utilization of mass transportation systems in its major cities while simultaneously reducing greenhouse
gas emissions by 20%, in alignment with the commitments of the COP21 agreement. In 2020, the transport sector in Colombia ac-
counted for 34.4% of the country’s energy demand and was responsible for ~49% of its total CO, emissions. This article presents
an assessment of energy consumption, environmental effects and the fuel costs of Bogoté’s bus rapid transit system based on the
Activity, Share, Intensity, Fuel methodology. A long-term analysis spanning from 2021 to 2040 was developed using the long-range
energy alternatives planning platform. To conduct this assessment, the tool was calibrated using data from 2019 and 2020. Four dis-
tinct scenarios based on energy policies implemented in Bogotd were examined: Business as Usual, Fast Transition, High Growth and
Low Growth. Regarding energy consumption and environmental effects, the results underscore the pivotal role of diversifying energy
sources and reducing reliance on fossil fuels such as oil. Consequently, the analysis emphasizes the urgent need to accelerate the
transition to alternative energy sources such as natural gas and electricity.
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Graphical Abstract

Energy consumption, Environmental Effects, and Fuel Costs Assessment in BRT Systems
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Introduction

According to the International Energy Agency (IEA), the transport
sector accounted for 28.7% of the global energy demand in 2019—
dropping to 26.2% in 2020 due to COVID-19 and lockdowns. However,
this is still a significant demand, with 94.9% of it being directly met
by fossil fuels [1] and, in 2020, global CO, emissions reached a level
of 31 665.4 Mt [2], very close to the IEA's Business as Usual (BAU)
long-term scenario projection of emissions of 33 274 MtCO, by 2040.
In Colombia, the transport sector accounted for 37.2% of energy
consumption in 2019. Although this value fell to 34.4% in 2020 due
to the lockdowns, it remained higher than the world average [3].

Transport-related emissions in the world are divided into
road passenger 45.1%, road freight 29.4%, aviation 11.6%, ship-
ping 10.6% and other 2.2%. Therefore, efforts to reduce emis-
sions from road transportation are a crucial step towards
achieving the Sustainable Development Scenario, which aims
to decrease total CO, emissions to 14 704 Mt by 2040 [1]. In
the context of CO, emissions, the transport sector accounted
for 24.0% [1]. Within this sector, road transport alone contrib-
uted 79.7% [4]. In general, emission reductions in the transport
sector have an enormous potential for curbing greenhouse gas
(GHG) emissions due to technological advances in the use of

20z e L0 U0 1sanB AQ 252969/ /7E/€/8/2I01E/0/W00"dN0"dILSPED.//:SA)Y WO PaPEOjUMOQ



36 | Clean Energy, 2024, Vol. 8, No. 3

other energy sources such as electricity, natural gas (NG), bio-
fuels and hydrogen [5, 6].

The objectives of this paper are as follows: (i) to define an as-
sessment approach that is focused on energy consumption, en-
vironmental effects (EEs) and fuel costs in bus rapid transport
(BRT) systems; (ii) development of an applied case study of mass
public transportation in Bogotéd based on BRT; and (iii) analyses
that allow understanding of the impact of cleaner fuels due to
energy transition.

This paper is organized as follows. Section 1 presents a review
of the literature with a particular emphasis on public transpor-
tation in Latin America and BRT systems. Section 2 presents the
assessment approach based on the ASIF (Activity, Share, Intensity,
Fuel) methodology. Section 3 presents and discusses the results
related to energy consumption, EEs and fuel costs, while Section
4 offers a general discussion, reports the conclusions of the study
and describes the limitations of the article.

The TransMilenio BRT system in Bogota is used as the case
in this article. This BRT system has received numerous inter-
national awards and recognitions, including from the New York
Times as a global example of GHG emission reduction in 2009 and
the World Bank during the visit of its Executive Directors, also in
2009. In COP15, the Ministry of Environment of Denmark acknow-
ledged TransMilenio as a successful experiment in the transport
sector to reduce GHG emissions and mitigate climate change. The
British Embassy and the Columbia Planning Foundation awarded
it a silver medal in the 2010 Environmental Responsibility Award
within the Business Services category. TransMilenio was placed
fifth out of the 134 entries in the I Hispanic American and Latin
American Contest of Best Practices in Planning and Health
by the Pan American Health Organization. The World Health
Organization (WHO) presented the project as a successful case
of transportation in 2010. Finally, the United Nations Framework
Convention on Climate Change listed it as one of the 10 best and
most successful projects for its co-social and environmental
benefits in 2010, among other recognitions [7].

1 Literature review

This section presents a brief literature review of energy planning
that is focused on the transport sector as well as public transpor-
tation in Latin America.

1.1 Energy planning in transportation

Several studies have focused on determining the energy demand
in specific countries or regions, including China, Jordan and the
European Union [8-11], and evaluating GHG emissions [12-15]
through the application of two approaches known as top-down
and bottom-up models [16-18]. The top-down approach is based
on macroeconomic data, such as the gross domestic product
(GDP), population, economy by sector, income, prices or aggregate
energy consumption and mainly applies econometric and stat-
istical methods [19-21]. The bottom-up approach uses detailed
information, including energy consumption per user, technology
information related to end users, useful life and the quantities
and characteristics of consumption units [22-25]. The feasibility
of carrying out bottom-up analyses can, however, be limited by
issues related to data costs or access [26-28].

Most works on the transport sector study gasoline (petrol) and
diesel fuels, using information about fuel consumption, prices
and income, following a top-down analysis. Ajanovic et al. [16]
surveyed the methods applied to assess aggregate transport fuel

demand. Dahl [29] analysed several works for gasoline and diesel
demand in 124 countries and found different relationships be-
tween price and income. Sterner [30] studied the link between
fuel prices and taxes as a mechanism to fight climate change
using data from seven European countries. In a more recent study
[31], a review was undertaken of >300 studies on public transport
economics and a section was dedicated to analytical techniques
that capture the spatial and temporal dynamics of demand.
According to the authors [31], one of the most frequently inves-
tigated subjects is the optimization of pricing and subsidy pol-
icies. However, they concluded that discussions and debates on
optimal subsidies are far from over. The studies reviewed by the
authors were generally based on econometric techniques.

Bottom-up-based analyses have a broader scope in studies of
the transportation sector. Pongthanaisawan et al. [32] determined
energy demand in the Thai transport sector, where consumption
corresponds to ~38% of the total final energy consumption. The
study by Solis and Sheinbaum [33] applied a disaggregated model
that included passenger and freight road transport in Mexico. In
this study, energy consumption in road transportation was div-
ided into private cars (32.6%), gasoline light-duty freight (25%),
diesel duty freight (12%) and buses (11.3%), corresponding to 39%
of the total CO, emissions. Jiao et al. [34] assessed GHG emission
reductions of the urban transportation system in Guangzhou,
China, through energy transition, applying a long-range energy
alternatives planning (LEAP) model.

Song et al. [35] studied the energy consumption and GHG
emissions of a diesel and natural gas-based heavy-duty vehicle
fleet on a provincial level in China. Chang et al. [36] applied a
bottom-up model to determine the energy consumption and en-
vironmental emissions of the high-speed rail system in China.
Martinez-Jaramillo et al. [37] determined the impacts of transport
policies in the Medellin (Colombia) metropolitan area. Medellin
has been developing a complete public transport structure inte-
grated by train lines, tram lines, a gondola-lift transport system, a
BRT system, hybrid buses and bicycle sharing.

1.2 Public transportation in Latin America

Many large cities in Latin American countries such as Brazil, Chile,
Colombia and Mexico have changed their modes of mass trans-
portation. In Brazil, there are several successful cases of the im-
plementation of integrated transport systems (ITSs) that combine
different modes of transport. Examples include cities such as Sao
Paulo, Curitiba, Porto Alegre, Belo Horizonte and Goiania. Curitiba
has had an ITS since the 1980s and has served as a model of in-
spiration for several cities in Latin America [38]. Rio de Janeiro, the
second most-populated city of Brazil, implemented a BRT system
known as the ‘corridor Transcarioca’, with a total daily capacity
of 1.2 million passengers [39]. In Porto Alegre, private capital has
been applied not only to the operation and administration of their
BRT system, but also to infrastructure investments [40].

In [41], an extensive study was developed of seven Latin
American cities, presenting the benefits of BRT systems. These
include public facilities, transportation time, infrastructure and a
reduction in total emissions. In 2005, Mexico City launched a BRT
network to mitigate its severe pollution problems. The system
transported 254 million people in 2014. According to Mexican au-
thorities, CO, emissions were reduced by 35 000 Mt per year [42].
Rodriguez et al. [43] studied other benefits of BRT systems in cities
such as Quito and Bogot4, including building development, use of
land and property rights in the corridors. Fig. 1 shows the most
significant BRT systems in Latin America.
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» Ciudad de México (140 km; 2005)
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Fig. 1: BRT systems in large cities in Latin America

The lockdown caused by COVID-19 had various effects on
the mass transportation sector, including reductions in inter-
national flights and the use of the metro and BRT systems in
numerous countries around the world. Total oil demand fell by
57% and road transportation decreased between roughly 50%
and 75% [44]. By contrast, new forms of displacement gained
importance such as walking and cycling. As result of COVID-
19 lockdowns, global energy demand decreased by 4.0% and
CO, emissions by 5.8% [45]. Recent works have tried to explain
the effects of COVID-19 on transport and emissions. Griffiths
et al. [46] presented various opportunities that arose in the
aftermath of COVID-19, including the reduction in unneces-
sary transportation by using more digital resources, changes
in transport habits, decreases in car use and better carbon ef-
ficiency in transportation systems with the entry of new tech-
nologies. For instance, Bogotd (Colombia), Berlin (Germany)
and Mexico City (Mexico) changed traditional vehicle lanes
into bicycle lanes, as did Gdansk (Poland), whose inhabitants
stated that they were more interested in using public transport
in the future [47].
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2 Assessment approach

This section presents an assessment approach for BRT urban
public transport aimed at determining the long-term energy con-
sumption, EEs and fuel costs. The presentation is divided into
methods, BRT system data and scenarios.

2.1 Methods

The assessment approach is based on the ASIF methodology
[48] in which GHG emissions or EEs are estimated. The ASIF ap-
proach applies decomposition factors to determine EEs from
the modal choice of transportation. The parameters used in
the method are: (i) activity, which establishes the number of
journeys (passenger-kilometres (p-km) total); (ii) modal trans-
portation—such as bi-articulated, articulated or rigid buses;
(iii) energy intensity (EI), which presents the use of energy per
unit of p-km travelled described by the mode (MJ/p-km); and
(iv) carbon intensity, which represents emissions per energy de-
mand (tCO,. /MJ). The inputs consist of growth of passengers

per year, EI, p-km, BRT fleet, EEs and prices by energy source.
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The results are energy outputs (energy consumption), EE out-
puts and cost outputs. The assessment structure is illustrated
in Fig. 2.

The mathematical formulation of the applied method includes
three parts: energy consumption, EEs and costs. Energy consump-
tion is determined through Equations (1) and (2), based on p-km
and EI (J) [32, 49, 50]:

pkms,u,f,t = Z (Ukms,u,f,t * Aos,u,f,t)

suf,t (1)
Er=>_ (pkMgus:*Eluyse)
s,ufot (2)

where vkm_, . is the total distance (km) travelled in a period that
includes submode (s), useful life (u), fuel type (f) and time (t);
AQO, , Is the average number of passengers; E, is energy consump-
tion over time (t) in J; pkm_ .. is p-km by submode (s), useful life
(u), fuel type (f) and time (t); and EI . is the energy consumption
per passenger (I/km or J/km) by submode (s), useful life (u), fuel
type (f) and time (t).

The second part calculates the EEs through Equation (3).
Following the ASIF methodology, the outputs are divided into
carbon monoxide (CO), carbon dioxide (CO,), nitrogen oxides
(NO,), methane (CH,), non-methane volatile organic compounds
(NMVOCs) and nitrous oxide (N,O):

Energy consumption, Environmental Effects, and Fuel Costs Assessment in BRT Systems
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Fig. 2: Energy consumption, EEs and fuel costs in BRT systems
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EE: = Z (PCIS,u,f,tEIs,u,f,tACs,u,f,t)
s,ufot (3)
where EE, are the environmental effects (E) over time (t); FCI
is the fuel carbon intensity (tCO, /MJ); EI . is the energy con-
sumption per passenger; and AC_ . is the activity based on
p-km by submode (s), useful life (u), fuel type (f) and time (t). The
emission factors were taken from the Emission Factor Database
(EFDB) [51].
The third part determines the total costs by fuel according to
energy consumption and energy prices through Equation (4):

ch,t = Z (Es,u,f,tps,u,f,t)
suf,t (4)
where TC,, is the total cost by energy source (USD current); E_
is the energy consumption over time (t) in J; and P, . is the en-
ergy source price by submode transportation (s), fuel type (f) and
time (t).

The assessment approach followed in this work was imple-
mented using the LEAP platform [52]. LEAP allows the develop-
ment of different scenarios of the application of energy policies
to determine energy consumption and environmental analyses
based on the ASIF methodology. LEAP has been applied in close to
190 countries around the world and there is extensive literature
concerning energy planning in the transportation sector based on
the LEAP platform [53-56].

sufit

2.2 BRT system data

Bogota is in the centre of Colombia and is the most important
economic, industrial and cultural city in the country. Its popula-
tion in 2021 was 7.8 million [57] and it presented a high popula-
tion density of ~4310 inhabitants per square kilometre in 2018.
Bogota’s GDP was US$83 billion in 2019 [58], equivalent to 25.7%
of the country’s total, and the city is the seventh-largest by GDP
in Latin America.

The ITS of Bogota is divided into BRT trunk lines (114.4 km
of exclusive lanes), feeder buses (between the neighbourhoods)
and rigid buses (outside the trunk lines). The BRT system that
operates in the trunk lanes is known as TransMilenio and is
formed by 1330 bi-articulated, 763 articulated and 273 rigid
units. The fleet can be separated into three age groups: >10
years old (7.0%), between 6 and 10 years old (29.0%) and <5
years old (64.0%). There are 98 routes and, on average, each
BRT unit travels 10 000 km per month [59]. In terms of usage, in
February 2023, for instance, there were 92 931 229 boardings in
the ITS and, with respect to TransMilenio, there were 41 911 397
BRT boardings, which represented 45.3% of all boardings in the
Bogota ITS. A complete map of the TransMilenio system with its

routes, lanes and stations can be seen in online Supplementary
Fig. S8).

TransMilenio was inaugurated on 4 December 2001. Table 1
presents the main features of the TransMilenio BRT system ap-
plied in the LEAP model, including relevant aspects for each
transport mode such as maximum passenger capacity, average
number of passengers and energy intensities by source.

The TransMilenio system operates as a concession contract
for operators of the BRT. Consequently, there is (i) vertical separ-
ation and a fare collection process; (i) a remuneration scheme
for operation of the BRT units based on kilometres travelled
and not on passengers carried; and (i) an auction process for
operators. The public costs of the system include studies, real-
estate purchase, infrastructure, control-centre operation and
management—the total sum of which corresponds to 1216.3
MM (constant 2008 US$) per year. The private costs comprise the
entire BRT fleet, BRT operation and operation of the collection
system. This amounts to 778.5 MM (constant 2008 US$) per year
[63].

2.3 Scenarios

The calibration of the simulations is based on Table 1 using 2019
and 2020 as a reference [64]. The scenarios are developed con-
sidering the lockdown as a consequence of COVID-19 and the
realistic long-term scenarios are implemented on a main BAU
trajectory (i) together with three derived scenarios (i), (iil) and
(iv), as follows:

(i) ‘BAU’ corresponds to the general trajectory and as-
sumes the transportation policy applied by the Mayor’s
Office of Bogota. In this scenario, the fleet includes 700
bi-articulated buses (402 by NG and 298 by diesel) and 741
articulated (562 NG and 197 diesel) [65]. In this scenario,
the number of passengers increases at a rate of 1.0% per
annum (p.a.) after 2022.

(ii) ‘High Growth (High) scenario’ considers a rapid economic
recovery of the city of Bogotd with an annual rate of in-
crease of 2.0% p.a. in the number of passengers after 2022.

(iif) ‘Low Growth (Low) scenario’ represents a slow growth
of the economy, with passenger demand increasing at a
rate of 0.5% p.a. between 2022 and 2029. Subsequently,
the modelling adopts the BAU scenario between 2031 and
2040.

(iv) ‘Fast Transition (Fast) scenario’ includes mainly the re-
duction in the use of diesel in the BRT system from the
year 2030 through a transition towards NG and electricity.
The detailed assumptions of the four scenarios are pre-
sented in Table 2.

Table 1: Transportation data of vehicles in the TransMilenio BRT system

Characteristic Bi-articulated Articulated Rigid
Maximum passenger capacity 250 160 80

Average number of passengers 121 77 39

Annual distance travelled (calculated) (km) 50 000-60 000 70 000-80 000 60 000-70 000
Energy intensity of diesel use (MJ/km) [60] 16.06 14.7 11.8

Energy intensity of natural gas use (MJ/km) [61] 12.92 8.012 -

Energy intensity of electricity use (MJ/km) [62] 14.3 13.5 10.8

Main applications

Widely separated stations

Intermediate stations Short distances
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Table 2: Detailed BAU and transition assumptions in the long-term scenarios

BAU (year) 2019-20 2020-30 2030-40
Calibration model
Type of fuel Diesel NG (%) Electric or hybrid (%) Diesel (%) NG (%) Electric or hybrid (%) Diesel (%) NG (%) Electric or hybrid (%)
(%)
Bi-articulated 100 0 0 58 42 0 23 60 17
Articulated 100 0 0 26 74 0 20 70 10
Modal 4 0 96 (Hybrid) 4 0 96 (Hybrid) 0 0 100 (Electric)
Transition (years) 2019 2020-29 2030-40
Bi-articulated 100 0 0 58 42 0 20 60 20
Articulated 4 0 0 26 74 0 10 60 30
Modal 4 0 96 (hybrid) 4 0 96 (hybrid) 0 0 100 (electric)
5 |
4.5
4 March 22, 2020 -
&a
(9]
7 35
£
s
¥ 3+ .
[} cd
(o))
S ,// Gradual adjustment in Transmilenio
8 25 e A
g Mandatory isolation: Covid 19
£ 2 il
1.5 8
1L A
05 I \ L | I |
Jan 2019 Apr 2019 Jul 2019 Oct 2019 Jan 2020 Apr 2020 Jul 2020 Oct 2020 Jan 2021
Time
Fig. 3: Overall p-km index before and during COVID-19 in the TransMilenio system [59]
Table 3: Detailed energy demand in the BAU scenario for the Bogotd BRT system
Year Bi-articulated Articulated Modal
Fuel Diesel NG Electricity Diesel NG Electricity Diesel (TJ) NG Electricity
(1)) (T)) (T)) (1)) (TJ) (TJ) () (T)
2019 608.4 - - 1344.3 (100%) - - 18.2 (5.6%) -  305.0
(before fleet renewal) (100%) (94.4%)
2020 225.6 10.3 (2.8%) - 80.4 (84.7%) 14.5 (15.2%) - 7.1 - 118.4
(new fleet and COVID-19) (97.2%) (5.6%) (94.4%)
2022 641.9 (95.6%)  29.4 (4.4%) - 208.8 (84.7%) 41.2 (15.2%) - 201 (5.6%) — 3369
(post-COVID-19) (94.4%)
2030 319.7 (85.8%) 52.8 (13.8%) 9.4 175.8 (80.6%) 38.9 (17.8%) 3.3 (1.6%) - - 66.38
(next partial new fleet) (0.4%) (100%)
2040 346.1(83.6%)  57.2(13.8%) 10.4 190.3 (80.6%) 42.2 (17.8%) 3.6 (1.6%) — - 72.0(100%)
(long-term model) (2.6%)
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Fig. 4: Energy consumption scenarios for type of BRT unit. (a) Bi-articulated, (b) articulated and (c) rigid.

Passenger demand behaviour before and during COVID-19
(2019-21) is shown in Fig. 3 and has been included in the four
scenarios. The figure shows the most relevant aspects, including
the start of lockdown and the gradual adjustment to normal
TransMilenio operation.

3 Results

In this section, the results are presented of the assessment of en-
ergy consumption, EEs and fuel costs applied in the four scenarios
defined in Section 2.3 in the BRT system of Bogota.

3.1 Energy consumption

In the BAU scenario, the major energy consumption stems from
bi-articulated (56%), followed by articulated (32%) and rigid (12%)
BRT units. In this scenario, in 2019, consumption comprises
1970.8 TJ of diesel and 305 TJ of electricity for a total energy con-
sumption of 2275.8 TJ. In 2020, with the COVID-19 restrictions,
energy demand drops to 313.1 TJ of diesel, 24.8 TJ of NG and 118.4
TJ of electricity 456.3 TJ in total. Thus, in this scenario, in 2030,
energy consumption is 495.5 TJ of diesel, 92.5 TJ of NG and 79.1
TJ of electricity. In addition, in 2040, the use of diesel is reduced
from 1970.8 to 536.5 TJ compared with the 2019 baseline and NG
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Table 4: Energy demand obtained for the four scenarios analysed

Year

BAU (T))

Fast (TJ)

High (T))

Low (TJ)

2020
2022
2030
2040

Total accumulated
(2020-40)

456.2
1298.3
666.4
721.9
19419.6

456.2
1298.3
481.2
521.7
17 301.0

456.2
1298,3

721.2

862.0
20 855.6

456.2
1298.3
646.2
633.7
18 459.5

co2 (1)

co2 (1)

Fig. 5: CO, emissions. The upper panel (a) presents the long-term emissions in all scenarios and the lower panel (b) presents the cumulative
emissions in all scenarios.
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Fig. 6: CO, emissions in BAU and Fast scenarios by type of vehicle in the BRT system. The upper panel shows the BAU scenario and the lower panel

shows the Fast scenario.

Table 5: EEs in BAU, Transition and High scenarios [51]

Years 2019 2020 2030 2040

Scenario BAU BAU Fast High BAU Fast High BAU Fast High
(¥ ® ® () () () () () () (¥

co, 162 104 30812 30812 30812 37 946 41058 26738 41085 49 057 28 950

CO 1966 359 359 359 227 246 141 246 294 153

CH, 13.1 9.6 9.6 9.6 28.9 31.2 26.5 31.2 37.3 28.7

NMVOCs 437 79.7 79.7 79.7 50.7 54.9 31.4 54.9 65.5 34.0

NOx 2184 401 401 401 344 372 226 372 444 244

N,0 6.6 1.2 1.2 1.2 1.1 1.2 0.7 1.2 15 0.8

increases to 99.4 TJ. Table 3 gives a detailed summary of the en-
ergy demand for each type of vehicle in the simulation horizon.

Fig. 4 shows the energy consumed each year from 2019 to
2040 for the four scenarios and for each BRT type. The following
is an analysis of the cumulative consumption. Cumulative
bi-articulated consumption in the BAU scenario is 11 078 TJ. With
the Fast scenario, this is reduced by 4.1%. Compared with the BAU
scenario, consumption is 7.2% higher in the High scenario and
4.8% lower in the Low scenario. With respect to articulated ve-
hicles, cumulative consumption in the BAU scenario is 6292 TJ.
Consumption in the Fast scenario is 15.8% lower, 6.7% higher in
the High scenario and 4.3% lower in the Low scenario. In rigid BRT
units, cumulative consumption is 4324 TJ. Compared with the
BAU scenario, consumption is 15.4% lower in the Fast scenario,
4.9% higher in the High scenario and 3.7% lower in the Low scen-
ario. Table 4 shows energy consumption in the years 2020, 2022,
2030 and 2040, and the total cumulative consumption for each
scenario. The total cumulative consumption for the BAU scenario
is 19 419 TJ. Compared with the BAU scenario, it is 10.9% lower in
the Fast scenario, 7.4% higher in the High scenario and 4.9% lower
in the Low scenario.

3.2 EEs

The EEs in the long-term model are measured in terms of emis-
sions of CO, CO,, NO,, CH,, NMVOCs and N,O. Fig. 5a shows
the CO, emissions for all scenarios from 2019 to 2040, while
Fig. 5b presents the cumulative CO, emissions by scenario. This
cumulative Fig. S5b is a sensitivity analysis that includes the
variation between scenarios after COVID-19. The results under
the BAU scenario in 2019 indicate a total of 162 104 t of CO,.

This value is close to that reported by the Mayor’'s Office of
Bogota in 2018. In 2020, CO, emissions were drastically reduced
due to lockdown and the introduction of the new fleet of BRT
units. CO, emissions were reduced to 30 812 t and, in the post-
COVID-19 period, the total emissions are expected to amount
in 2022 to 87 683 t, in 2030 to 37 946 t and in 2040 to 41 086
t. These results are possible with a reduction in the use of
diesel in BRT units. As expected, under the High scenario, CO,
emissions increased in 2030 by ~14.1% and in 2040 by 19.4%
compared with the Fast scenario, which includes elimination
of the use of diesel in the BRT system. The results show that,
in 2030 and 2040, the reduction in CO, emissions corresponds
to ~29.5%.

Fig. 6 shows a comparison of CO, emissions in the BAU and Fast
scenarios by type of BRT unit. Whilst, in the BAU scenario in 2030,
bi-articulated CO, emissions are 22 211 t, in the Fast scenario,
they are only 19 715 t, which means a reduction of 12.6%. With
respect to articulated units, in the BAU scenario in 2030, emis-
sions amounted to 12 536 t in comparison with 7023 t in the Fast
scenario. This result represents a reduction of 43.9%. In the case
of modal transport, in the BAU scenario, CO, emissions reached
3199 t in comparison with the Fast scenario, in which this is re-
duced to zero. In 2040, bi-articulated CO, emissions amounted to
24 048 tin the BAU scenario and 21 346 t in the Fast scenario, rep-
resenting a decrease of 11.2%. With respect to articulated units,
CO, emissions were 13 573 t in the BAU scenario and 7604 t in
the Fast scenario, representing a reduction of 44.0%. These results
demonstrate the remarkable impact of the Fast Transition scen-
ario in the reduction of CO, emissions.

Table 5 presents a complete summary of the EEs found, com-
paring the BAU, Fast and High scenarios as the most important
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Fig. 7: Energy costs. (a) BAU scenario (upper panel) and (b) Fast Transition scenario (lower panel).

ones in this study. The results are shown for 2019 before COVID-
19, 2020 during COVID-19, 2022-30 post-COVID-19 and 2040
(long-term). In 2040, CO, emissions were 41 085 t in the BAU scen-
ario and 28 950 t in the Fast scenario, which represents a reduc-
tion of 29.5%. By contrast, CO, emissions were 49 057 tin the High
scenario, which represents an increase of 16.2% compared with
the BAU scenario.

3.3 Energy costs

Energy costs were calculated on the basis of the BAU and Fast
Transition scenarios. Fig. 7 in the upper panel illustrates all en-
ergy costs from 2020 to 2040. Diesel presents a higher cost than
electricity and NG as an energy source in US dollars. The results
are based only on energy costs and do not include fleet costs or fi-
nancial analyses. In the results, long-term projected international
energy prices are applied. As shown in the comparison of the BAU
scenario with the Fast Transition scenario in the lower panel, the
costs are reduced to a large extent due to the participation of
electricity as an energy source.

4 Discussion and conclusions

This paper presents an assessment approach related to energy
consumption, EEs and fuel costs in the BRT urban public trans-
port system of Bogota that operates in exclusive lanes and is
known as TransMilenio. The assessment is based on the ASIF
methodology applied by the Intergovernmental Panel on Climate
Change (IPCC) and simulations considering four scenarios: BAU,
Fast Transition, High Growth and Low Growth. The analysis was
carried out on the LEAP platform using a long-term model from
2020 to 2040.

Road transport plays an important role in the energy tran-
sition and on the path to neutral emissions. In addition, the
change in the use of fuels based on petroleum derivatives to
fuels or sources such as NG, electricity, biodiesel and hydrogen
allows the reduction of GHG emissions from road transport
especially. The results of the assessment employed show that
scenarios involving a rapid energy transition based on cleaner
fuels, such as NG and electricity, yield major benefits that in-
clude reductions in GHG emissions, energy consumption,
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dependency on liquid fuels and variable costs in the operation
of BRT systems. Rapid action in energy transition has the po-
tential to mitigate the effects that may occur because of a fast
economic recovery, which may increase emissions and energy
consumption.

The results found in this work allow ratification of the em-
pirical evidence about the benefits of energy transition in public
transport in developing countries that run BRT systems [65-67].
According to the WHO, ambient air pollution causes ~4.2 million
deaths per year [68] due to chronic respiratory diseases such as
lung cancer, chronic obstructive pulmonary disease and ischaemic
heart disease [69]. In September of 2020, Greenpeace Colombia
[70] disclosed that, in Bogota, there were ~3900 deaths due to air
pollution involving a cost of ~US$1300 MM. The Secretary of the
Environment of the Mayor's Office of Bogota reported average an-
nual pollution levels of 13.9 PM,, pgr/m? [71] and, although this
value is low compared with countries of South-East Asia, it is high
in comparison with Latin American cities. In general, large cities
have traffic difficulties, population growth and pollution problems.

Regarding energy demand, the results obtained in this study
suggest that it is possible to obtain a 10.9% lower consumption
for the scenario analysed that supposes a Fast Transition scen-
ario. Additionally, the results obtained in CO, emissions dem-
onstrate the remarkable impact of the Fast Transition scenario
in reducing CO, emissions. In 2040, CO, emissions were 41 085
t in the BAU scenario and 28 950 t in the Fast scenario, which
represents a reduction of 29.5%. The energy cost is also largely
reduced due to the participation of electricity as an energy
source in the Fast Transition scenario. Specifically, the diesel
cost is US$20 075 189 for the 2040 BAU scenario whereas it is
US$13 168 045 for the 2040 Fast Transition scenario. This is thus
a decrease of 34.4%.

BRT-based transportation systems have proven to be a rapid
solution to these difficulties at moderate costs [39, 41, 72].
Nonetheless, in large cities, there is no magic solution and it is
imperative to implement a set of complementary actions aimed
at improving transportation, including train lines, light rails, bi-
cycles, taxis, light BRTs and pedestrian areas.

The study presents several limitations related to modelling
as well as measurements. In the modelling, a better approxima-
tion could have been achieved with a daily passenger demand
profile. With respect to EEs, particulate matter and sulphur
oxides (SO,) were not considered. Another relevant limitation in
the work corresponds to the lack of a financial analysis of the
cost of fuels in the long term, which can be very useful for de-
cision makers.
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