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A B S T R A C T

The transport sector contributes to climate change, and it has been the target of public interventions to improve
quality of life and reduce CO2 emissions. The Medellin metropolitan area (Colombia) has developed a mass
transportation system called Metro de Medellin that integrates train lines, a tram line, BRTs, gondola lift
systems, a bicycle-sharing system and hybrid buses to reduce traffic and CO2 emissions. Despite these efforts,
pollution is peaking, and the situation requires new plans. The aim of this paper is to quantify the emissions that
will be avoided by the implementation of Medellin's Master Plan, the promotion of telecommuting, and the
development of a transport energy model for Medellin between 2010 and 2040. The results indicate that
combining the promotion of mass transportation and telecommuting could represent 5.65 MTons of CO2

equivalent avoided by 2040 (9.4% reduction) and estimated total energy savings of 86,575.55 TJ. Therefore, it is
necessary to implement complementary policies in order to achieve the commitment assumed by Colombia at
the COP 21. The analytical framework used here could be applied to other regions in order to evaluate
environmental and energy mitigation strategies, especially in the developing world where similar policies may
be in place.

1. Introduction

In late March 2016, the local government of the Aburra Valley
declared an environmental contingency, due to the high concentration
of PM10 in the air, low-hanging clouds in the valley, and the constant
growth of the vehicle fleet. During the contingency, interim decisions
were made, such as the implementation of a car-free day, free public
transportation during off-peak hours and higher controls on vehicle
emissions (AMVA, 2016). This event showed the rise of emissions.
These emission also have an impact on public health, increasing the
risks of lung cancer, respiratory and cardiovascular diseases (He and
Qiu, 2016; Yang and He, 2016). During the last 25 years the number of
deaths in Medellin associated to chronic respiratory diseases and lung
cancer has tripled, growing from 264 in 1980 to 840 in 2015. Over the
same period of time, the concentration of PM10 has risen by 30 μg/m3

and studies show that an increase by 10 μg/m3 produces a 25%
increase of mortality associated with lung cancer and respiratory
diseases (Alcaldia de Medellin, 2015; Ministerio de Ambiente y
Desarrollo Sostenible, 2012).

Transport is necessary to the improvement of quality of life in
urban areas and it acts as a catalyst for economic development.
However, transportation contributes to resource depletion and has
other negative impacts on the environment (Ahanchian and Biona,
2014). Current urban transport systems produce high GHG emissions
at the local level (Dulal et al., 2011; Grazi and van den Bergh, 2008)
due to fossil fuel combustion and the inefficiency of engines and
transport shares. In 2007, energy consumption in the transport sector
accounted for about 61% of total oil consumption and 28% of total final
energy consumption in the world (International Energy Agency (IEA),
2009). Key world energy statistics, 2009. OECD/IEA, Paris). The
emissions of the transport sector have increased in the past years. In
2005, transport represented 13.5% of overall emissions (Anderson
et al., 2007) and in 2012, it accounted for 23% of global CO2 emissions
(OECD and IEA, 2014). This rise in emissions is caused by rapid
population growth, increased per capita incomes, economic develop-
ment, urbanization, road development, soaring motor vehicle stocks
and the improvement of living standards (Arora et al., 2011; OECD and
ITF, 2009; Ribeiro et al., 2007). Transport emissions forecasts show
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that, in 2050, the average emission levels could be twice those of 2010
(Creutzig et al., 2014; Marchal et al., 2011; Yan et al., 2014).

Governments around the world are exploring strategies to reduce
GHG emissions, such as urban planning, renewable fuels, mass
transportation investments, fuel standards improvements and engine
efficiency, among others (Bakam et al., 2012; Bazilian et al., 2010;
Coetzee and Winkler, 2014; Fertel et al., 2013; Kii et al., 2013; OECD
and IEA, 2014; OECD and ITF, 2009). Alternative policies include
telecommuting, which may change both work and transport paradigms,
telework, which improves transportation and sustainability by reducing
travel and by mitigating the environmental and socio-economic
impacts of mobility (Koenig et al., 1996; Lari, 2012; Shaheen et al.,
2007; van Lier et al., 2012). The growing importance of public policy
for the transport sector in international negotiations shows the
importance of analyzing their potential mitigation impacts
(Ahanchian and Biona, 2014; Halsnæs and Garg, 2011; Owens,
1995; Rajan, 2006; Schwanen et al., 2011).

Colombia is not exempt from the environmental situation that the
world is currently facing. In 2010, Colombia accounted for 0.46% of
global emissions. Recently, in Paris, during the 21th Conference of the
Parties, Colombia committed to reduce GHGs emissions by 20% by
2030 compared with a BAU scenario (Gobierno de Colombia, 2015).
The national strategies include local policies such as the improvement
of transportation in the city of Medellin, the second most populated city
in Colombia. The policy is implemented through a Master Plan, which
is necessary to quantify the effects of this policy and include them into
the emission accounts of the mitigation models developed to support
Colombia's mitigation agenda, and compared with other policies.

In an attempt to quantify the potential reduction of GHG emissions
through transport policies, this paper explores the long-term effects of
mitigation strategies focused on the transport sector for a city located a
developing country, in this case we analyzed the expansion of infra-
structure proposed in the Metro de Medellin Master Plan, as well as the
plan of incentivizing telecommuting. The plan includes the construc-
tion of new trams lines, gondola lift systems and BRT lines. The results
are expected to provide important insights for energy planners and
policy makers, not only in Medellin but also in cities with similar
topology. Moreover, the analytical framework developed here could be
used to evaluate strategies for long-term public transport policies,
which is useful to international commitments on emission reduction
such as the ones formulated in Paris in 2016.

We analyzed the environmental impacts of transport systems using
an energy model developed in LEAP (SEI, 2011). LEAP has been used
by government agencies, researchers and utility and consulting com-
panies at the local, regional and national levels for a variety of tasks
including mitigation by changing the energy consumption on the
demand side, mitigation by shifting the energy carrier on the supply
side and mitigation by imposing policies on the supply and demand
sides including the transportation sector (Ahanchian and Biona, 2014;
Bose and Srinivasacharyt, 1998; Nicholson and Dante, 2004; Von
Hippel et al., 2011).

Among these studies, especially those focusing on urban transport,
the works of Bose and Srinivasacharyt (1998) present research on five
scenarios to construct an optimal transportation policy to reduce the
future fuel consumption and its emissions in Delhi, India. The authors
point out that the improvement of public transportation could only
have the desired impacts once the policies restricting private vehicle
movements have been strengthened. Pradhan et al. (2006) analyze the
effects of the expansion of the electric bus system in the Katmandu
Valley in 2025. A similar study made by He and Chen (2013) analyzes
the possible ways to reduce energy consumption and mitigate harmful
emissions, especially GHG from the transportation sector in China.
They conclude that significant reductions could be achieved through
the promotion of energy/hybrid vehicles in certain subsectors.

Recent studies carried out by Ahanchian and Biona (2014) present
an energy demand and environmental emissions model for the land

transportation sector in Manila, The Philippines. Results show that the
increase of energy consumption and pollution levels can be reduced
through different measures such as CNG bus conversions, fuel quality
improvements, the adoption of EURO 4 emission standards and the
substitution of old vehicles and two-stroke motorcycles. Using LEAP,
Peng et al. (2015) extrapolate the energy consumption, GHG emissions
and urban transportation emissions of Tianjin between 2010 and 2040
under 4 scenarios. Results show that through the promotion of public
transportation, green energies and vehicle regulation, the energy
consumption and other pollutants could be reduced. Using LEAP, He
et al. (2016) analyze strategies that intends to mitigate the energy use
and environmental emission in China's passenger transportation
sector, and the potential to reach the Chinese policy goal. A classifica-
tion of representative studies was done by Limanond et al. (2011) and
Peng et al. (2015). For a more in-depth review, see Suganthi and
Samuel (2012).

This paper is structured as follows. Section 2 provides background
information on the current transport system of the Medellin
Metropolitan Area. Section 3 describes the Metro de Medellin Master
Plan. Section 4 discusses the modeling methodology, Section 5 presents
and analyzes modeling results. Lastly, Section 6 concludes.

2. Background information about the medellin metropolitan
area and its transport system

The Medellin Metropolitan Area is the second largest populated
area in Colombia. Consisting of 10 municipalities, it is located in the
Aburra Valley. The Aburra Valley covers a total area of 1,152 square
kilometers and its population as of 2014 was of 3.731 million, a
number that is expected to grow to 3.994 million inhabitants by 2020
(DANE, 2009). In 2011, the total calculated emissions for the Aburra
Valley amounted to 3.7 million tons of CO2 equivalent, of which 75.5%
were produced by mobile sources (cars, trucks, taxis, motorcycles) and
24.5% by industrial, commercial and residential sources, and other
sectors. The annual average concentration of PM 10 for 2011 was
estimated to 59 μg/m3, of which 58% was produced by mobile sources
(Ministerio de Ambiente y Desarrollo Sostenible, 2012; Universidad
Pontificia Bolivariana, 2011).

In 2011, the total energy demand of the transport sector in the
Aburra Valley (vehicle fleet only) amounted to 36,203.9 TJ, 49.4% of
which was gasoline, 44.2% diesel and 6.4% natural gas. 34% of the total
energy demand is for cars, 30% for trucks, 16% for buses, 14% for taxis
and 6% for motorcycles (Universidad Pontificia Bolivariana, 2011).

Motorcycles have grown from 69 thousand in 2000 to 438 thousand
in 2011, equivalent to over 500% in 11 years. While the amount of cars
(public and private) has grown by 97% over the same period of time,
passing from 251 thousand in 2000 to 438 thousand in 2011 (AMVA,
2005; Toro and Quiceno, 2015; Universidad Pontificia Bolivariana,
2011). The vehicle fleet has increased the average travel time, while in
2005 it was 25 min, in 2012 it went up to 34 min, a 36% increase in 7
years (AMVA, 2012; Medellín Cómo Vamos, 2013).

The most recent origin/destination survey in the Aburra Valley was
carried out in 2012. It showed that 31% of the total population does not
commute, while 69% does 2.4 trips per day on average. For 2012, the
total trips per day had grown to 5.6 million, from 4.9 million in 2005
(AMVA, 2012). Table 1 shows the total share of each mode of
transportation in the Aburra Valley in 2005 and 2012. It can be
observed that the share of motorcycles, metro, cars, bicycles and BRT
increased, while motorcycles show the highest growth (126.5%). Buses,
pedestrians, taxis and other transport modes decreased in comparison
to 2005, while the highest decrease is observed in other modes
(−28.6%). Between 2005 and 2012, private transportation increased
from 17.7–26% and public transportation decreased from 40.5–38%.

The public transportation system in the Aburra Valley consists of
the metro system (train lines, gondola lift system, BRT, bicycle-sharing
system and buses), and private companies that own buses and
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