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[bookmark: _Toc227665862]Introduction

Urban transportation in Bogotá accounted in 2008 for nearly 6 million tons of CO2 per year and is the fastest growing source of CO2 emissions. It also accounted for approximately 1.400 tons of particulate matter (PM), 54.000 tons of NOx and 490.000 tons of CO per year.[footnoteRef:1] Altogether, these emissions constitute a very important urban transportation externality in Bogotá. The cost of air pollution in Colombia is estimated at 0.8% of GDP, mainly associated with respiratory diseases. [1:  Decennial Plan for the Reduction of Air Pollution in Bogotá (PDDAB, District Environment Secretariat – Universidad de los Andes, 2010).] 


Based on the 2006 Mobility Master Plan, Bogotá decided to modernize its urban transportation system having public transportation as the core. In this regard, the main objective is to implement an integrated public transportation system (SITP) for the city. The SITP involves the operational, fare, fare collection and information systems integration of all public transportation modes in Bogotá (traditional buses, TransMilenio and future rail modes). One of the main benefits of the SITP is that it will allow for a rationalization and renovation of the fleet in the traditional bus system, which is one of the main sources of emissions in urban transportation. 

The SITP is currently the most ambitious project with respect to urban transportation in Bogotá, and is also the single project that would produce the highest emissions reduction from urban transportation. The Integrated Environmental Strategy for Sustainable Mobility in Bogotá (EAI, Interamerican Development Bank – Universidad de los Andes – Clean Air Institute, 2011) estimated that the SITP would reduce PM emissions from public transportation by 74% and CO2 emissions by 20% in 2018. However, there is an important opportunity to increase the positive impact of the SITP by considering fleet renovation to new technologies such as hybrid and electric buses, moving away from current diesel vehicles. The shift towards cleaner technologies would increase emissions reduction, amplifying the environmental benefits, and reduce fuel dependency, lowering current and future operational costs.

Nevertheless, in order for this technological transformation to take place, it has to overcome the financial barrier of the bus operators as private investors. In this respect, a funding program designed to lower interest rates, reduce payback periods and introduce a certain level of concessionality would facilitate the implementation of the technological transformation. The Interamerican Development Bank (IDB) has formulated such program, with financial resources from the Clean Technology Fund (CTF), as the Program for the Technological Transformation of the Integrated Public Transportation System of Bogotá CO-L1096 (from now on referred as the Program).

The CTF will invest US$100 millions to support low-carbon transportation strategies in Colombia. Out of this total, the IDB will manage US$40 millions to support the Program. The IDB anticipates adding US$40 million to the Program, provided by Bancoldex (International Trade Bank of Colombia), in order to establish a US$80 million credit line to facilitate the introduction of new technology buses (hybrid and/or electric) by private operators.

The main objectives of this study are to evaluate the greenhouse gas (GHG) emissions reduction potential and to perform a cost-benefit analysis of the Program. This Report #1 will quantify the GHG emissions reduction potential of the Program. Report #2 will present the results of the cost-benefit analysis, considering the additional costs and benefits related to the technological transformation.

The rest of this report is organized as follows. Section 2 will briefly summarize the SITP project and will outline the scenarios that will be considered throughout the study. Section 3 will present a review of previous studies in order to identify relevant information required for the rest of this study such as emission factors, activity factors, fuel consumption factors, emissions valuation and vehicle costs. In section 4, the CO2 emissions base line will be established for the base scenario (not implementing the SITP with respect to the changes in the traditional bus system) in a 20-year period (2012-2032). Sections 5 and 6 will estimate the CO2 emissions projection in this same period for the scenarios of implementing the SITP with respect to the changes in the traditional bus system based on diesel buses and implementing the SITP with technological transformation of some buses (hybrid and/or electric buses). Section 7 summarizes the main results.



































[bookmark: _Toc227665863]The Integrated Public Transportation System (SITP) of Bogotá

Based on the 2006 Mobility Master Plan, Bogotá decided to implement the SITP in order to integrate the planning and operations of all modes of public transportation in the city, increasing the overall service quality, reducing costs and travel times and achieving a 100% coverage. Initially, the SITP implies the integration of the traditional bus system and the Bus Rapid Transit system, TransMilenio, with respect to planning, operations, fare, fare collection and information systems. In the future, it is expected to integrate also rail modes. 

With respect to TransMilenio, the SITP includes the third phase of the system (Figure 1). This phase currently consists of two new lines: 26th street (12,2 km) and 10th avenue (7,7 km).[footnoteRef:2] This phase started operations in 2012 and, when it becomes fully operational, it is expected to increase travel demand in the system by approximately 500.000 passengers per day. [2:  The initial plans for this phase included also the 7th avenue. ] 
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[bookmark: _Toc228238324]Figure 1. Phases 1, 2 and 3 of TransMilenio
Source: http://www.transmilenio.gov.co

With respect to the traditional bus system, the SITP implies a radical change in the organizational structure of the system, moving away from the old affiliation based scheme into an scheme where a public entity (TransMilenio S.A.) is in charge of the planning and the operation is conceded to private companies, who are in charge of vehicle purchase and maintenance costs. In order to implement these concessions, the city was divided into 14 zones: one neutral zone (city center) and 13 zones assigned to the different private operators (Figure 2).

The change in the organizational structure is accompanied by a change in the number and alignment of the routes, and a renovation and rationalization of the vehicle fleet. The SITP is expected to reduce the number of traditional buses operating in the city from approximately 16.000 to 10.000. The fleet of traditional buses will be composed of large, medium and low capacity buses (Figure 3).
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[bookmark: _Toc228238325]Figure 2. Operational zones of traditional buses in the SITP
Source: http://www.sitp.gov.co
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[bookmark: _Toc228238326]Figure 3. Operational zones of traditional buses in the SITP
Source: http://www.sitp.gov.co

The operation of traditional buses in the SITP will also change from manual fare collection to smartcard technology, with fare collection conceded to a private company. Currently, a unique smartcard can be used in the third phase of TransMilenio and in the traditional bus services of the SITP, and the integration with the smartcard used in phases 1 and 2 of TransMilenio is under negotiation. This integration will allow for the implementation of fare reductions in transfers among the different services.     

One of the main benefits that the SITP brings is the formalization in the employment of approximately 13.000 drivers, guaranteeing employment benefits such as pension and health care, and limiting the number of working hours per day. Drivers will be pay on a monthly instead of a per passenger basis, eradicating dangerous driver behavior know as “Guerra del centavo”, and consequently improving road safety standards.  

Even though the SITP includes all the modes of public transportation, the rest of the study will consider three scenarios that separate the interventions in TransMilenio (phase 3) from the changes in the traditional bus system. The three scenarios that will be analyzed are:

· Base scenario: It considers the implementation of TransMilenio up to the third phase, no additional mass transit projects and no changes in the traditional bus system. This scenario implies a partial implementation of the SITP, including the third phase of TransMilenio but no changes in the traditional bus system.
· Scenario 1: It considers the implementation of TransMilenio up to the third phase, no additional mass transit projects and changes in the traditional bus system according to the plans of the SITP. This scenario implies a full implementation of the SITP, including the third phase of TransMilenio and changes in the traditional bus system.
· Scenario 2: It considers the implementation of TransMilenio up to the third phase, no additional mass transit projects and changes in the traditional bus system according to the plans of the SITP and including new technology buses (hybrid and/or electric).   
 
The difference between the base scenario and scenario 1 is the changes in the traditional bus system prompted by the SITP. The difference between scenarios 1 and 2 is the technological transformation of some buses in the traditional system.  







































[bookmark: _Toc227665864]Review of previous studies

This section summarizes the main results of previous studies that are relevant to the general objective of this study. Three main studies were reviewed: The Decennial Plan for the Reduction of Air Pollution in Bogotá (Plan Decenal de Descontaminación del Aire para Bogotá, PDDAB, Secretaría Distrital de Ambiente - Universidad de los Andes, 2010), Integrated Environmental Strategy for Sustainable Mobility in Bogotá (Estrategia Ambiental Integrada para una Movilidad Sustentable en Bogotá, EAI, Banco Interamericano de Desarrollo – Universidad de los Andes – Clean Air Institute, 2011) and Hybrid-Electric Bus Test Program in Latin America (HEBTP-LA, International Sustainable Systems Research Center – Interamerican Development Bank – Clinton Climate Initiative, 2012). Additionally, other studies and sources were reviewed in order to obtain relevant information.

1.1 [bookmark: _Toc227665865]Decennial Plan for the Reduction of Air Pollution in Bogotá (PDDAB)

[image: ]The main objective of this study was to formulate a portfolio of policies aimed at reducing the increasing tendency of air pollution in Bogotá. The starting point of this study was a complete emissions inventory from mobile sources in Bogotá in 2008. This inventory was based on emission factors measured directly from over 200 vehicles of different categories and under real operating conditions. This process allowed for the estimation of emission factors of particulate matter from diesel vehicles and of CO2, NOx, CO and total hydrocarbon (THC) from gasoline and natural gas vehicles. These factors were complemented using the international vehicle emission model (IVE). Table 1 presents the emission factors from public transportation vehicles used in the study.[footnoteRef:3] [3:  It is important to notice that these emission factors were measured using a fuel with sulphur content of 1.000 parts per million (ppm). In 2010, the quality of fuel was improved to 50 ppm. However, as the vehicle fleet was not renovated accordingly to Euro IV standards, this improvement in the quality of fuel is not expected to have a major impact on emission factors.] 


[bookmark: _Toc226621624]Table 1. Emission factors of public transportation vehicles
Source: PDDAB, 2010 
The PDDAB also reviewed the results of the air quality-monitoring network of the District Environment Secretariat. The study computed the exceeding percentage of the different pollutants with respect to the maximum standards for Bogotá. Figure 3 shows these results. It is clear from these results, that the main air quality problem for Bogotá is related to particulate matter. Particulate matter has important effects on human health, mainly related to respiratory diseases in children. 
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[bookmark: _Toc228238327]Figure 4. Exceeding percentage of different pollutants in Bogotá
Source: PDDAB, 2010

One of the main results of the PDDAB was an estimation of the economic benefits of particulate matter emissions reduction due to its impact on human health and productivity. This benefit was estimated at US$411.000 (2008 dollars) per tone of PM reduced. 

1.2 [bookmark: _Toc227665866]Integrated Environmental Strategy for Sustainable Mobility in Bogotá (EAI)

This study proposes several strategies that aim at reducing future air pollution in Bogotá. These strategies are focused on public transportation and new vehicle technologies. Given the exceeding percentages found in the PDDAB, the EAI focuses on particulate matter, due to its impact on human health, and CO2, due to its impact on climate change.

The EAI uses the same emission factors computed in the PDDAB. However, in order to account for the introduction of buses with new emission standards into the SITP, it estimates the emission factors of particulate matter of Euro IV diesel buses based on an emission factor of 0,029 gr/kWh and considering average operating conditions (speed, slope and driving patterns) of buses in Bogotá. Table 2 presents these emission factors. CO2 emission factors are assumed to remain constant while particulate matter emission factors decrease more than 50% for all types of buses except small buses.     
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[bookmark: _Toc226621625]Table 2. Emission factors of Euro IV diesel buses 
Source: EAI, 2011

The EAI included an analysis of the cost of introducing buses with new technologies (natural gas, hybrid and electric). In this respect, a literature review was performed in order to identify the different costs associated with the available technologies. With respect to vehicle costs for a large bus (12 meter), the study considered diesel buses to cost USD 90.000 (2008 dollars), hybrid buses (diesel-electric) to cost USD 400.000 (2008 dollars) and electric buses (battery) to cost USD 800.000 (2008 dollars). However, current costs tend to be considerably different. The cost of hybrid buses has reduced to approximately USD 290.000 (2012 dollars) and electric buses to USD 450.000 (2012 dollars). The current cost of a diesel bus is approximately USD180.000 (2012 dollars).[footnoteRef:4] Table 3 summarizes these values. [4:  Source: Different bus manufacturers.] 
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[bookmark: _Toc226621626]Table 3. Vehicle costs for different bus technologies 
Source: Different bus manufacturers

With respect to operational costs (not including energy consumption, batteries and driver salaries), the study considered these costs to be 30% higher for hybrid buses than diesel buses and for electric buses 10% lower. Current operational costs of diesel and hybrid buses in Bogotá are estimated at COL 578 and COL 711 per kilometer respectively (Bancoldex, 2012). These costs do not include battery replacement costs in the sixth year for hybrid buses (USD 20.000 per vehicle) and in the tenth year for electric buses (USD 120.000 per vehicle). The increase in the operational cost of hybrid buses is mainly related to the cost of maintenance and lubricants. Table 4 summarizes the current estimated values of operational costs for the different technologies.
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[bookmark: _Toc226621627]Table 4. Maintenance costs for different bus technologies 
Source: EAI, 2011 and Bancoldex, 2012. Costs in dollars using an exchange rate of USD1 = COP1.800
With respect to additional infrastructure required to support each of the bus technologies, the study considered the cost of reconditioning stations for hybrid buses and charging stations for electric buses. However, in this study it will be considered that hybrid buses require no additional infrastructure. The cost of a charging station was estimated at USD 50.000. Currently, the cost of charging stations is estimated at USD 16.000 per electric bus (Table 5).[footnoteRef:5] Finally, a cost of infrastructure maintenance equal to 2% of its initial value was considered. [5:  Source: Clinton foundation] 
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[bookmark: _Toc226621628]Table 5. Infrastructure costs for charging stations
Source: EAI, 2011

Fuel costs were considered according to the values in 2008. Current costs for Diesel in Bogotá are approximately COL 8.200 per gallon and energy costs are about COL 167 per kWh.[footnoteRef:6] Table 6 summarizes these values. [6:  Sistema de información Eléctrico Colombiano (SIEL) y Sistema de Información de Petróleo y Gas (SIPG).] 


[image: ]
[bookmark: _Toc226621629]Table 6. Fuel costs for different bus technologies
Source: Sistema de Información Eléctrico Colombiano (SIEL) y Sistema de Información de Petróleo y Gas (SIPG), 2012. Costs in dollars using an exchange rate of USD1 = COP1.800

The EAI also computed emission factors of CO2 and particulate matter for each technology. However, the study that is presented next measured these factors under real operating conditions in Bogotá and is used as a reference for the different emission factors of hybrid and electric buses. 

1.3 [bookmark: _Toc227665867]Hybrid-Electric Bus Test Program in Latin America (HEBTP-LA)

The objective of this program was to determine the reduction of exhaust emissions, energy performance and driving cycles for a fleet of hybrid, electric and diesel buses under real operating conditions in several latinamerican cities. In Bogotá the fleet included two parallel-hybrid buses (HB1 and HB2), one full electric bus and one diesel baseline bus (Euro II emission standard). The passenger capacities of the buses were 72 and 90 for the hybrid buses, 49 for the electric bus and 75 for the diesel bus. The tests were performed in April, May and June 2012.

The following figures show the reduction of exhaust emissions between the diesel reference and the two hybrid buses tested. When normalized by passenger capacity, the hybrid buses showed a reduction in particulate matter emissions between 53% and 66%. Similarly, when normalized by passenger capacity, the hybrid buses showed a reduction in CO2 emissions between 6% and 18%. The PM emission factor of hybrid buses was approximately 0,02 gr/km. The CO2 emission factor was approximately 850 gr/km. Even though this emission factor was lower than the diesel reference, it is higher than the CO2 emission factors reported by the PDDAB for traditional diesel buses. This result may be due to methodological differences between both studies when measuring emissions factors. In order to integrate the results of both studies into a coherent set of CO2 emission factors, for diesel buses the factors obtained by the PDDAB will be used, and for hybrid buses these factors will be reduced by 12% (the average percentage reduction obtained by the HEBTP-LA).


[bookmark: _Toc228238328]Figure 2. Particulate matter emission reduction between diesel and hybrid buses
Source: HEBTP-LA, 2012

[bookmark: _Toc228238329]Figure 3. CO2 emission reduction between diesel and hybrid buses
Source: HEBTP-LA, 2012

The tests performed allowed also to measure fuel consumption factors for the different technologies. Figure 4 shows the fuel consumption factors obtained, both total and normalized by passenger capacity. EB1-1 uses a conversion from kWh into equivalent liters of diesel based on costs of electricity and diesel in Bogotá. EB1-2 converts based on equivalent energy output. When normalized by passenger capacity, the hybrid buses showed a reduction in fuel consumption between 31% and 43%, while the electric buses showed a reduction between 57% and 71%. Fuel efficiency factor for a large bus (12 m) were estimated at 7,5 km/gal for a diesel bus and 11 km/gal for a hybrid bus.
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[bookmark: _Toc228238330]Figure 4. Fuel consumption for different bus technologies 
Source: HEBTP-LA, 2012
1.4 [bookmark: _Toc227665868]Carbon Cost

The subject of estimating the social cost of carbon (the monetary value to society of the environmental damage of CO2 emissions) is inherently complex, uncertain and multidisciplinary. As a result, many estimates of the social cost of carbon are currently available (Intergovernmental Panel on Climate Change, IPCC, 2007). The IPCC concluded that peer-reviewed estimates of the social cost for carbon for 2005 have an average value of USD 12 per ton of CO2, but the range about this mean is large. High estimates are around USD 95 per ton of CO2. Additionally, the IPCC recommends a 2,4% per year rate of growth for the social cost of carbon.

1.5 [bookmark: _Toc227665869]Mobility Survey 2011

There are two main sources of transportation related information relevant to this study. The first source is the recent mobility survey carried out in Bogotá in 2011 (District Mobility Secretariat). This survey allowed for a comprehensive characterization of urban mobility in Bogotá and its surrounding municipalities based on over 15.000 household surveys. This study estimated that about 17,6 million trips were made in an average weekday in 2011 in the study zone (Bogotá and its surrounding municipalities). This number includes all walking trips that take longer than 3 minutes. Additionally, figure 5 shows the mode shares of these trips. In total, public transportation (TransMilenio and traditional buses) accounted for 30% of all trips.
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[bookmark: _Toc228238331]Figure 5. Mode shares of trips in an average weekday in 2011 
Source: Mobility survey 2011 – District Mobility Secretariat 

The survey also allows for the determination of trip rates (trips per person) according to different income ranges (Figure 6). The results show that, as expected, higher income is associated with higher total number of trips and higher share of trips using cars and motorcycles. This trend is important as increases in income will cause higher trips rates and higher modal shares for cars and motorcycles.
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[bookmark: _Toc228238332]Figure 6. Trip rates by income and mode in an average weekday in 2011
Source: Mobility survey 2011 – District Mobility Secretariat 

1.6 [bookmark: _Toc227665870]Urban Public Transportation Data – DANE

The second source of transportation related information is the National Administrative Department of Statistics (DANE). DANE provides information about the total number of public transportation passengers and the total number of kilometers travelled by the public transportation fleet in Bogotá, differentiating by type of vehicle. This information allows for the estimation of the number of passengers per kilometer travelled (IPK) by type of vehicle. Table 7 shows these indicators for Bogotá in 2011. In total, this information indicates approximately 4,1 million public transportation trips per day in 2011 in Bogotá (trips in the feeder buses are not included as they are generally part of a trip in an articulated bus). It is important to mention that this trip rate is not for an average weekday, it is for an average day of the year including Saturdays, Sundays and holidays (calendar day). Assuming a 30% modal share of public transportation trips, as reported by the mobility survey, this number of trips implies approximately 13,3 million trips per day in Bogotá. The difference with the 17,6 million trips reported by the mobility survey is because the survey included trips in the surrounding municipalities and represents an average weekday.    
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[bookmark: _Toc226621630]Table 7. Number of trips and kilometers travelled per day by type of bus in 2011[footnoteRef:7] [7:  The total number of trips does not include trips in feeder buses as they are generally part of a trip in an articulated bus.] 

Source: National Administrative Department of Statistics, 2011

1.7 [bookmark: _Toc227665871]Vehicle fleet

The District Mobility Secretariat and TransMilenio provide information about the current vehicle fleet of public transportation in Bogotá. Table 8 presents the vehicle fleet for the base year 2011 differentiating by type of bus and type of fuel. In recent years very few gasoline buses have been added to the fleet. For projections it will be assumed that all new buses are diesel. Additionally, since emission factors are differentiated by engine size (Table 1), it is important to mention that 61% of traditional diesel buses are <5.000 c.c. and 52% of gasoline buses are <6.000c.c.   
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[bookmark: _Toc226621631]Table 8. Vehicle fleet of public transportation in Bogota 2011
Source: District Mobility Secretariat and TransMilenio, 2011







[bookmark: _Toc227665872]Base scenario - CO2 emissions

Based on the previous information, this section presents the methodology, assumptions and results of the CO2 emissions projection for the base scenario. This scenario assumes that the expected changes in the traditional bus system will not take place. Additionally, it is assumed that no additional lines of TransMilenio (or any other mass transit system) will be implemented beyond the third phase. The base year for projections is 2011 and the evaluation period is 2012-2032.     

1.8 [bookmark: _Toc227665873]Methodology

The methodology used to estimate total CO2 emissions from urban public transportation is similar to that applied in the Integrated Environmental Strategy for Sustainable Mobility in Bogotá (EAI), which is based on the recommendations of the Intergovernmental Panel on Climate Change (2006). This methodology is based on estimating the number of kilometers travelled by type of vehicle and fuel. The number of kilometers is then multiplied by the emission factors in grams of CO2 per kilometer. 

The most reliable source to estimate the current number of kilometers travelled by public transportation vehicles in Bogotá is the data from the National Administrative Department of Statistics (Table 7). This information is used to estimate the CO2 emissions inventory for the base year 2011. In order to project total emissions, the first step is to project the total number of trips in public transportation, differentiating by type of bus. Then, the expected number of kilometers travelled is estimated based on the progression of the IPK (number of passengers per kilometer travelled) for each bus type. Finally, emission factors are applied according to the evolution of the fleet composition. The following sections present the assumptions and results of each step for the base scenario. Figure 7 summarizes the proposed methodology. 
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[bookmark: _Toc228238333]Figure 7. Methodology to estimate total emissions 
Source: Adapted from Intergovernmental Panel on Climate Change, 2006

1.9 [bookmark: _Toc227665874]Number of trips and modal share

The trip rates presented in Figure 6 will be used in order to project the total number of trips in Bogotá to 2032 and its modal share. As the figure shows, higher income is associated with higher number of trips per person and a higher share of car and motorcycle trips. The starting point is then a projection of income growth in Bogotá. The Gross Domestic Product per capita (GDPpc) will be used as a measure of average income. According to DANE, the annual GDPpc in Bogotá in 2011 was COL 21,4 millions. This value is projected to 2032 using the annual growth rates presented by the International Monetary Fund for Colombia up to 2017 and assuming an annual growth rate of 3% (real terms) between 2017 and 2032. These projections result in an annual GDPpc in Bogotá in 2032 of COL 40,6 millions of 2011. 

In order to estimate the proportion of persons in each of the household income ranges presented in Figure 6, the distribution of income is estimated for each year based on the GDPpc and the distribution of income across the population. Figure 8 illustrates the results of the estimated income distributions.[footnoteRef:8] According to these estimations, in 2011 66% of the population is in the first two income ranges (<COL 1,2 millions of 2011 per month), while in 2032 it is expected that 72% of population will have an income between COL 1,2 millions and COL 4 millions of 2011 per month (income ranges 3 to 5).  [8:  The methodology to estimate the income distributions is based on kernel density estimation methods. “El transporte como soporte al desarrollo de Colombia: Una visión al 2040”, Acevedo et. al, Ediciones Uniandes.  ] 


[image: ]
[bookmark: _Toc228238334]Figure 8. Projection of income distribution in Bogotá 
Source: Universidad de los Andes

According to the projected income growth and the trips rates presented in figure 6, figure 9 shows the expected increase in the total number of trips and the number of trips by mode in Bogotá. Figure 10 shows the associated projection of modal distribution. The results show that the total number of trips will increase from 13,3 millions per day to almost 17,7 millions per day in 2032. The number of trips in public transportation will also increase from 4,1 millions to approximately 5,3 millions per day in 2032, maintaining a modal share of approximately 30% of all trips. These results include an expected population growth in Bogotá from 7,5 millions in 2011 to 9,2 millions in 2032, following projections of DANE and United Nations.

It is important to mention that in spite of the expected income increase in Bogotá, the modal share of public transportation is expected to remain stable at 30%. This result seems counterintuitive as generally rising income in developing countries are associated with decreasing modal shares of public transportation. However, considering that most of the population in 2032 will have household incomes between COL 1,2 millions and COL 4 millions of 2011 per month (income ranges 3 to 5) and that these income ranges are still associated with high trip rates in public transportation (figure 6), the obtained result follows.
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[bookmark: _Toc228238335]Figure 9. Projection of trips by mode in Bogotá 
Source: Authors
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[bookmark: _Toc228238336]Figure 10. Projection of modal shares in Bogotá 
Source: Authors


Of the total number of trips in public transportation in 2011, traditional buses accounted for 68% and TransMilenio for 32% (Table 7). It is assumed that in 2012 this proportion will remain the same. However, in 2013 the percentage of public transportation trips in TransMilenio is assumed to increase to 42% as a result of the third phase of TransMilenio.[footnoteRef:9] This percentage is assumed to remain constant up to 2032. This assumption implies that no additional mass public transportation projects (TransMilenio, Metro or others) will be implemented after 2013. Even though this may not be the case, this assumption allows for the evaluation of the effect of fleet renewal in the traditional bus system isolated from the effect of implementing additional mass public transportation projects.  [9:  This percentage was obtained from the urban transportation model of Bogotá previously developed by Universidad de los Andes.] 


Of the total number of trips in traditional buses in 2011, large buses accounted for 48%, medium buses for 27% and small buses for 25% (Table 7). These proportions are assumed to remain constant up to 2032 in the base scenario. Additionally, the number of trips in feeder buses is assumed to remain at 50% of total trips in TransMilenio.

Based on the previous calculations and assumptions, Figure 11 shows the expected number of trips per calendar day by type of bus in the evaluation period 2012-2032 in the base scenario.
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[bookmark: _Toc228238337]Figure 11. Projection of trips per calendar day - Base scenario[footnoteRef:10]  [10:  The total number of trips does not include trips in feeder buses as they are generally part of a trip in an articulated bus.] 

Souce: Authors

1.10 [bookmark: _Toc227665875]Kilometers travelled

For the base scenario, it is assumed that the IPK of all bus types will remain the same during the evaluation period, as presented in Table 7. Based on these IPK values and the projection of trips presented in the previous section, the total number of kilometers travelled is computed for all bus types. Figure 12 presents these results.  
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[bookmark: _Toc228238338]Figure 12. Projection of kilometers per calendar day - Base scenario 
Source: Authors

1.11 [bookmark: _Toc227665876]Fleet composition

In order to project public transportation fleet composition and size, the following assumptions are used:

· For all bus types, fleet size increases according to the increase in demand (trips).
· All new buses use diesel.
· In the traditional bus system, within 5 years (2017) all buses older than 20 years are renewed and all buses have a maximum age of 20 years.
· In TransMilenio, fleet renovation occurs according to expiration of operational contracts.[footnoteRef:11] [11:  This information was provided by TransMilenio.] 

· Starting in 2013, all new buses follow Euro V emission standards.[footnoteRef:12] With respect to particulate matter, Euro V standards are equivalent to Euro IV. As presented in Table 2, Euro IV diesel buses have important reductions in particulate matter emissions but no effect on CO2 emissions.  [12:  Resolución 01304 – 25 October 2012 – District Environment Secretariat. ] 


Tables 9 and 10 presents the evolution of the public transportation fleet for each bus type, differentiating by model year (<2013 and ≥2013) and fuel type (diesel and gasoline). The percentage of buses according to engine size is assumed to remain constant.
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[bookmark: _Toc226621632]Table 9. Fleet size and composition evolution of traditional buses - Base scenario 
Source: Authors based on information provided by TransMilenio
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[bookmark: _Toc226621633]Table 10. Fleet size and composition evolution of TransMilenio buses - Base scenario 
Source: Authors based on information provided by TransMilenio

Based on the expected fleet composition, the emission factors presented in tables 1 and 2 are used to estimate total CO2 emissions. The total number of kilometers travelled by each bus type is assumed to distribute among the different model years and fuel types according to the total number of vehicles. This assumption implies that activity factors (kilometers travelled per day) are the same for the different model years and fuel types.

1.12 [bookmark: _Toc227665877]CO2 emissions

Figure 13 presents the expected growth in total CO2 emissions from public transportation (TransMilenio and traditional buses) per year up to 2032. The results show an increase from approximately 560.000 tons of CO2 per year in 2012 to about 660.000 tons of CO2 per year in 2032. The slight decrease in 2013 is due to the introduction of the third phase of TransMilenio. Total CO2 emissions from public transportation during the evaluation period (2012-2032) sum 12,6 million tons. Table 11 presents CO2 emissions for each bus type.
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[bookmark: _Toc228238339]Figure 13. CO2 emissions from public transportation – Base scenario 
Source: Authors
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[bookmark: _Toc226621634]Table 11. Tons of CO2 emissions from public transportation by bus type – Base scenario 
Source: Authors






[bookmark: _Toc227665878]Scenario 1 - CO2 emissions

Scenario 1 involves the implementation of the SITP, including the third phase of TransMilenio and changes in the traditional bus system. As in the base scenario, it is assumed that no additional mass public transportation projects will be implemented during the evaluation period besides the third phase of TransMilenio. 

The original schedule for fleet renovation and rationalization of traditional buses implied that most of the changes would have occurred in 2011 and that the entire process would have taken place during a five-year period.[footnoteRef:13] Clearly, the original schedule was not followed and the first changes to the fleet of traditional buses took place until the second half of 2012. The renovation schedule of the current local administration implies that the entire process will occur within 1,5 years, ending in December 2013. However, this accelerated schedule is not likely to be followed either. [13:  This schedule was provided by TransMilenio and was used in the Integrated Environmental Strategy for Sustainable Mobility in Bogotá. ] 


As a result of the previous analysis, a decision was made to analyze fleet renovation and rationalization according to a schedule that starts in 2012 and takes place during a five-year period.[footnoteRef:14] [14:  Section 5.3 presents the changes in the fleet according to this schedule.] 


The following sections present the main assumptions and results of scenario 1. 

1.13 [bookmark: _Toc227665879]Number of trips

It is assumed that the changes in the fleet of traditional buses will not affect the modal share distribution between private vehicles and public transportation in Bogotá (Figure 11). Additionally, it will not affect the distribution of public transportation trips between traditional buses and TransMilenio. However, due to the changes in the fleet composition (presented in section 5.3), the distribution of trips among large, medium and small buses will change significantly. It is estimated that at the end of the renovation and rationalization process the distribution of trips by type of bus will change from 48%, 27% and 25% to 27%, 58% and 16% respectively for large, medium and small buses (Figure 14). 

According to the previous estimations, Figure 15 shows the expected number of trips per calendar day by type of bus for the evaluation period 2012-2032 in scenario 1.
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[bookmark: _Toc228238340]Figure 14. Percentage of trips in traditional buses before and after fleet renovation and rationalization 
Source: Authors
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[bookmark: _Toc228238341]Figure 15. Projection of trips per calendar day – Scenario 1 
Source: Authors

1.14 [bookmark: _Toc227665880]Kilometers travelled

Using the urban transportation model of Bogotá previously developed by Universidad de los Andes,[footnoteRef:15] it was determined that at the end of the renovation and rationalization process the IPK by type of bus will increase from 1,41, 1,33 and 0,89 to 2,18, 1,56 and 1,23 respectively for large, medium and small buses. According to these estimations, Figure 16 shows the expected number of kilometers travelled per calendar day by type of bus for the evaluation period 2012-2032 in scenario 1. [15:  This is a classic four-step urban transportation demand model for Bogotá, developed in the software VISUM.] 
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[bookmark: _Toc228238342]Figure 16. Projection of kilometers per calendar day – Scenario 1 
Source: Authors
1.15 [bookmark: _Toc227665881]Fleet composition

Table 12 presents the evolution of the fleet of traditional buses in scenario 1. This evolution was computed using the following assumptions:

· The fleet changes start in 2012 and end in 2017. At the end of the process, the size of the fleet reduces to 1.988, 5.868 and 1.982 small, medium and large buses respectively. Fleet changes are evenly distributed between 2013 and 2017.
· The traditional buses that enter the SITP are new buses (model year ≥2013). Even though some of the buses that enter the SITP could be old buses that are adjusted, these cases will not be considered in the analysis. 
· All new buses use diesel.
· All new buses (model year ≥2013) follow Euro V emission standards. [footnoteRef:16]  [16:  Resolución 01304 – 25 October 2012 – District Environment Secretariat. ] 

· After 2017, it is assumed that the fleet increases according to the increase in demand. 
· The fleet of TransMilenio is assumed to change as in the base scenario (Table 10). 

[image: ]
[bookmark: _Toc226621635]Table 12. Fleet size and composition evolution of traditional buses – Scenario 1 
Source: Authors based on information provided by TransMilenio
1.16 [bookmark: _Toc227665882]CO2 emissions

Figure 17 presents the expected growth in total CO2 emissions from public transportation (TransMilenio and traditional buses) per year up to 2032 in scenario 1. The results show a significant reduction from approximately 565.000 tons of CO2 per year in 2017 in the base scenario to about 475.000 tons of CO2 per year in scenario 1 due to the rationalization of the fleet of traditional buses. Total CO2 emissions from public transportation during the evaluation period (2012-2032) would decrease from 12,6 million tons to 10,9 million tons (13,3% decrease). This reduction is due entirely to the higher efficiency of the traditional bus system, serving the same number of passengers with a lower number of kilometers travelled. Table 13 presents CO2 emissions for each bus type.
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[bookmark: _Toc228238343]Figure 17. CO2 emission from public transportation – Base scenario and Scenario 1
Source: Authors
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[bookmark: _Toc226621636]Table 13. Tons of CO2 emissions from public transportation by bus type – Scenario 1 
Source: Authors























[bookmark: _Toc227665883]Scenario 2 - CO2 emissions 

As mentioned before, the SITP implies a fleet renovation of approximately 10.000 traditional buses. Scenario 2 assumes that some or all of these buses would be parallel-hybrid or electric. Using the decrease in CO2 emission factors measured in the HEBTP-LA for hybrid and electric buses (Figure 3), the following sections present the total CO2 emissions reductions in the following sub-scenarios:

A. The USD 80 millions available for the credit line are used for hybrid buses. Assuming a cost of USD 290.000 for each hybrid bus and that the credit line will finance 80% of this cost, this implies that 345 buses would be hybrid.
B. The USD 80 millions are used for electric buses. Assuming a cost of USD 450.000 for each electric bus and that the credit line will finance 80% of this cost, this implies that 220 buses would be electric.
C. USD 40 millions are used for hybrid buses and USD 40 millions are used for electric buses. This implies 172 hybrid buses and 110 electric buses.
D. All new buses (model ≥2013) are hybrid.
E. Al new buses are electric.
F. Half of the new buses are hybrid and half electric.

Scenarios A to C estimate the reduction in CO2 emissions as a result of the technological transformation of a number of buses according to the financial resources available for the Program. Scenarios D to F serve to illustrate the CO2 reduction potential of hybrid and electric buses.

1.17 [bookmark: _Toc227665884]CO2 reductions according to the financial resources available

Table 14 presents the average reduction in CO2 emissions per vehicle per year, per year and total during the evaluation period (2012-2032) for scenarios A to C compared to scenario 1. For all three scenarios, it is assumed that all hybrid and/or electric buses are large buses (12m) and would start operation in 2013. The number of hybrid and/or electric buses in each scenario is constant during the evaluation period. Additionally, for comparison, the table shows the reduction in CO2 emissions per vehicle per year caused by the renovation and rationalization of traditional buses in the SITP (scenario 1) compared to the base scenario (no SITP).  

The results show that in terms of CO2 emission reductions per vehicle per year, the technological transformation of buses offers important additional benefits on top of the environmental benefits achieved by the SITP alone. The implementation of the SITP with respect to changes in the traditional bus system reduces 8,1 tons of CO2 per vehicle per year with respect to the base scenario (no SITP). The technological transformation reduces additional 4,4, 36,4 or 16,8 tons of CO2 per vehicle per year depending on whether the financial resources available are used for hybrid buses, electrical buses or half-hybrid-half-electric respectively. Expectedly, electric buses offer the highest reduction potential among the different technologies. 

[image: ]
[bookmark: _Toc226621637]Table 14. CO2 emission reductions with technological transformation of buses according to financial resources available 
Source: Authors

1.18 [bookmark: _Toc227665885]Technological transformation of the entire fleet

In order to illustrate the CO2 reduction potential of hybrid and electric buses, CO2 emissions are projected assuming that the entire fleet of traditional buses in the SITP is parallel-hybrid, electric or half-hybrid-half-electric. 

Figure 18 presents the projections of CO2 emissions for scenarios D to F. The results show that the technological transformation of traditional buses would reduce total CO2 emissions in the evaluation period (2012-2032) from 10,9 million tons in scenario 1 to 10,1, 7,2 and 4,3 million tons in scenarios D, F and E respectively. In the case of electric buses, the emissions per year do not reduce to zero because TransMilenio buses are not assumed to have technological transformation (i.e. their emissions do not reduce to zero). 
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Figure 18. CO2 emissions from public transportation with full technological transformation
Source: Authors








[bookmark: _Toc227665886]Other sources of CO2 emissions reduction with the SITP 

The previous estimations considered several assumptions that determine to a considerable extent the potential CO2 emissions reduction from the SITP. Two of these assumptions are worth noticing. First, it was assumed that the SITP would not imply a modal shift from private vehicles to public transportation. Second, it was assumed that no additional mass public transportation projects would be implemented during the evaluation period besides the third phase of TransMilenio. The following sections evaluate these assumptions and provide an approximate quantification of their potential to reduce CO2 emissions.

1.19 [bookmark: _Toc227665887] Modal shift
 
Improving the quality of public transportation may imply a modal shift from private vehicles to public transportation, especially if public transportation has exclusive or priority lanes. This modal shift has the potential to reduce CO2 emissions because public transportation is generally more efficient on a per-passenger basis. 

The Decennial Plan for the Reduction of Air Pollution in Bogotá (PDDAB) estimated that a car in Bogotá travels around 13.870 kilometers per year. Additionally, the CO2 emission factor of car was estimated at around 300 gr/km.[footnoteRef:17] This implies that a car represents around 4,16 tons of CO2 per year. On the other hand, an additional person using the traditional bus system with the SITP would imply approximately 450 km per year of additional travel of buses (considering that the overall IPK of the system would be maintained and that a person makes 2 trips on an average day). Considering an average CO2 emission factor of buses of 600 gr/km, an additional person using the traditional bus system in the SITP would represent approximately 0,27 tons of CO2 per year. As a result, if one person shifts from using the car to using the traditional bus system of the SITP, the total CO2 reduction per year would be of approximately 3,89 tons. [17:  The emission factor depends on the type of car.] 


According to the mobility survey 2011, the number of trips by car per calendar day in Bogotá in 2011 was approximately 1,72 million. This represents about 2 trips per car. Assuming that the implementation of the SITP with respect to the changes in the traditional bus system would cause a modal shift from cars to buses equal to a reduction of 5% in the use of cars, this implies that approximately 43.000 persons would shift from using the car to using the traditional bus system. This shift implies a reduction of approximately 167.000 tons of CO2 per year, which is about twice the reduction caused by the higher efficiency of the traditional bus system with the SITP (80.000 tons of CO2 per year, table 14).  
     
The previous estimations imply that the potential CO2 emissions reductions that the SITP could gain from modal shift are high. However, whether the changes in the traditional bus system with the SITP could induce modal shift is inherently uncertain. The SITP is expected to increase safety and comfort, but it may also increase travel times due to the reduction in the supply of services.



1.20 [bookmark: _Toc227665888]Additional mass public transportation projects

Additional mass public transportation projects (either rail or BRT systems) would also increase the CO2 emissions reduction from the SITP. Even if no modal shift from private vehicles is considered, mass public transportation projects have the potential to reduce CO2 emissions, as they are generally more efficient on a per-passenger basis than the traditional bus system. Rail systems clearly have a higher potential to reduce CO2 emissions, as their source of energy is electricity.

The reduction in CO2 emissions in 2013 in the base scenario (figure 13) is due to the introduction of the third phase of TransMilenio. This third phase is expected to increase the demand of TransMilenio in approximately 430.000 trips per calendar day, and the estimated decrease in CO2 emissions per year is of approximately 30.000 tons. 

The development plan of the current local administration includes two additional phases of TransMilenio (Av. Boyacá and Av. 68), a light rail (7th Avenue) and a heavy rail line. According to the expected demand for each of these projects, considering no on-site emission for the rail lines and assuming that the demand for these projects would come from the traditional bus system, the following bullets present the potential CO2 emissions reduction per year for each project.      

· Light rail (7th avenue) - 350.000 trips per calendar day – Reduction of 47.000 tons of CO2 per year
· Heavy rail (1st line) - 500.000 trips per calendar day – Reduction of 67.500 tons of CO2 per year.
· Two additional phases of TransMilenio (Av. Boyacá and Av. 68) – 500.000 trips per calendar day – Reduction of 34.000 tons of CO2 per year.

In total, these projects could reduce 150.000 tons of CO2 per year in Bogotá.

















    
[bookmark: _Toc227665889]Summary of results

· Urban public transportation in Bogotá (TransMilenio and traditional buses) currently accounts for approximately 560.000 tons of CO2 per year. 16,5% of these emissions are from TransMilenio and 83,5% from traditional buses.

· CO2 emissions from urban public transportation in Bogotá are expected to increase to 660.000 tons per year by 2032 (base scenario). This projection includes the third phase of TransMilenio and no additional mass public transportation projects. Additionally, it is assumed that the SITP will not be implemented with respect to changes in the traditional bus system.

· In the base scenario, total CO2 emissions from urban public transportation in Bogotá during the evaluation period (2012-2032) are 12,6 million tons.

· The implementation of the SITP with respect to changes in the traditional bus system would reduce total CO2 emissions from urban public transportation in Bogotá during the evaluation period (2012-2032) to 10,9 million tons, a 13,5% reduction with respect to the base scenario. This reduction is due entirely to the higher efficiency of the traditional bus system, serving the same number of passengers with a lower number of kilometers travelled. This reduction is equivalent to a reduction of 8,1 tons of CO2 per vehicle per year.

· The financial resources available for the technological transformation program (USD 80 millions) would allow for the introduction of 345 hybrid buses, 220 electric buses or 172 hybrid and 110 electric buses. In each case, total emissions reduce by 4,4, 36,4 or 16,8 tons of CO2 per vehicle per year. This result shows that the technological transformation offers important additional benefits on top of the environmental benefits achieved by the SITP alone.

· If the entire fleet of new traditional buses in the SITP were hybrid, total CO2 emissions from urban public transportation in Bogotá during the evaluation period (2012-2032) would reduce to 10,1 million tons (19,6% reduction with respect to the base scenario and 7,2% reduction with respect to scenario 1). Similarly, if all new buses were electric, total CO2 emission would reduce to 4,3 million tons (65,7% reduction with respect to the base scenario and 60,5% reduction with respect to scenario 1). Finally, if new buses were half electric and half hybrid, total CO2 emissions would reduce to 7,2 millions tons (42,7% reduction with respect to the base scenario and 33,9% reduction with respect to scenario 1).

· Modal shift and additional mass public transportation projects (rail or BRT) could increase the potential reduction of CO2 emissions considerably. Assuming that the changes in the traditional bus system reduce the use of cars by 5%, the additional reduction in CO2 per year would be of approximately 167.000 tons. The implementation of the next two phases of TransMilenio, the first line of the heavy rail and the line of light rail in the 7th avenue could reduce additional 150.000 tons of CO2 per year.
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1. [bookmark: _Toc228348909]Introduction

The general objective of the current study is to analyze the funding program for the technological transformation of the integrated public transportation system (SITP) of Bogotá (the Program) in terms of its potential to reduce Greenhouse Gas (GHG) emissions and a cost-benefit evaluation. Report #1 quantified the CO2 emissions reduction potential of the Program. The results showed that the implementation of the SITP with respect to changes in the traditional bus system would reduce CO2 emissions from public transportation in Bogotá during the evaluation period (2012-2032) from 12,6 to 10,9 million tons, a 13,5% reduction. This reduction is equivalent to a reduction of approximately 8,1 tons of CO2 per year per bus. Additionally, the technological transformation of some buses would reduce CO2 emissions by 4,4, 36,4 or 16,8 tons per year per bus depending on whether available resources are used for hybrid, electric or half-hybrid-half-electric technologies. 

The current Report #2 presents two cost-benefit evaluations. These evaluations consider the differential costs and benefits up to 2032 between the three scenarios under analysis. These scenarios are:

· Base scenario: It considers the implementation of TransMilenio up to the third phase, no additional mass transit projects and no changes in the traditional bus system. This scenario implies a partial implementation of the SITP, including the third phase of TransMilenio but no changes in the traditional bus system.
· Scenario 1: It considers the implementation of TransMilenio up to the third phase, no additional mass transit projects and changes in the traditional bus system according to the plans of the SITP. This scenario implies a full implementation of the SITP, including the third phase of TransMilenio and changes in the traditional bus system.
· Scenario 2: It considers the implementation of TransMilenio up to the third phase, no additional mass transit projects and changes in the traditional bus system according to the plans of the SITP and including new technology buses (hybrid and/or electric).   

The first cost-benefit evaluation, between the base scenario and scenario 1, will consider the differential costs and benefits of the SITP with respect to the changes in the traditional bus system. The second one, between the base scenario and scenario 2, evaluates the differential costs and benefits of the SITP including the technological transformation program (hybrid and/or electric buses). 
        
The rest of this report is organized in two main sections. Section 2 presents the results of the cost-benefit evaluation between the base scenario and scenario 1. Section 3 presents the results of the cost-benefit evaluation between the base scenario and scenario 2. Finally, section 4 summarizes the main results of this report.







[bookmark: _Toc228348910]Cost-benefit evaluation Base scenario – Scenario 1

The following sections quantify the main benefits and costs of implementing the SITP with respect to the changes in the traditional bus system (between the base scenario and scenario 1). As described in Report #1, scenario 1 considers a fleet renovation and rationalization schedule that starts in 2012 and takes place during a five-year period. The base year for the evaluation is 2012, the evaluation period is 2012-2032 and the discount rate used for the socio-economic evaluation is 12%.

2.1 [bookmark: _Toc228348911]Costs

2.1.1 [bookmark: _Toc228348912]Infrastructure

In terms of infrastructure, the implementation of the new services of traditional buses with the SITP includes de adjustment of local and arterial bus stops (Figure 2) and the construction of parking lots and maintenance areas for buses. The adjustments of bus stops include demarcation lines and information signals. It is estimated that there is a total of 3,478 local stops and 2,518 arterial stops (which imply approximately 3,253 modules because some arterial stops have more than one module).[footnoteRef:18] [18:  Source: TransMilenio S.A.] 
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[bookmark: _Toc228348991]Figure 1. Local and arterial stops of the SITP
Source: TransMilenio S.A.


The Urban Development Institute of Bogotá (IDU) is in charge of the adjustment of all local and arterial stops for the SITP. The final value of the bidding process organized by the IDU in order to do the adjustments was USD 4 millions (COL 7.278 millions). In order to translate this financial price into economic cost, a shadow price factor of 0,85 is considered.[footnoteRef:19] This factor is intended to correct the financial price so that internal transfers such as taxes and subsidies are not considered and possible market imperfections are corrected. The economic cost of infrastructure for bus stops is then estimated at USD 3,4 millions.  [19:  Shadow price factor related to infrastructure construction and maintenance.] 


Assuming that 50% of this cost was borne in 2012, 50% in 2013, considering an annual cost of infrastructure maintenance equal to 5% of the investment cost and using a 12% discount rate, the net present value (NPV) of the infrastructure cost for bus stops in 2012 is USD 4,41 millions.

With respect to parking lots and maintenance areas, it is estimated that, according to the number of traditional buses in the SITP, a total area of 0,5 million square meters would be required. Assuming a construction cost of USD 120 per square meter,[footnoteRef:20] investment in this infrastructure would amount USD 60 million. Considering a shadow price factor of 0,85, this implies an economic cost of USD 51 millions.  [20:  This cost was estimated from the cost of parking lots and maintenance areas in the first phases of TransMilenio. ] 


Assuming that this cost would be borne equally between 2013 and 2017, considering an annual cost of infrastructure maintenance equal to 5% of the investment cost and using a 12% discount rate, the NPV of the infrastructure cost for parking lots and maintenance areas is USD 49,9 millions. The NPV of the total cost of infrastructure is USD 54,3 millions.   

2.1.2 [bookmark: _Toc228348913]Vehicles

One of the main changes in the traditional bus system with the SITP is the renovation and rationalization of the vehicle fleet. The accelerated renovation of buses during the implementation of the SITP and the reduction of the service life of buses, from 20 years in the base scenario to 12 years in scenario 1, imply additional cost for the project. However, the rationalization of the vehicle fleet implies a cost reduction in terms of the lower number of vehicles required to provide service. 

In order to fully account for these impacts, the cost flow from 2012 to 2032 associated to the purchase of new traditional buses was computed for each scenario according to the evolution of the fleet presented in Report #1 (tables 9 and 12). The financial price of large, medium and small buses is USD180.000, USD100.000 and USD70.000 respectively. In order to translate this financial price into economic cost, a shadow price factor of 0,8 is considered. The economic cost of large, medium and small buses is then USD144.000, USD 80.000 and USD56.000 respectively. Table 1 presents the cost flow for each scenario associated to the purchase of new buses and the NPV of these flow using a discount rate of 12%.

The results of table 1 show that the NPV of the vehicle purchase costs is very similar in both scenarios. This implies that the additional costs due to the accelerated renovation and the reduction of service life are compensated by the decrease of the total vehicle fleet. In total, scenario 1 reduces the NPV of the vehicle purchase costs by USD 4,2 millions.
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[bookmark: _Toc228348940]Table 1. NPV of vehicle purchase cost in the base scenario and scenario 1 - USD 2012
Source: Authors


2.1.3 [bookmark: _Toc228348914]Personnel training

Private operators provide training to the bus drivers that are hired for the new services of traditional buses with the SITP. It is estimated that this training consists of 40 hours at a price of USD 1,94 per hour.[footnoteRef:21] This price is translated to economic cost considering a shadow price factor of 0,68. Considering 2,5 drivers per bus, the NPV of the cost of this training is estimated at USD 1,01 millions. [21:  The estimated number of hours for each training cost was obtained from several private operators.] 


2.1.4 [bookmark: _Toc228348915]Technology

The main technological components of the SITP with respect to the traditional bus system are the fare collection, fleet management and user services systems. The fare collection system includes a central and back office, bus equipment, contactless smartcards, external selling points, portable control devices and all other elements required to centralize, manage and control all the information with respect to fare collection. The fleet management system includes all infrastructure, equipment and processes required to do the bus scheduling and control fleet operations. The information and user services system includes all information given to users at buses, bus stops, web pages, help desks and contact centers. 

TransMilenio conceded the implementation and operation of these systems to a private company as the Integrated System of Fare Collection, Control, Information and User Services (SIRCI). The annual price of this concession depends on the level of implementation of the SITP. 

The cash flow for this concession was estimated and discounted to a NPV in 2012. The NPV of the cash flow is USD 356,1 millions. Even though the cash flows do not necessarily correspond to the actual cost flows related to building and maintenance of the systems, it is expected that the NPV of the cash flow correspond to the financial cost of the concession. In order to translate this financial cost into economic cost, a shadow price factor of 0,77 is considered. The NPV of the economic cost of technology is then estimated at USD 274,2 millions.

2.1.5 [bookmark: _Toc228348916]Travel times

The changes in the traditional bus system with the SITP would cause different effects on travel times. With respect to trips in traditional buses, in-vehicle times are expected to reduce because buses are expected to stop only at the designated stop locations and due to a lower number of buses in traffic. However, walking and waiting times are expected to increase as a result of longer walking distances to stop locations and the reduction in services (rationalization of the vehicle fleet). With respect to trips in private vehicles, travel times are expected to decrease due to a lower number of buses in traffic.

In order to estimate this travel time changes, the urban transportation model of Bogotá previously developed by Universidad de los Andes (EAI, 2011) was used. Table 2 shows the average travel times of public transportation (TransMilenio and traditional buses) and private vehicle trips in the morning peak in 2008 and 2018 (the two years for which the model has been calibrated) for the base scenario and scenario 1. The results show that in scenario 1 the average travel time of public transportation trips increases by approximately 2 minutes in both years. Conversely, the average travel time of private vehicle decreases by 1,6 minutes in 2008 and 1,9 minutes in 2018. In the off-peak periods, it is assumed that there is no change in average travel times between the base scenario and scenario 1.
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[bookmark: _Toc228348941]Table 2. Average travel time of public transportation trips
Source: Authors

A value of time is required in order to monetize these travel time changes. There are different approaches to estimate the average value of time of a population. The value of time of an individual is generally related to its income. However, for cost-benefit analysis, it is recommended that an average value for the entire population be used. If values of time according to income levels were used, projects that benefit high-income classes would be preferred to others that benefit mainly low-income classes.

A value of time according to the average salary of the population will be used in order to monetize travel time changes. This value is computed according to the following equation:


VoT: Value of time in USD per hour
AWF: Average wage of the population as a factor of the minimum wage
MW: Minimum wage in USD per day
FEB: Factor for employment benefits (vacations, pension, health care, etc)
PTAU: Proportion of time assumed to have an alternative use
WHD: Working hours per day

The values of these variables are: MW: USD 14,3, AWF: 2,05, FEB: 1,146, PTAU: 0,5, WHD: 8 hours.[footnoteRef:22] The value of time is then estimated at USD 2,1 per hour. [22:  Source: Expost evaluation of TransMilenio Phases 1 and 2. Embarq. 2009.] 


Based on the previous travel time changes and value of time, table 3 presents the expected growth in the valuation of travel time of public transportation and private vehicles trips for the base scenario and scenario 1. The results show that the NPV of the value of time of public transportation trips increases from USD 26.028 million in the base scenario to USD 26.357 million in scenario 1. This implies an increase of USD 328,5 million. The NPV of the value of time of private vehicle trips reduces from USD 12.578 to USD 12.412. This implies a reduction of USD 166,4 million.
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[bookmark: _Toc228348942]Table 3. Travel time in public transportation and valuation – Million USD 2012
Source: Authors






2.2 [bookmark: _Toc228348917]Benefits

2.2.1 [bookmark: _Toc228348918]Fuel consumption

The reduction in fuel consumption caused by the rationalization of the vehicle fleet in the traditional bus system is directly related to the reduction in the number of kilometers travelled by the buses. Figures 2 and 3 show the expected growth in the number of kilometers travelled in the base scenario and in scenario 1. The results show that the SITP would reduce the total number of kilometers travelled by traditional buses by approximately 500.000 kilometers per calendar day in average during the evaluation period.
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[bookmark: _Toc228348992]Figure 2. Projection of kilometers per calendar day - Base scenario
Source: Authors
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[bookmark: _Toc228348993]Figure 3. Projection of kilometers per calendar day – Scenario 1
Source: Authors


Considering the previous projections of the number of kilometers travelled and the average consumption factors of the different bus types,[footnoteRef:23] the total fuel consumption during the evaluation period in the base scenario is 2.100 million gallons and in scenario 1 1.819 million gallons.   [23:  The fuel consumption factors used are based on the results of the Hybrid Electric Bus Test Program in Bogotá (HEBTP-LA). The fuel consumption factors used are 9,3, 9,5 and 16,1 km/gallon for a large, medium and small buses respectively. ] 


As mentioned in the previous report, the cost of diesel in Bogotá in 2012 was approximately USD 4,44 per gallon (COL 8.200).[footnoteRef:24] Over the last decade, this cost has presented a clear increasing tendency, rising at an average annual rate of 6,6% in real terms. How this cost will increase in the following decades is highly uncertain. However, the increasing tendency is expected to remain. In order to take into account this tendency, it is assumed that the cost of Diesel will increase at an average annual rate of 2,5% up to 2032. A shadow price factor of 0,74 is used for the cost of diesel. [24:  Sistema de Información de Petróleo y Gas Colombiano (SIPG).] 


Considering these costs and using a 12% discount rate, the NPV of the fuel consumption in the base scenario is USD 3.167 millions and in scenario 1 USD 2.809 millions. This implies a reduction of USD 358,6 million. 


2.2.2 [bookmark: _Toc228348919]Operational costs

Based on the previous reduction in the number of kilometers travelled, operational costs are also expected to reduce. Considering an operating cost of USD 0,32 (COL 578) per kilometer for large buses (not including fuel consumption), USD 0,24 for medium buses, USD 0,16 for small buses, a shadow price factor of 0,74 and an discount rate of 12%, the NPV of the operational costs in the base scenario is USD 1.613 millions and in scenario 1 USD 1.388 millions. This implies a reduction of USD 224,1 million.    

2.2.3 [bookmark: _Toc228348920]CO2 emissions reduction

Report #1 presented the expected reduction in CO2 emissions as a result of the implementation of the SITP with respect to the changes in the traditional bus system. The results showed that these changes would reduce approximately 80.000 tons of CO2 per year. In total, CO2 emissions from public transportation 2012-2032 would decrease from approximately 12,6 million tons to 10,9 million tons. This reduction is due entirely to the higher efficiency of the traditional bus system, serving the same number of passengers with a lower number of kilometers travelled. Figure 4 shows the projections of CO2 emissions in the base scenario and in scenario 1.
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[bookmark: _Toc228348994]Figure 4. CO2 emission from public transportation – Base scenario and scenario 1
Source: Authors

In order to monetize the CO2 emissions reductions, the social cost of carbon estimated by the Intergovernmental Panel on Climate Change (IPCC, 2007) is used. As presented in report #1, the IPCC estimates the social cost of carbon at USD 12 per ton of CO2 in 2005, recommending a 2,4% per year rate of growth in real terms. Following these recommendations, the social cost of each ton of CO2 in 2012 is USD 14,17 and in 2032 USD 22,77. 

According to the previous estimations and using a 12% discount rate, the NPV of the total CO2 emissions in the base scenario is USD 81,2 millions and in scenario 1 USD 72,2 millions. This implies a reduction of USD 9 millions.


2.2.4 [bookmark: _Toc228348921]Particulate matter emissions reduction

Based on the evolution of the vehicle fleet presented in report #1 for the base scenario and scenario 1, figure 5 presents the expected evolution of particulate matter (PM) emissions in both scenarios. In this case, the base scenario presents a decreasing trend because it is assumed that new buses would follow Euro IV emission standards. Scenario 1 presents lower emissions as a result of the lower number of kilometers travelled and a fast renovation to buses with Euro IV standards. Total PM emissions from public transportation 2012-2032 would decrease from 5.548 tons in the base scenario to 3.812 tons in the scenario 1. 

The economic benefit of reducing one ton of particulate matter in Bogotá was estimated in the Decennial Plan for the Reduction of Air Pollution in Bogotá (PDDAB, 2010) at USD 485.000. This estimate includes the cost associated to deaths, respiratory diseases and productivity.

According to the previous estimations and using a 12% discount rate, the NPV of the economic cost of PM emissions in the base scenario is USD 1.274 millions and in scenario 1 USD 952 millions. This implies a reduction of USD 321 millions.
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[bookmark: _Toc228348995]Figure 5. PM emission from public transportation – Base scenario and scenario 1
Source: Authors

2.3 [bookmark: _Toc228348922]Other benefits and costs

Besides the benefits outlined and quantified before, the SITP is also expected to achieve the formalization of approximately 13.000 drivers, guaranteeing employment benefits such as pension and health care, and limiting the number of working hours per day. These conditions are expected to considerably increase the quality of life of drivers and increase also tax revenue due to the formalization of the transportation business. Additionally, drivers will be pay on a monthly instead of a per passenger basis, eradicating dangerous driver behavior know as “Guerra del centavo”, and consequently improving road safety standards. Even though these benefits may be considerable, they are not included directly in the cost-benefit analysis due to difficulties related to their quantification and monetization. 

The reduction in the number of buses on streets may tend to reduce pavement deterioration, hence reducing maintenance costs. However, as the number of passengers in traditional buses is expected to remain constant, the buses would in general be heavier (more persons per bus), which may partially offset this cost reduction.      

2.4 [bookmark: _Toc228348923]Cost-benefit evaluation

Table 4 summarizes the NPV of the cost flows of the different items in both scenarios. The investment in infrastructure, drivers training, technology and the increase in public transportation travel times represent additional costs from the base scenario to scenario 1. The reductions in fuel consumption, operational costs, PM, CO2, purchase of new buses and the reduction of private vehicle travel times represent cost reductions or benefits. The additional costs sum USD 658 millions and the benefits USD 1.083,9. These results represent a positive NPV for the project of USD 425,9 millions, a benefit-cost ratio of 1,65 and an internal rate of return of 35,2%.
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[bookmark: _Toc228348943]Table 4. NPV of the cost flows in the base scenario and scenario1 – Million USD 2012
Source: Authors































[bookmark: _Toc228348924]Cost-benefit evaluation of the technological transformation

The previous section presented the cost-benefit evaluation of implementing the SITP with respect to the changes in the traditional bus system. This section presents the cost-benefit evaluation of the technological transformation of some of these buses into parallel-hybrid or electric technologies. As computed in the previous report, the available financial resources for the program (USD 80 million) would allow for the introduction of 345 hybrid buses, 220 electric buses or 172 hybrid buses and 110 electric buses. 

The main benefits associated with the introduction of hybrid or electric technologies are reductions in particulate matter and CO2 emissions, energy consumption and operational costs.[footnoteRef:25] On the other hand, the main costs are associated with the higher purchase cost of buses, the infrastructure required to support the new technologies and the required personnel training. The following sections quantify and monetize these costs and benefits for the three scenarios described previously (in all cases it is assumed that the new technology buses would be bought in 2013):  [25:  As presented in the following sections, the operational costs (not including fuel consumption) of hybrid buses are higher than diesel buses, while electric buses have lower operational costs. ] 


2.A) 345 hybrid buses 
2.B) 220 electric buses
2.C) 172 hybrid buses and 110 electric buses 

The base year for the evaluation is 2012, the evaluation period is 2012-2032 and the discount rate 12%.


2.5 [bookmark: _Toc228348925]Costs

2.5.1 [bookmark: _Toc228348926]Vehicles and batteries

As mentioned in Report #1, the current price of a large bus (12 meter) is approximately USD 180.000 for a diesel bus, USD 290.000 for a hybrid bus and USD 450.000 for an electric bus.[footnoteRef:26] Additionally, the service life of a bus of the different technologies is 12, 15 and 20 years respectively for diesel, hybrid and electric. For hybrid buses, battery replacement must happen twice during its service life (5th and 10th year) at a price of USD 20.000. For electric buses, battery replacement must happen in the 10th year at a price of USD 120.000. These prices are translated into economic costs using a shadow price factor of 0,8. [26:  Source: Clinton Foundation.] 


According to the previous information, the NPV of the cost of new vehicles for scenarios 2.A, 2.B and 2.C increases to USD 872,8 millions, USD 880,9 millions and 876,8 millions respectively.

2.5.2 [bookmark: _Toc228348927]Infrastructure

In terms of infrastructure, it is assumed that hybrid buses will require no additional infrastructure in order to support its operation. Electric buses do require charging stations. The cost of charging stations is estimated at USD 16.000 per electric bus. Additionally, a cost of infrastructure maintenance equal to 2% of its initial value is included. A shadow price factor of 0,85 is considered for these costs.

Considering the previous infrastructure and maintenance costs, the NPV of the cost of infrastructure in scenarios 2.B and 2.C increases to USD 57 millions and USD 55,7 millions respectively. For scenario 2.A this cost is the same as in scenario 1 (USD 54,3 millions).

2.5.3 [bookmark: _Toc228348928]Personnel training

For all scenarios of technological transformation, it is assumed that special training regarding the new bus technologies will be required for drivers and maintenance personnel. For each worker, an initial training of 145 hours is assumed, together with an annual reinforcement of 85 hours.[footnoteRef:27] The cost of each hour of initial training is estimated at USD 1,94 and of reinforcement at USD 2,22.[footnoteRef:28] The number of driver per bus is 2,5 and it is assumed that each maintenance personnel can serve 6 buses. A shadow price factor of 0,68 is considered for these costs. [27:  Integrated Environmental Strategy for Sustainable Mobility in Bogotá, Universidad de los Andes and Clean Air Institute, 2011.]  [28:  Servicio Nacional de Aprendizaje (SENA).] 


Following the previous estimates, the NPV of the personnel training costs in scenarios 2.A, 2.B and 2.C increases to USD 1,95 millions, USD 1,58 millions and USD 1,78 millions respectively.


2.6 [bookmark: _Toc228348929]Benefits

2.6.1 [bookmark: _Toc228348930]CO2 emissions reduction

Report # 1 presented the CO2 emissions reductions caused by the introduction of hybrid and electric buses. The results showed that each hybrid bus would cause a reduction of 4,4 tons of CO2 per year and each electric bus would cause a reduction of 36,4 tons of CO2 per year.  These reductions were computed considering that each hybrid bus would reduce by 12% the amount of CO2 emitted per kilometer travelled in comparison to a Euro IV diesel bus, and that electric buses would have no on-site emissions.[footnoteRef:29]  [29:  Hybrid-Electric Bus Test Program in Latin America. International Sustainable Systems Research Center, Interamerican Development Bank and Clinton Climate Initiative. 2012.
] 


As presented before, the social cost of each ton of CO2 in 2012 is assumed at USD 14,17 and in 2032 USD 22,77, following the recommendations of the IPCC (2007). 

According to the previous estimations, the NPV of the cost of CO2 emissions in scenarios 2.A, 2.B and 2.C reduces to USD 72,0 millions, USD 71,3 millions and USD 71,7 millions respectively.




2.6.2 [bookmark: _Toc228348931]Particulate matter emissions reduction

As presented in the previous report, the Hybrid-Electric Bus Test Program in Latin America (HEBTP-LA) reported particulate matter emission factors of hybrid buses at approximately 0,02gr/km in Bogotá. Following this estimate, the introduction of a hybrid bus would reduce particulate matter emissions by approximately 0,01 tons per year during the evaluation period. Similarly, considering that it has no on-site emissions, an electric bus would reduce 0,011 tons of particulate matter per year.

The economic benefit of reducing one ton of particulate matter in Bogotá was estimated in the Decennial Plan for the Reduction of Air Pollution in Bogotá (PDDAB, 2010) at USD 485.000.

According to the previous estimations, the NPV of the cost of PM emissions in scenarios 2.A, 2.B and 2.C reduces to USD 940,5 millions, USD 944,0 millions and USD 942,3 millions respectively.

2.6.3 [bookmark: _Toc228348932]Energy consumption

With respect to energy consumption, according to the results of the HEBTP-LA (2012), hybrid buses reduce fuel consumption by approximately 37% in comparison to diesel buses, requiring no other external source of energy. Electric buses do not consume fuel, but they require an external source of electricity at an average rate of 0,91 kWh per kilometer travelled (HEBTP-LA, 2012).

As mentioned previously, the current cost of diesel in Bogotá is approximately USD 4,56 per gallon (COL 8.200) and it is assumed that it will increase at an average annual rate of 2,5% up to 2032.[footnoteRef:30] A shadow price factor of 0,74 is used for the cost of diesel. [30:  Sistema de Información de Petróleo y Gas Colombiano (SIPG).] 


The current cost of electricity in Colombia is approximately USD 0,093/kWh (COL 167/kWh).[footnoteRef:31] Over the last decade, this cost has remained relatively constant in real terms. Hence, for the current evaluation it is assumed that the cost of electricity will remain constant during the evaluation period. A shadow price factor of 0,74 is used for the cost of electricity. [31:  Sistema de información Eléctrico Colombiano (SIEL).] 


According to the previous estimates and assumptions, the NPV of the cost of fuel consumption in scenarios 2.A, 2.B and 2.C reduces to USD 2.788 millions, USD 2.772 millions and USD 2.781 millions respectively. Additionally, the NPV of the cost of electricity in scenarios 2.B and 2.C is USD 5,2 millions and 2,6 millions respectively.

2.6.4 [bookmark: _Toc228348933]Operational costs

As presented in Report #1, operational costs for the different technologies (not including energy consumption, batteries and salaries) are USD 0,32 per kilometer for diesel buses, USD 0,40 per kilometer for hybrid buses and USD 0,29 per kilometer for electric buses. As a result, electric buses provide additional benefits with respect to diesel buses due to lower operational costs, while hybrid buses cause higher costs. A shadow price factor of 0,74 is used for operational costs.

According to these estimates, the NPV of the operational costs increases to USD 1.396 millions and USD 1.391 millions in scenarios 2.A and 2.C respectively. For scenario 2.B, the NPV of the operational costs reduces to 1.387 millions.


2.7 [bookmark: _Toc228348934]Other benefits and costs

Besides the benefits in emissions reduction, energy consumption and operational costs quantified in the previous sections, hybrid and electric technologies are also expected to reduce noise levels. This benefit is not quantified in this study because of the difficulty inherent in the monetization of this reduction in the case of Bogotá. With respect to road safety, there is no clear effect of hybrid or electric technologies.

It is also important to mention that the weight of the different technologies was not considered in the previous analysis. This may be an important issue for electric buses since current weight restrictions would limit the number of passengers in an electric bus to approximately 46, compared to 80 passenger with either hybrid or diesel buses. If electric buses were allowed to carry 80 passengers, they would cause faster pavement deterioration. If not, then about two electric buses would be required to replace a diesel bus in order to maintain the capacity of the bus services. 

2.8 [bookmark: _Toc228348935]Cost-benefit evaluation

Table 5 summarizes the NPV of the cost flows of the different items in the base scenario, scenario 1 and scenarios 2.A, 2.B and 2.C. Considering the additional costs and benefits in scenarios 2.A, 2.B and 2.C compared to the base scenario, the NPV of the intervention (which includes changes in the traditional bus system and technological transformation) is USD 417,7 millions, USD 423,7 millions and USD 419,8 millions respectively for scenarios 2.A, 2.B and 2.C. Similarly, the benefit-cost ratio is 1,61, 1,60 and 1,60 respectively.
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[bookmark: _Toc228348944]Table 5. NPV of the cost flows in the different scenarios – Million USD 2012
Source: Authors

[bookmark: _Toc228348936]

Sensitivity Analysis of the Cost-Benefit Evaluation*:

	Sensitivity scenario
	Scenario 2.D Hybrid

	
	NPV
	Change
	B/C

	Base
	 $   417.7 
	-
	1.61

	+25% cost infrastructure
	 $   404.1 
	-3%
	1.58

	+25% cost  of all new buses 
	 $   199.5 
	-52%
	1.22

	+15% fuel/electricity costs
	 $       0.4 
	-100%
	1.00

	+25% operational costs
	 $     68.8 
	-84%
	1.10

	Sensitivity scenario
	Scenario 2.E Electric

	
	NPV
	Change
	B/C

	Base
	 $   703.5 
	-
	1.60

	+25% cost infrastructure
	 $   409.5 
	-42%
	1.57

	+25% cost  of all new buses 
	 $   203.5 
	-71%
	1.22

	+15% fuel/electricity costs
	 $       7.1 
	-99%
	1.01

	+25% operational costs
	 $     77.1 
	-89%
	1.11

	Sensitivity scenario
	Scenario 2.D Hybrid-Electric

	
	NPV
	Change
	B/C

	Base
	 $   695.7 
	-
	1.60

	+25% cost infrastructure
	 $   405.8 
	-42%
	1.57

	+25% cost  of all new buses 
	 $   200.6 
	-71%
	1.22

	+15% fuel/electricity costs
	 $       2.3 
	-100%
	1.00

	+25% operational costs
	 $     72.0 
	-90%
	1.10



* This sensitivity analysis was included in the report by IDB staff.  

Notes:

The sensitivity analysis reviews the benefit/cost ration of the Program in the case of increased costs due to different factors such as: i) Infrastructure cost overruns during construction, ii) Increase in the market price of buses; iii) Future variations in the cost of oil and changes in the pricing structure of the electricity company; iv) Increase in relevant operation costs such as maintenance, labor, repair parts, etc. The variables that were analyzed were selected due to their relevance in the cost structure. Results show that under all scenarios the benefit/cost ratio of the program stays above one. The most sensitive variable to changes is fuel/electricity cost which would affect the viability of the program at an increase greater than 15%, while all other variables do not affect the viability even at 25% cost increases.   











2.8.1 Technological transformation of the entire fleet

In order to quantify the potential costs and benefits of the technological transformation, three additional scenarios were evaluated:

2.D) All traditional buses in the SITP are hybrid 
2.E) All traditional buses in the SITP are electric
2.F) Half of the traditional buses in the SITP are hybrid and half electric

These scenarios imply a full technological transformation of the fleet of traditional buses in the SITP. Considering the cost parameters outlined in the previous sections, table 6 presents the NPV of the cost flows of the different items in scenarios 2.D, 2.E and 2.F. Considering the additional costs and benefits in these scenarios compared to the base scenario, the NPV of the intervention (which includes changes in the traditional bus system and full technological transformation) is USD 507,3 millions, USD 783,2 millions and USD 645,3 millions respectively for scenarios 2.D, 2.E and 2.F. Similarly, the benefit-cost ratio is 1,43, 1,38 and 1,40 respectively.
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[bookmark: _Toc228348945]Table 6. NPV of the cost flows in the scenarios with full technological transformation – Million USD 2012
Source: Authors

The previous results imply that, including a full technological transformation, the changes in the traditional bus system are still a beneficial project.


2.9 [bookmark: _Toc228348937]Sensitivity analysis

The previous cost-benefit evaluations were based on a set of estimates that are subject to an inherent uncertainty. In order to evaluate the sensitivity of the previous results to changes in these estimates, table 7 present how the total NPV and the benefit-cost ratio of the scenarios with full technological transformation change under different sensitivity scenarios. Taking into account the level of uncertainty associated to the different estimates and the relative importance of them in total costs or benefits, the following set of sensitivity scenarios was defined:


Discount rate:

Different discount rates imply different relative valuations of medium and long-term costs or benefits with respect to short-term ones. In the previous evaluations, costs were mainly concentrated in the first year (through higher vehicle and battery costs), while benefits were obtained throughout the entire evaluation period. In consequence, lower discount rates result in higher NPV of the investments. This sensitivity scenario evaluates the results with an 8% discount rate.

Cost of vehicles and batteries:

As mentioned in the previous sections, the incremental cost of vehicles and batteries of hybrid and electric buses with respect to diesel buses represents the main share of the investment costs. This implies that the results of the cost-benefit evaluations are highly sensitive to the estimates of these costs. Additionally, it is expected that in future years these costs will decrease due to technology advancements and higher market penetrations. This sensitivity scenario evaluates the results with a reduction of 30% in the cost of hybrid and electric vehicles and batteries.

Annual increasing rate in the cost of diesel:

The future price of diesel is inherently uncertain as it depends on factors such as oil reserves and investment in non-traditional sources of energy. The previous cost-benefit evaluations assumed an annual increasing rate of 2,5% in real terms in the cost of diesel during the evaluation period. Since the highest benefit of the introduction of hybrid and electric technologies is the reduction in diesel consumption, higher increasing rates would improve the cost-benefit indicators of all scenarios. This sensitivity scenario evaluates the results with an annual increasing rate of 5% in real terms in the cost of diesel.

Social cost of carbon:

According to the estimates of the IPCC, the social cost of carbon in 2012 was approximately USD 14,17 per ton of CO2 (IPCC, 2007). However, this estimate is the average of several peer-reviewed studies that estimated very different social costs of carbon. The different estimates range from 0 to 200 USD. This sensitivity scenario evaluates the results with a social cost of carbon of USD 14,17 per ton of CO2 in 2012.

Social cost of particulate matter:

The Decennial Plan for the Reduction of Air Pollution in Bogotá (PDDAB, 2010) estimated the social cost of one ton of particulate matter at USD 485.000. This estimate included the cost associated to deaths, respiratory diseases and productivity. Using this average estimate to compute the social benefits of particulate matter emissions reductions imply a linear dose-response function, which is generally not the case. This sensitivity scenario evaluates the results with a social cost of particulate matter 50% higher (USD 727.500).
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[bookmark: _Toc228348946]Table 7. Sensitivity analysis for the scenarios with full technological transformation – Million USD 2012
Source: Authors








































[bookmark: _Toc228348938]Summary of results

· The changes in the traditional bus system of Bogotá with the SITP imply a beneficial intervention in economic terms. Evaluating a 20 years period and using a 12% discount rate, the NPV of the interventions is USD 425,9 millions (USD 2012) and the benefit-cost ratio is 1,65. The main benefits of the changes are related to the lower number of kilometers travelled by the bus fleet, which imply lower CO2 and particulate matter emissions, fuel consumption and operational costs. Additionally, the travel time of private vehicles reduces as a result of the lower number of buses in traffic. The main costs are related to the construction of parking lots and maintenance areas, investment in technology (fare collection and fleet management) and the increase in travel times for public transportation as a result of a lower number of services.

· When the technological transformation of some traditional buses is considered, the changes in the traditional bus system still imply a positive economic impact. Considering that the USD 80 million available for the technological transformation program are used for hybrid buses (345 buses), electric buses (220 buses) or half for hybrid (172 buses) and half for electric (110 buses), the benefit-cost ratio of the interventions in the traditional bus system changes to approximately 1,6 in all cases. Additionally, if it is considered that the entire fleet of traditional buses would be hybrid, electric or half hybrid and half electric, the benefit-cost ratio is approximately 1,4.
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· Departamento Administrativo Nacional de Estadística (DANE). Proyecciones de población. http://www.dane.gov.co/
· United Nations, Department of Economic and Social Affairs, Population Division. World population prospects. http://www.un.org/esa/population/
· Evaluación Ex-post Sistema de Transporte Masivo de Bogotá, Fase I y II. Embarq. 2009.
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Medium and
large buses
Medium and
large buses
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large buses
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co,
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Medium and | Medium and Articulated

bus

large buses | large buses
<5.000cc >5.000cc

CO, (gr/km) 561,16 787,03 367,19 685,16
PM (gr/km) 0,123 0,324 0,022 0,062











image9.emf
Technology | Vehicle Cost
USD 2012
Diesel $180.000
Hybrid $290.000

Electric $450.000









Technology	

Vehicle	Cost		

(USD	2012)

	

Diesel	

	$180.000	

	

Hybrid	

	$290.000	

	

Electric	

	$450.000	

	


image10.emf
Operational Cost
Y| (usb 2012/km
Diesel S0,32

Hybrid S0,40
Electric S0,29











image11.emf
USD 2012/bus

Charging stations
(Electric)

$16.000










image12.emf
___ Fuel | Cost_

Diesel $4 56
(USD 2012/Gallon) ’
Electricit
v $0,09

(USD 2012/kWh)









Fuel	 Cost	

Diesel		

(USD	2012/Gallon)

	

$4,56

	

Electricity	

(USD	2012/kWh)

	

$0,09

	


image13.png
(w007




image14.png
E
3

X
g
K]
s
a

IPML,5 [g/pax-km] 0.0006 0.0003 0.0003





image90.png
(w007




image100.png
E
3

X
g
K]
s
a

IPML,5 [g/pax-km] 0.0006 0.0003 0.0003





image15.png
1200.00

1000.00

800.00

600.00

400.00

200.00

0.00
DI

B1
B C02 [g/km] 1011.00

II
@
~





image16.png
£
&
=
:
8

€02 [g/pax-km] 13.4800 11.0642 12.7245





image130.png
1200.00

1000.00

800.00

600.00

400.00

200.00

0.00
DI

B1
B C02 [g/km] 1011.00

II
@
~





image140.png
£
&
=
:
8

€02 [g/pax-km] 13.4800 11.0642 12.7245





image17.png
xed/34 pazijewioN

o
@
T
o
o
T

HFC [L/100km]

[uni00T/1] 24 paunseay





image18.emf
1%

M Bicycle

M School Bus

W Informal

® Intermunicipal
¥ Motorcycle

" Other

“ Walking

“ Car

-~ Taxi

“ TransMilenio

" Traditional buses











image19.emf
Trips per person

w
o

l\)
ul

N
o

=
(9]

=
o

o
U1

o
o

T

0-05 0512 1,22 2-2,8 2,8-4 4-5,5 5,5-8
Monthly income range of household (million COL 2011)

M Car and motorcycle M Public transportation ™ Other










0,0	

0,5	

1,0	

1,5	

2,0	

2,5	

3,0	

0	-	0,5	 0,5-1,2	 1,2-2	 2-2,8	 2,8-4	 4-5,5	 5,5-8	 >8	

T

r

i

p

s

	

p

e

r

	

p

e

r

s

o

n

	

Monthly	income	range	of	household	(million	COL	2011)	

Car	and	motorcycle	 Public	transporta on	 Other	


image20.emf
Laree Feeder | Articulated Total
8¢ | 1m -T™

Trips per

calendar day 700.489 748.709 1.322.766 660.758 1.318.509 3.389.984

Kilometers per

calendar day 783.257 563.907 939.806 94.412 255.365 1.853.489

IPK 0,89 1,33 1,41 7,00 5,16 1,83
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Type of MM

Diesel  3.209 3.658 6.521 1.293 15.227
Gasoline 1 656 290 714 - - 2.660
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Small Medium Large
Diesel Gasoline Diesel Gasoline Diesel Gasoline
Total Total Total

Year <2013 22013 <2013 22013 <2013 22013 <2013 22013 <2013 22013 <2013 22013

2011 3.209 - 1.656 4.865 3.658 - 290 3.948 6.521 - 714 7.235
2012 3.491 - 1.458 4.949 3.772 - 244 4.016 6.765 - 595 7.360
2013 3.442 326 1.261 5.029 3.536 347 198 4.081 6.574 428 477 7.479
2014 3.394 655 1.064 5.113 3.299 697 153 4.149 6.383 862 358 7.603
2015 3.345 982 867 5.193 3.063 1.045 107 4.214 6.193 1.291 240 7.723
2016 3.297 1.308 669 5.274 2.826 1.392 61 4.280 6.002 1.720 121 7.843
2017 3.248 1.634 472 5.354 2.590 1.739 16 4.345 5.811 2.148 3 7.962
2018 3.067 2.309 54 5.430 2.489 1.907 11 4.407 5.775 2.297 3 8.076
2019 2.670 2.834 2 5.506 2.349 2.114 6 4.468 5.678 2.508 3 8.189
2020 2.508 3.073 2 5.584 2.190 2.336 6 4,531 5.629 2.671 3 8.304
2021 2.064 3.581 2 5.648 1.754 2.828 2 4.583 5.457 2.939 3 8.399
2022 1.842 3.867 2 5.712 1.584 3.050 2 4.635 5.136 3.355 3 8.494
2023 1.312 4.462 2 5.776 1.472 3.214 2 4.688 4.535 4,053 2 8.590
2024 574 5.266 2 5.843 1.294 3.446 2 4.741 3.520 5.167 2 8.689
2025 484 5.419 2 5.906 1.168 3.623 2 4.792 2.427 6.353 2 8.782
2026 484 5.477 2 5.964 1.067 3.772 1 4.839 1.674 7.193 2 8.869
2027 484 5.534 2 6.021 1.043 3.842 1 4.886 1.373 7.579 1 8.953
2028 484 5.590 2 6.077 1.023 3.908 1 4,931 1.244 7.792 1 9.037
2029 484 5.646 2 6.132 962 4.013 1 4.976 1.055 8.063 1 9.119
2030 407 5.778 1 6.187 542 4.478 0 5.020 745 8.456 - 9.200
2031 330 5.901 - 6.231 350 4,706 - 5.056 434 8.832 - 9.266
2032 - 6.275 - 6.275 - 5.092 - 5.092 - 9.331 - 9.331










Year <2013 ≥2013 <2013 ≥2013 <2013 ≥2013 <2013 ≥2013 <2013 ≥2013 <2013 ≥2013

2011 3.209 										 - 																		 1.656 										 - 																		 4.865 										 3.658 										 - 																		 290 													 - 																		 3.948 										 6.521 										 - 																		 714 													 - 																		 7.235 										

2012 3.491 										 - 																		 1.458 										 - 																		 4.949 										 3.772 										 - 																		 244 													 - 																		 4.016 										 6.765 										 - 																		 595 													 - 																		 7.360 										

2013 3.442 										 326 													 1.261 										 - 																		 5.029 										 3.536 										 347 													 198 													 - 																		 4.081 										 6.574 										 428 													 477 													 - 																		 7.479 										

2014 3.394 										 655 													 1.064 										 - 																		 5.113 										 3.299 										 697 													 153 													 - 																		 4.149 										 6.383 										 862 													 358 													 - 																		 7.603 										

2015 3.345 										 982 													 867 													 - 																		 5.193 										 3.063 										 1.045 										 107 													 - 																		 4.214 										 6.193 										 1.291 										 240 													 - 																		 7.723 										

2016 3.297 										 1.308 										 669 													 - 																		 5.274 										 2.826 										 1.392 										 61 															 - 																		 4.280 										 6.002 										 1.720 										 121 													 - 																		 7.843 										

2017 3.248 										 1.634 										 472 													 - 																		 5.354 										 2.590 										 1.739 										 16 															 - 																		 4.345 										 5.811 										 2.148 										 3 																	 - 																		 7.962 										

2018 3.067 										 2.309 										 54 															 - 																		 5.430 										 2.489 										 1.907 										 11 															 - 																		 4.407 										 5.775 										 2.297 										 3 																	 - 																		 8.076 										

2019 2.670 										 2.834 										 2 																	 - 																		 5.506 										 2.349 										 2.114 										 6 																	 - 																		 4.468 										 5.678 										 2.508 										 3 																	 - 																		 8.189 										

2020 2.508 										 3.073 										 2 																	 - 																		 5.584 										 2.190 										 2.336 										 6 																	 - 																		 4.531 										 5.629 										 2.671 										 3 																	 - 																		 8.304 										

2021 2.064 										 3.581 										 2 																	 - 																		 5.648 										 1.754 										 2.828 										 2 																	 - 																		 4.583 										 5.457 										 2.939 										 3 																	 - 																		 8.399 										

2022 1.842 										 3.867 										 2 																	 - 																		 5.712 										 1.584 										 3.050 										 2 																	 - 																		 4.635 										 5.136 										 3.355 										 3 																	 - 																		 8.494 										

2023 1.312 										 4.462 										 2 																	 - 																		 5.776 										 1.472 										 3.214 										 2 																	 - 																		 4.688 										 4.535 										 4.053 										 2 																	 - 																		 8.590 										

2024 574 													 5.266 										 2 																	 - 																		 5.843 										 1.294 										 3.446 										 2 																	 - 																		 4.741 										 3.520 										 5.167 										 2 																	 - 																		 8.689 										

2025 484 													 5.419 										 2 																	 - 																		 5.906 										 1.168 										 3.623 										 2 																	 - 																		 4.792 										 2.427 										 6.353 										 2 																	 - 																		 8.782 										

2026 484 													 5.477 										 2 																	 - 																		 5.964 										 1.067 										 3.772 										 1 																	 - 																		 4.839 										 1.674 										 7.193 										 2 																	 - 																		 8.869 										

2027 484 													 5.534 										 2 																	 - 																		 6.021 										 1.043 										 3.842 										 1 																	 - 																		 4.886 										 1.373 										 7.579 										 1 																	 - 																		 8.953 										

2028 484 													 5.590 										 2 																	 - 																		 6.077 										 1.023 										 3.908 										 1 																	 - 																		 4.931 										 1.244 										 7.792 										 1 																	 - 																		 9.037 										

2029 484 													 5.646 										 2 																	 - 																		 6.132 										 962 													 4.013 										 1 																	 - 																		 4.976 										 1.055 										 8.063 										 1 																	 - 																		 9.119 										

2030 407 													 5.778 										 1 																	 - 																		 6.187 										 542 													 4.478 										 0 																	 - 																		 5.020 										 745 													 8.456 										 - 																		 - 																		 9.200 										

2031 330 													 5.901 										 - 																		 - 																		 6.231 										 350 													 4.706 										 - 																		 - 																		 5.056 										 434 													 8.832 										 - 																		 - 																		 9.266 										

2032 - 																		 6.275 										 - 																		 - 																		 6.275 										 - 																		 5.092 										 - 																		 - 																		 5.092 										 - 																		 9.331 										 - 																		 - 																		 9.331 										

Diesel Gasoline

Medium

Total

Large

Diesel Gasoline

Total

Gasoline

Total

Small

Diesel
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Feeder-TM Articulated - TM
Diesel Total Diesel Total

Year <2013 22013 <2013 22013

2011 546 - 546 1.293 - 1.293
2012 574 - 574 1.392 - 1.392
2013 585 141 725 1.392 335 1.727
2014 585 155 740 1.392 369 1.761
2015 585 169 753 1.392 402 1.794
2016 585 173 758 1.392 413 1.805
2017 302 463 765 719 1.102 1.821
2018 302 470 772 719 1.118 1.837
2019 110 682 791 261 1.623 1.884
2020 110 688 798 261 1.638 1.899
2021 110 696 806 261 1.657 1.918
2022 110 704 814 261 1.676 1.937
2023 - 823 823 - 1.959 1.959
2024 - 832 832 - 1.981 1.981
2025 - 841 841 - 2.003 2.003
2026 - 849 849 - 2.022 2.022
2027 - 858 858 - 2.042 2.042
2028 - 866 866 - 2.061 2.061
2029 - 873 873 - 2.079 2.079
2030 - 881 881 - 2.098 2.098
2031 - 887 887 - 2.113 2.113
2032 - 894 894 - 2.128 2.128










Year <2013 ≥2013 <2013 ≥2013

2011 546 													 - 																		 546 													 1.293 										 - 																		 1.293 										

2012 574 													 - 																		 574 													 1.392 										 - 																		 1.392 										

2013 585 													 141 													 725 													 1.392 										 335 													 1.727 										

2014 585 													 155 													 740 													 1.392 										 369 													 1.761 										

2015 585 													 169 													 753 													 1.392 										 402 													 1.794 										

2016 585 													 173 													 758 													 1.392 										 413 													 1.805 										

2017 302 													 463 													 765 													 719 													 1.102 										 1.821 										

2018 302 													 470 													 772 													 719 													 1.118 										 1.837 										

2019 110 													 682 													 791 													 261 													 1.623 										 1.884 										

2020 110 													 688 													 798 													 261 													 1.638 										 1.899 										

2021 110 													 696 													 806 													 261 													 1.657 										 1.918 										

2022 110 													 704 													 814 													 261 													 1.676 										 1.937 										

2023 - 																		 823 													 823 													 - 																		 1.959 										 1.959 										

2024 - 																		 832 													 832 													 - 																		 1.981 										 1.981 										

2025 - 																		 841 													 841 													 - 																		 2.003 										 2.003 										

2026 - 																		 849 													 849 													 - 																		 2.022 										 2.022 										

2027 - 																		 858 													 858 													 - 																		 2.042 										 2.042 										

2028 - 																		 866 													 866 													 - 																		 2.061 										 2.061 										

2029 - 																		 873 													 873 													 - 																		 2.079 										 2.079 										

2030 - 																		 881 													 881 													 - 																		 2.098 										 2.098 										

2031 - 																		 887 													 887 													 - 																		 2.113 										 2.113 										

2032 - 																		 894 													 894 													 - 																		 2.128 										 2.128 										

Feeder	-	TM

Diesel

Total

Articulated	-	TM

Diesel

Total
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2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021
2022
2023
2024
2025
2026
2027
2028
2029
2030
2031
2032

109.723
110.970

95.972

97.032

98.034

99.041
100.038
100.417
101.695
103.123
104.304
105.490
106.683
107.906
109.069
110.140
111.193
112.229
113.250
114.255
115.072
115.879

128.974
131.593
114.781
117.017
119.180
121.348
123.505
125.295
127.085
128.870
130.373
131.856
133.347
134.876
136.330
137.674
138.990
140.286
141.562
142.826
143.853
144.862

218.988
223.781
195.472
199.555
203.514
207.482
211.430
214.435
217.439
220.493
223.018
225.554
228.113
230.727
233.214
235.504
237.761
239.977
242.161
244.322
246.073
247.799

27.121
27.590
36.530
37.138
37.722
38.309
38.891
39.444
39.997
40.558
41.023
41.489
41.959
42.439
42.897
43318
43.732
44.140
44.541
44.938
45.260
45.577

63.863
64.965
86.018
87.449
88.825
90.206
91.578
92.879
94.180
95.503
96.596
97.695
98.800
99.932
101.010
102.002
102.977
103.936
104.882
105.816
106.574
107.322

548.669
558.899
528.773
538.190
547.275
556.386
565.441
572.472
580.397
588.547
595.313
602.084
608.902
615.880
622.520
628.638
634.653
640.567
646.396
652.157
656.832
661.438
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image35.emf
Small Medium Large
Diesel Gasoline Diesel Gasoline Diesel Gasoline
Total Total Total

Year <2013 22013 <2013 22013 <2013 22013 <2013 22013 <2013 22013 <2013 22013

2011 3.209 0 1.656 4.865 3.658 0 290 3.948 6.521 0 714 7.235
2012 3.209 0 1.656 4.865 3.458 200 290 3.948 6.521 0 714 7.235
2013 2.811 398 1.081 4.290 2.824 1334 174 4.332 5.788 396 - 6.184
2014 2.414 795 505 3.714 2.248 2467 - 4.716 4.341 793 - 5.134
2015 1.946 1084 - 3.030 1.499 3601 - 5.100 2.894 1189 - 4.083
2016 973 1482 - 2.455 749 4734 - 5.484 1.447 1586 - 3.033
2017 0 1988 - 1.988 - 5868 - 5.868 - 1982 - 1.982
2018 - 2147 - 2.147 - 5951 - 5.951 - 2010 - 2.010
2019 - 2177 - 2.177 - 6035 - 6.035 - 2038 - 2.038
2020 - 2207 - 2.207 - 6120 - 6.120 - 2067 - 2.067
2021 - 2232 - 2.232 - 6190 - 6.190 - 2091 - 2.091
2022 - 2258 - 2.258 - 6260 - 6.260 - 2114 - 2.114
2023 - 2283 - 2.283 - 6331 - 6.331 - 2138 - 2.138
2024 - 2310 - 2.310 - 6403 - 6.403 - 2163 - 2.163
2025 - 2334 - 2.334 - 6472 - 6.472 - 2186 - 2.186
2026 - 2357 - 2.357 - 6536 - 6.536 - 2208 - 2.208
2027 - 2380 - 2.380 - 6598 - 6.598 - 2229 - 2.229
2028 - 2402 - 2.402 - 6660 - 6.660 - 2249 - 2.249
2029 - 2424 - 2.424 - 6721 - 6.721 - 2270 - 2.270
2030 - 2446 - 2.446 - 6780 - 6.780 - 2290 - 2.290
2031 - 2463 - 2.463 - 6829 - 6.829 - 2307 - 2.307
2032 - 2480 - 2.480 - 6877 - 6.877 - 2323 - 2.323










Year <2013 ≥2013 <2013 ≥2013 <2013 ≥2013 <2013 ≥2013 <2013 ≥2013 <2013 ≥2013

2011 3.209 										 0 1.656 										 - 																		 4.865 										 3.658 										 0 290 													 - 																		 3.948 										 6.521 										 0 714 													 - 																		 7.235 										

2012 3.209 										 0 1.656 										 - 																		 4.865 										 3.458 										 200 290 													 - 																		 3.948 										 6.521 										 0 714 													 - 																		 7.235 										

2013 2.811 										 398 1.081 										 - 																		 4.290 										 2.824 										 1334 174 													 - 																		 4.332 										 5.788 										 396 - 																		 - 																		 6.184 										

2014 2.414 										 795 505 													 - 																		 3.714 										 2.248 										 2467 - 																		 - 																		 4.716 										 4.341 										 793 - 																		 - 																		 5.134 										

2015 1.946 										 1084 - 																		 - 																		 3.030 										 1.499 										 3601 - 																		 - 																		 5.100 										 2.894 										 1189 - 																		 - 																		 4.083 										

2016 973 													 1482 - 																		 - 																		 2.455 										 749 													 4734 - 																		 - 																		 5.484 										 1.447 										 1586 - 																		 - 																		 3.033 										

2017 0 																	 1988 - 																		 - 																		 1.988 										 - 																		 5868 - 																		 - 																		 5.868 										 - 																		 1982 - 																		 - 																		 1.982 										

2018 - 																		 2147 - 																		 - 																		 2.147 										 - 																		 5951 - 																		 - 																		 5.951 										 - 																		 2010 - 																		 - 																		 2.010 										

2019 - 																		 2177 - 																		 - 																		 2.177 										 - 																		 6035 - 																		 - 																		 6.035 										 - 																		 2038 - 																		 - 																		 2.038 										

2020 - 																		 2207 - 																		 - 																		 2.207 										 - 																		 6120 - 																		 - 																		 6.120 										 - 																		 2067 - 																		 - 																		 2.067 										

2021 - 																		 2232 - 																		 - 																		 2.232 										 - 																		 6190 - 																		 - 																		 6.190 										 - 																		 2091 - 																		 - 																		 2.091 										

2022 - 																		 2258 - 																		 - 																		 2.258 										 - 																		 6260 - 																		 - 																		 6.260 										 - 																		 2114 - 																		 - 																		 2.114 										

2023 - 																		 2283 - 																		 - 																		 2.283 										 - 																		 6331 - 																		 - 																		 6.331 										 - 																		 2138 - 																		 - 																		 2.138 										

2024 - 																		 2310 - 																		 - 																		 2.310 										 - 																		 6403 - 																		 - 																		 6.403 										 - 																		 2163 - 																		 - 																		 2.163 										

2025 - 																		 2334 - 																		 - 																		 2.334 										 - 																		 6472 - 																		 - 																		 6.472 										 - 																		 2186 - 																		 - 																		 2.186 										

2026 - 																		 2357 - 																		 - 																		 2.357 										 - 																		 6536 - 																		 - 																		 6.536 										 - 																		 2208 - 																		 - 																		 2.208 										

2027 - 																		 2380 - 																		 - 																		 2.380 										 - 																		 6598 - 																		 - 																		 6.598 										 - 																		 2229 - 																		 - 																		 2.229 										

2028 - 																		 2402 - 																		 - 																		 2.402 										 - 																		 6660 - 																		 - 																		 6.660 										 - 																		 2249 - 																		 - 																		 2.249 										

2029 - 																		 2424 - 																		 - 																		 2.424 										 - 																		 6721 - 																		 - 																		 6.721 										 - 																		 2270 - 																		 - 																		 2.270 										

2030 - 																		 2446 - 																		 - 																		 2.446 										 - 																		 6780 - 																		 - 																		 6.780 										 - 																		 2290 - 																		 - 																		 2.290 										

2031 - 																		 2463 - 																		 - 																		 2.463 										 - 																		 6829 - 																		 - 																		 6.829 										 - 																		 2307 - 																		 - 																		 2.307 										

2032 - 																		 2480 - 																		 - 																		 2.480 										 - 																		 6877 - 																		 - 																		 6.877 										 - 																		 2323 - 																		 - 																		 2.323 										

Total

Gasoline Diesel Gasoline Diesel Gasoline Diesel

Total Total

Large Small Medium


image36.emf
700.000

600.000

500.000

400.000

300.000

200.000

Tons of CO2 per year

100.000

0
2010

2012

2014

2016 2018 2020 2022 2024 2026 2028 2030 2032
Year

===Base scenario (no SITP) ===Scenario 1










0	

100.000	

200.000	

300.000	

400.000	

500.000	

600.000	

700.000	

2010	 2012	 2014	 2016	 2018	 2020	 2022	 2024	 2026	 2028	 2030	 2032	

T

o

n

s

	

o

f

	

C

O

2

	

p

e

r

	

y

e

a

r

	

Year	

Base	scenario	(no	SITP)	 Scenario	1	


image37.emf
2011
2012
2013
2014
2015
2016
2017
2018
2019
2020
2021
2022
2023
2024
2025
2026
2027
2028
2029
2030
2031
2032

109.724
111.619
77.254
70.471
60.690
52.334
43.702
44.319
44.940
45.571
46.093
46.617
47.144
47.684
48.199
48.672
49.137
49.595
50.046
50.492
50.854
51.210

128.971
130.190
129.263
150.807
174.195
198.722
223.962
227.149
230.331
233.565
236.239
238.926
241.629
244.398
247.033
249.458
251.843
254.190
256.503
258.786
260.641
262.469

218.986
222.775
192.477
171.677
148.103
117.911
77.644
78.748
79.851
80.972
81.900
82.831
83.768
84.728
85.641
86.482
87.309
88.123
88.925
89.716
90.359
90.993

27.121
27.590
36.530
37.138
37.722
38.309
38.891
39.444
39.997
40.558
41.023
41.489
41.959
42.439
42.897
43318
43.732
44.140
44.541
44.938
45.260
45.577

63.863
64.965
86.018
87.449
88.825
90.206
91.578
92.879
94.180
95.503
96.596
97.695
98.800
99.932
101.010
102.002
102.977
103.936
104.882
105.816
106.574
107.322

548.665
557.139
521.543
517.541
509.536
497.481
475.777
482.540
489.299
496.169
501.851
507.558
513.300
519.182
524.779
529.932
534.998
539.984
544.897
549.748
553.688
557.571
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CO, emissions reduction/ | CO, emissions reduction/ Total CO, emissions
veh-year (Tons) year (Tons) reduction (Tons)

Base Base Base
scenario Scenario 1 to scenario Scenario 1 to scenario Scenariolto
to Scenario 2 to Scenario 2 to Scenario 2

Scenario 1 Scenario 1 Scenario 1

A. 345 hybrid buses 4,4 1.505 30.104

B. 220 electric buses 364 7.998 159.969
8,1 ’ 79.869 1.677.245

% Ly2 et &me 16,8 4.750 94.993

110 electric buses
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Year Base scenario Scenario 1

2012 S 59.912.677 | S 16.000.000
2013 $ 107.674.948 | S 170.035.200
2014 $ 108.877.531 | $ 170.035.200
2015 $ 107.820.605 | S 163.944.771
2016 $ 107.904.158 | $ 170.035.200
2017 $ 107.724.619 | S 176.098.873
2018 S 72.711.496 | S 19.637.732
2019 S 76.183.558 | S 12.407.875
2020 S 54.754554 | S 12.611.800
2021 $ 106.254.800 | S 10.429.024
2022 S 93.777.612 | S 10.477.127
2023 $ 146.980.038 | S 10.540.621
2024 $223.908.306 | S 26.797.792
2025 $ 193.618.355 | S 180.309.849
2026 S 136.007.668 | S 179.493.987
2027 S 64.479.095 | S 173.244.052
2028 S 38.975.810 | $ 179.187.303
2029 S 50.683.809 | S 185.118.541
2030 $101.161.546 | S 28.541.303
2031 S 79.292.164 | S 19.641.963
2032 $123.644.898 | S 19.739.861
NPV $843.843.396| $ 839.673.287










Year Base	scenario Scenario	1

2012 59.912.677 $					 16.000.000 $					

2013 107.674.948 $		 170.035.200 $		

2014 108.877.531 $		 170.035.200 $		

2015 107.820.605 $		 163.944.771 $		

2016 107.904.158 $		 170.035.200 $		

2017 107.724.619 $		 176.098.873 $		

2018 72.711.496 $					 19.637.732 $					

2019 76.183.558 $					 12.407.875 $					

2020 54.754.554 $					 12.611.800 $					

2021 106.254.800 $		 10.429.024 $					

2022 93.777.612 $					 10.477.127 $					

2023 146.980.038 $		 10.540.621 $					

2024 223.908.306 $		 26.797.792 $					

2025 193.618.355 $		 180.309.849 $		

2026 136.007.668 $		 179.493.987 $		

2027 64.479.095 $					 173.244.052 $		

2028 38.975.810 $					 179.187.303 $		

2029 50.683.809 $					 185.118.541 $		

2030 101.161.546 $		 28.541.303 $					

2031 79.292.164 $					 19.641.963 $					

2032 123.644.898 $		 19.739.861 $					

NPV $843.843.396 839.673.287 $		
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Public transportation

Private vehicles

S
cenario 2008 2018 2008 2018
Base scemario 50,4 52,7 42,1 48,1
Scenario 1 52,4 54,7 40,5 46,2










2008 2018 2008 2018

Base	scemario 50,4 52,7 42,1 48,1

Scenario	1 52,4 54,7 40,5 46,2

Public	transportation Private	vehicles

Scenario


image44.emf
Public transportation

Private vehicles

Year Base scenario | Scenario 1 | Base scenario | Scenario 1
2012 S 2728 |S 2764 (S 1.016 | S 1.003
2013 S 2785 |S 2821 (S 1.072 | S 1.058
2014 S 2844 1S 2880 (S 1.132 S 1.118
2015 S 2901 S 2938 S 1.197 | § 1.181
2016 S 2959 |S 2997 (S 1.265 | S  1.248
2017 S 3.018 S 3.056|S 1338 | S 1.320
2018 S 3.074|S 3.113 (S 1411 | S 1.393
2019 S 3130 (S 3.170| S 1490 | S 1.471
2020 S 3.188 | S 3.228 (S 1.576 | S  1.555
2021 S 3239 (S 3.279|S 1.665|S 1.643
2022 S 3290 |S 3331(S 1.758 | S 1.734
2023 S 3341 S 3.382|S 1.854 | S 1.829
2024 S 3394 |S 3436 (S 1957 [ S 1.930
2025 S 3445 S 3487 | S 2062 [ S 2.035
2026 S 3494 |S 3536 (S 2177 | S 2.148
2027 S 3542 S 3585|S 2293 [ S 2.262
2028 S 3590 (S 3633 (S 2410 | S 2377
2029 S 3.638|S 3.682(|S 2527 |S 2493
2030 S 3685 S 3.730| S 2.645 [ S  2.609
2031 S 3727 | S 3772 | S 2759 | S 2721
2032 S 3769 S 3.814 | S 2871 S 2.832
NPV S 26.028 | $ 26.357 | $ 12578 | $ 12.412










Base	scenario Scenario	1 Base	scenario Scenario	1

2012 2.728 $												 2.764 $								 1.016 $												 1.003 $								

2013 2.785 $												 2.821 $								 1.072 $												 1.058 $								

2014 2.844 $												 2.880 $								 1.132 $												 1.118 $								

2015 2.901 $												 2.938 $								 1.197 $												 1.181 $								

2016 2.959 $												 2.997 $								 1.265 $												 1.248 $								

2017 3.018 $												 3.056 $								 1.338 $												 1.320 $								

2018 3.074 $												 3.113 $								 1.411 $												 1.393 $								

2019 3.130 $												 3.170 $								 1.490 $												 1.471 $								

2020 3.188 $												 3.228 $								 1.576 $												 1.555 $								

2021 3.239 $												 3.279 $								 1.665 $												 1.643 $								

2022 3.290 $												 3.331 $								 1.758 $												 1.734 $								

2023 3.341 $												 3.382 $								 1.854 $												 1.829 $								

2024 3.394 $												 3.436 $								 1.957 $												 1.930 $								

2025 3.445 $												 3.487 $								 2.062 $												 2.035 $								

2026 3.494 $												 3.536 $								 2.177 $												 2.148 $								

2027 3.542 $												 3.585 $								 2.293 $												 2.262 $								

2028 3.590 $												 3.633 $								 2.410 $												 2.377 $								

2029 3.638 $												 3.682 $								 2.527 $												 2.493 $								

2030 3.685 $												 3.730 $								 2.645 $												 2.609 $								

2031 3.727 $												 3.772 $								 2.759 $												 2.721 $								

2032 3.769 $												 3.814 $								 2.871 $												 2.832 $								

NPV 26.028 $									 26.357 $					 12.578 $									 12.412 $					

Public	transportation Private	vehicles

Year
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Tons of PM per year
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Base scenario Scenario 1 Difference

Infrastructure S -1S 543 (S 54,3

Personnel training S -1S 1,01 | S 1,01

Technology S - 1S 274,2 | $ 274,2

New buses S 843,8 | S 839,7 |-S 4,17

Travel time - Public | 26.028 | $ 26357 |$ 3285
transportation

Travel tlm.e - Private $ 12578 | 12.412 |-¢ 166,4

vehicles

Fuel consumption S 3.167 | S 2.809 |-S 358,6

Operational costs S 1.613 | S 1.388 |-S 224,1

PM S 1.274 | S 952,3 |-$ 321,6

CO2 S 81,2 | S 72,2 |-S 9,00










Base	scenario Scenario	1 Difference

Infrastructure - $																								 54,3 $														 54,3 $														

Personnel	training - $																								 1,01 $														 1,01 $														

Technology - $																								 274,2 $												 274,2 $												

New	buses 843,8 $																 839,7 $												 4,17 -$														

Travel	time	-	Public	

transportation

26.028 $														 26.357 $										 328,5 $												

Travel	time	-	Private	

vehicles

12.578 $														 12.412 $										 166,4 -$												

Fuel	consumption 3.167 $																 2.809 $												 358,6 -$												

Operational	costs 1.613 $																 1.388 $												 224,1 -$												

PM 1.274 $																 952,3 $												 321,6 -$												

CO2 81,2 $																		 72,2 $														 9,00 -$														
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Base scenario Scenario 1 Scenario 2.A | Scenario 2.B | Scenario 2.C

Hybrid Electric Hybrid-Electric

Infrastructure S -1S 543 1| S 543 1|S 5701 S 55,7

Personnel training S -l s 1,01 | $ 1,95 | $§ 1,58 | $§ 1,78

Technology S E 2742 | S 2742 | S 2742 | 274,2

New buses S 843,8 | S 839,7| S 872,8 | S 880,9 | $§ 876,8

Travel time - Public | 26028 | $ 26357 |$ 26357 |$ 26357 [ 26.357
transportatio

Travel time - Private | ¢ 12578 | ¢ 12412 |¢ 12412 |$ 12412 |8 12.412

vehicles

Fuel consumption S 3.167 | S 2.809 | S 2.788 | S 2772 | S 2.781

Electricity consumption | S -S -1S -1S 522 | S 2,61

Operational costs S 1613 | S 1.388 | S 1.396 | S 1387 | S 1.391

MP S 1.274 | S 952,3 | $ 940,5 | $ 9440 | S 942,3

CO2 S 81,2 | S 72,2 | S 72,0 1| S 713 | S 71,7










Base	scenario Scenario	1

Scenario	2.A	

Hybrid

Scenario	2.B	

Electric

Scenario	2.C	

Hybrid-Electric

Infrastructure - $																								 54,3 $														 54,3 $														 57,0 $														 55,7 $																

Personnel	training - $																								 1,01 $														 1,95 $														 1,58 $														 1,78 $																

Technology - $																								 274,2 $												 274,2 $												 274,2 $												 274,2 $														

New	buses 843,8 $																 839,7 $												 872,8 $												 880,9 $												 876,8 $														

Travel	time	-	Public	

transportatio

26.028 $														 26.357 $										 26.357 $										 26.357 $										 26.357 $												

Travel	time	-	Private	

vehicles

12.578 $														 12.412 $										 12.412 $										 12.412 $										 12.412 $												

Fuel	consumption 3.167 $																 2.809 $												 2.788 $												 2.772 $												 2.781 $														

Electricity	consumption - $																								 - $																				 - $																				 5,22 $														 2,61 $																

Operational	costs 1.613 $																 1.388 $												 1.396 $												 1.387 $												 1.391 $														

MP 1.274 $																 952,3 $												 940,5 $												 944,0 $												 942,3 $														

CO2 81,2 $																		 72,2 $														 72,0 $														 71,3 $														 71,7 $																
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. . Scenario 2.D Scenario 2.E Scenario 2.F
Basescenario | Scemariol |y yybrid | All Electric  |All Hybrid-Electric
Infrastructure S -|s 543 1|S 543 | S 158,6 | $ 106,5
Personnel training S -|S 1,01 | S 492 | S 492 | S 4,92
Technology S -1S 2742 | S 2742 | S 2742 | § 274,2
New buses S 843,8 | S 839,7 | S 1371 | S 1918 | S 1.645
Travel time - Public | 26.028 | ¢ 26.357 | ¢ 26.357 | ¢ 26.357 | S 26.357
transportatio
Traveltime-Private | o 15 o0l 4128  12412]¢ 12412 ¢ 12.412
vehicles

Fuel consumption S 3.167 | S 2.809 | S 2.293 [ S 1.416 | S 1.854
Electricity consumption | S -l s -l s -1S 216 | S 108,2
Operational costs S 1.613 | S 1.388 | S 1531 | S 1327 | $ 1.429
MP S 1.274 | S 952,3 | S 7126 | S 682,3 | S 697,4

CO2 S 81,2 | S 72,2 | S 679 | S 36,3 (S 52,1










Base	scenario Scenario	1

Scenario	2.D				

All	Hybrid

Scenario	2.E					

All	Electric

Scenario	2.F									

All	Hybrid-Electric

Infrastructure - $																						 54,3 $																 54,3 $																 158,6 $														 106,5 $																		

Personnel	training - $																						 1,01 $																 4,92 $																 4,92 $																 4,92 $																				

Technology - $																						 274,2 $														 274,2 $														 274,2 $														 274,2 $																		

New	buses 843,8 $														 839,7 $														 1.371 $														 1.918 $														 1.645 $																		

Travel	time	-	Public	

transportatio

26.028 $												 26.357 $												 26.357 $												 26.357 $												 26.357 $																

Travel	time	-	Private	

vehicles

12.578 $												 12.412 $												 12.412 $												 12.412 $												 12.412 $																

Fuel	consumption 3.167 $														 2.809 $														 2.293 $														 1.416 $														 1.854 $																		

Electricity	consumption - $																						 - $																						 - $																						 216 $																	 108,2 $																		

Operational	costs 1.613 $														 1.388 $														 1.531 $														 1.327 $														 1.429 $																		

MP 1.274 $														 952,3 $														 712,6 $														 682,3 $														 697,4 $																		

CO2 81,2 $																 72,2 $																 67,9 $																 36,3 $																 52,1 $																				
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e T Scenario 2.D All Hybrid Scenario 2.E All Electric Scenario 2.D All Hybrid-Electric
NPV Change B/C NPV Change B/C NPV Change B/C
Base $ 507,3 - 143 | S 7832 ; 138 | S 6453 - 1,40
Discount rate 8% S 875,9 73% 1,58 S 1.538 96% 1,62 S 1.207 87% 1,60
‘CI;’;:C‘I’::'::;'i:t::r‘:ic;g; ower | $ 9187 | 81% 218 | $ 1359 | 73% 192 | ¢ 1.139| 76% 2,01
(1]
‘:;::f;;‘creas'“g rateincostof |« -/ 15| 6% 162 | 1253 60% 161 |$ 9974| s55% 1,61
(1]
Social cost of CO2in 2012 USD | « co1 9| 349 157 |$ 1372| 75% 167 |$ 1.027| 59% 1,63
200/ton
Social cost of PM 50% higher $ 7880 | 55% 166 | S 1.079| 38% 152 | S 9335| 45% 1,58










NPV Change B/C NPV Change B/C NPV Change B/C

Base 507,3 $			 - 1,43 783,2 $			 - 1,38 645,3 $			 - 1,40

Discount	rate	8% 875,9 $			 73% 1,58 1.538 $			 96% 1,62 1.207 $			 87% 1,60

Cost	of	hybrid	and	electric	

vehicles	and	batteries	30%	lower

918,7 $			 81% 2,18 1.359 $			 73% 1,92 1.139 $			 76% 2,01

Annual	increasing	rate	in	cost	of	

diesel	5%

741,9 $			 46% 1,62 1.253 $			 60% 1,61 997,4 $			 55% 1,61

Social	cost	of	CO2	in	2012	USD	

200/ton

681,9 $			 34% 1,57 1.372 $			 75% 1,67 1.027 $			 59% 1,63

Social	cost	of	PM	50%	higher 788,0 $			 55% 1,66 1.079 $			 38% 1,52 933,5 $			 45% 1,58

Scenario	2.D	All	Hybrid Scenario	2.E	All	Electric Scenario	2.D	All	Hybrid-Electric

Sensitivity	scenario
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