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Abstract

The paper Moving Towards Clean Fuels and Vehicles in Mexico City – The Challenge of Choices provides a cost and emission reduction comparative analysis for alternative fuels, vehicle and emission control technology options for Mexico City’s bus fleet. This paper discusses the results of on-board emission measurement campaigns undertaken in Mexico City and provides a financial analysis based on capital, maintenance and fuel costs, normalized to the number of km the Metrobus fleet runs per year. The capital costs are presented with three alternative interest rates and payoff times – the financial conditions obtained in the first loan to Metrobus; the renegotiated loan conditions; and using financial parameters that convey a longer term perspective, favoring investments in cleaner technology. The financial comparison is done based on the first year costs, for simplicity sake. This paper shows that the financial parameters used in the analysis have a dominant impact on the cost-effectiveness of alternative vehicle and fuel alternatives. 
1. Introduction 

The Mexico City Metropolitan Area (MCMA) air basin covers over 1,500 sq km and includes approximately 19 million people in the Federal District of Mexico and in a large part of the State of Mexico. As previously documented, the infamous build-up of automobile travel has lead to one of the worst combinations of air pollution and congestion worldwide (Islas, 1996; Cervero, 1998; CAM 2002; Molina and Molina, 2002; SETRAVI, 2002; Schipper and Golub, 2003, Schipper, 2004). 
In Mexico City, diesel vehicles – primarily buses, large trucks and some medium trucks - contribute to suspended particulate matter (PM) and nitrogen oxides (NOx) far above their share in the fleet or total km driven (SMA, 2006; Shipper et al., 007).  Contributing to this situation was a shift in the early 1980s, from a large fleet of 12,000 publicly owned buses, to one of approximately 1,500 diesel and trolley buses and 30,000 mini-buses or para-transit, known as “micros” or “colectivos”.  While some of the mini-buses have since been replaced by larger more modern diesel buses, the majority still carries 10-40 passengers, run on gasoline, or has been converted to liquid petroleum gas (propane, or LPG) or compressed natural gas (CNG). 

Mexico City government authorities have recently decided to address emissions from heavy-duty passenger vehicles. In 2002, the program “Climate Friendly Vehicles” was created by the Secretary of Environment (SMA) of Mexico City, the World Bank (with its Global Environmental Facility) and EMBARQ - The WRI Center for Sustainable Transport, with the overall goals of reducing local air pollution and carbon dioxide (CO2) emissions as well as enacting transportation improvements. Two projects were created within this program in 2002 and 2003, with the support of the World Bank/Global Environmental Facility, Shell USA, EMBARQ, and Mexico’s Government Authorities: Component 2 (C2) focused on the creation of a Bus Rapid Transit (BRT) System along the Insurgentes Corridor which runs for 19.5 km crossing Mexico City from north to south; and Component 3 (C3) focused on testing fuels, vehicle and emission control technologies in new vehicles with the aim of providing guidance for the renovation of Mexico City’s bus fleet (World Bank, 2002; CTS, 2006a; Schipper and Golub,2003).  
Given that buses tend to have a very long service life, in 2004, a related effort entitled the Diesel Bus Retrofit Initiative was sponsored by the US Environmental Protection Agency (US-EPA), the US Agency for International Development (US-AID) and EMBARQ, in partnership with SMA. The Diesel Bus Retrofit Initiative focused on testing how particulate matter emissions could be reduced in existing vehicles through retrofitting of diesel buses with oxidation catalysts (DOCs) and particulate matter filters (DPFs). With the agreement of SMA, this work also used the Ride Along Vehicle Emissions Measurement System (RAVEM), making results generally comparable with those of C3. Of special interest were the results of the testing campaigns demonstrating that the emission control technology still operated in a reliable manner at the high altitude of Mexico City (> 2500 m), an altitude close to that of Bogotá and a number of other large developing cities.
It is clear that to improve the transportation situation in Mexico City, measures will be needed that reduce the number of vehicle kilometers traveled, substitute larger capacity public transport vehicles for smaller ones, and improve the fuel and emissions intensities of the vehicles still in operation. With the goal of providing a basis for comparison and selection of vehicles, fuels and emission control technologies for the Mexico City bus fleet, the present paper provides a comparative analysis of the costs and effectiveness of alternatives, based on the Blumberg approach (Blumberg, 2004), and on the results from testing campaigns done under Mexico City operating conditions.  
2. Experience with Bus Emissions Measurement and Bus Retrofit

The teams and equipment used in Mexico City have a long and well documented history of engagement in measuring emissions from heavy vehicles (Clark et al., 2005a; Clark et al., 2006; Weaver and Balam, 2004; Weaver and Petty, 2004; Weaver et al., 2005). The project builds on earlier work developing techniques of in-use emissions measurements to evaluate fuel choices, particularly CNG and ultra low sulfur diesel (ULSD) fuels (Lanni et al., 2002; Lowell et al., 2001; Frank et al., 2004) and reports on measurements of various parameters of heavy-duty diesel performance as a function of fuel, drive cycle, emissions control, etc. These studies (and references therein) establish the rather wide range of technologies, fuels, vehicle types, and driving cycles whose impacts on emissions can be measured. 

In a broader context based on this kind of experience, Weaver, Balam and Chan (Weaver and Balam, 1999; Weaver and Chan, 2003) evaluated the possibilities for reducing air pollution through vehicle and fuel control strategies in Buenos Aires and Sri Lanka respectively. These works also evaluated the costs of various control strategies, in currency/tonne of pollutant reduced. Clearly the science of pollution control strategies based in part on measurements is mature.
Health considerations have been a main concern of the Mexico City air pollution control efforts. Many studies have linked air quality in Mexico City to respiratory disease and other ailments, and assigned health costs to various pollutants (Cesar et al., 2003).  The present work does not calculate the health-value of reducing pollution; however it can provide some of the tools needed in such an analysis.

Cohen (Cohen et al., 2003 - henceforth referred to as Harvard 2003 study) took the experience with diesel and CNG buses in the U.S. to an important next step by estimating the impact of key components of emissions on public health. They expressed results in terms of US dollars invested per “quality adjusted life years” as a measure of longevity. An interesting finding of theirs was that while CNG buses were “cleaner” as measured by emissions and health impacts compared with ULSD, the costs of the increments achieved were generally higher. Without taking a position on one fuel versus another, we note that the approach that rates both changes in emissions, costs, and changes in impacts is one of the most complete ones.  

The present paper focuses only on the comparison of and changes in emissions arising from the use of different technologies and fuels. Our approach is based upon  a previous study by Blumberg (Blumberg, 2004) that built a simple model to compare differences in emissions and costs of mitigating technologies as for in Mexico City. At that time, there were neither emissions nor cost data, so Blumberg’s work was based on measurements and technologies such as those tested in the papers cited above on New York City and elsewhere. With the new results from Mexico City, Blumberg’s approach can be used to estimate the capital, operational and fuel costs of different vehicles/fuel options, as well as emissions and fuel-use reduction options.  Blumberg used a variety of payoff times and interest rates to illustrate the importance of these parameters, a feature we adopt.  Where no clear cost differences can be discerned, the present paper will still try to offer conclusions useful in meeting the challenge of choices of vehicles and emissions controls.
3. Mexico City Bus Emissions Testing Campaigns 

3.1 Component 3 - Renovation of Mexico City’s bus fleet

The testing campaigns developed under Component 3 (C3) were designed to estimate the impact on bus fuel use and emissions of a variety of choices for new vehicle-fuel-emission control technology combinations. These options, which are detailed below included combinations of different grades of diesel fuel, compressed natural gas (CNG), different levels of exhaust emissions controls, and hybrid drive trains. Additionally the new choices could be compared with existing buses and minibuses plying a route where a BRT system, “Metrobus” now moves 250,000 people per day.
As noted above, the teams and equipment used in Mexico City have a long and well documented history of engagement in measuring emissions from heavy vehicles). The project builds on earlier work done to develop techniques of in- service emissions measurements to evaluate fuel choices, particularly CNG and ULSD (Lanni et al., 2002; Lowell et al., 2001, Frank et al., 2004) and on performance measurement reports of various heavy-duty diesel vehicles.
The testing campaigns used a chassis dynamometer (Clark et al., 2006) and a portable measurement device, the RAVEM (Weaver and Balam, 2004). The RAVEM measured many pollutants, of which we focused on the criteria pollutants – nitrogen oxides (NOx), hydrocarbons (HC), carbon monoxide (CO), and particulate matter without differentiation by size (PM), as well as fuel use to estimate carbon dioxide emissions.  The RAVEM tests were run on Insurgentes, the same street where the Metrobus now runs. Table 1 presents the main bus characteristics, emission certification levels, after treatment, and fuels. For full results consult SMA 2006.  
[location of Table 1]
C3 testing campaigns showed some experimental and operational limitations. While test runs were made several times to reduce experimental uncertainty, sample bias and lack of a clear with/without or before/after structure in the C3 testing campaigns limits the value of the results. Only one example of each combination of vehicle/fuel/drive train/emissions control was represented in the tests. Still, the results give good general guidance as to what could be expected from different choices. In addition, the chassis dynamometer’s limited availability meant that emissions of only some of the vehicles of interest could be measured with this equipment. Consequently, most of the results in this paper are based on measurements made with the RAVEM, the only instrument used throughout the campaigns and applied to new, as well as older vehicles.
 
3.2 Diesel Bus Retrofit Initiative
The diesel retrofit compared the currently available 350 ppm sulfur diesel with two kinds of emission control devices – Diesel oxidation catalysts (DOC) and diesel particulate filters (DPF) using 15 ppm sulfur diesel (Schipper et al., 2007; CTS, 2006b). The tests were run in three phases and the results are presented in Table 2.
· Phase I: Baseline measurements were done on two groups of eight buses – eight 1991/2 Ayco buses and eight 2001 International buses, respectively - running on 350 ppm sulfur diesel using a course set out at Modulo 23, a bus facility. 
· Phase II: Measurements were done on two courses – the Modulo 23  and Insurgentes avenue (the same as where the C3 tests were run)- using ULSD (15 ppm) and using DOCs on the older buses and DPFs on the 2001 buses, after 4,000 km (2,500 miles) of vehicle operation.
· Phase III: Measurements were done at Modulo 23 and Calle Montevideo
 - using ULSD (15 ppm) and using DOCs on the 1991/2  buses and DPFs on the 2001 buses, after 55,000 km (34,175 miles) of vehicle operation.

[Location of Table 2]

The before/after nature of this experiment facilitates the performance and economic comparisons among the technologies.  As expected, there were almost no changes in NOx emissions but important reductions in PM were achieved when using the DPFs. Note too that the 2001 vintage buses emitted less PM and NOx before retrofit than the older buses did after retrofit.
4. Economic analysis: Method and assumptions
This study is aimed at providing a comparison of costs and emission reductions from alternative fuels, vehicle technology, vehicle size, and emission control technologies. 
The analysis is based on a simple model developed by Blumberg (Blumberg, 2004), to compare differences in emissions and costs of mitigating technologies for Mexico City. As noted above, at the time of development, there were neither emissions nor cost data available for Mexico City, so Blumberg’s work was based on results from measurements and technologies used in New York City and elsewhere, thus not reflecting Mexico City’s altitude, fuel quality, or actual engines deployed in buses there. 
The current study does not include a number of important factors such as drivers wage costs, which are closely linked to productivity levels, thus penalizing the larger buses.  Also omitted are the costs of new facilities required for certain technologies. For example, the tank for the ULSD used for C3 testing cost approximately US $10,000. Averaged over a large fleet of buses (80 in the case of Metrobus) this has a small impact, but the cost of natural gas compressors required on-site at a bus terminal is substantially larger. In the Harvard 2003 study, these were estimated at up to US $6,200 per bus. Additional maintenance and storage costs for buses can also be considerable where for example, buses are kept indoors and air must be circulated constantly to avoid natural gas buildup. 
This study did not consider the avoided health and climate change costs of the reduced pollution levels. However it provides some of the key data needed for such analysis.
In order to make a valid comparison between alternative fuels, vehicle and emission control technologies, this study added fuel and maintenance costs to the annualized capital vehicle costs, based on 80,000 km of yearly service for each bus (SMA, 2006). The maintenance costs were estimated by SMA, based on tests and information from the bus manufacturers (SMA, 2006). These figures are relatively small on a per km or per seat-km basis and have only a small influence on total results. 
To make results comparable between vehicles of different sizes and capacities, we also introduce the capacity of the bus (seated and standing) as given by the manufacturers (SMA, 2006).  If we can assume that buses carry passengers in rough proportion to the number of seats then this comparison is justified. Since one of the goals of developing the BRT system was to use larger vehicles in place of a larger number of smaller ones, this assumption is justified, and borne out by subsequent Metrobus operations. 

The SMA (SMA, 2006) study gave information on the purchase price, fuel use, and maintenance cost of each vehicle tested. The current analysis uses interest rates and payoff times, from Metrobus (Metrobus, 2006, 2007) as well as from Blumberg (Blumberg, 2004), to examine the trade-offs between new vehicle prices and fuel use or emissions. Where it is not possible to compare isolated fuel/vehicle/emission control features, the present paper will still try to offer a discussion useful in meeting the challenge of choices of vehicles and emissions control. 
This analysis used three sets of financial parameters:

· Financial parameters used by Metrobus
Metrobus originally received a loan for its buses costing 14.5% nominal interest rate and a 5 year payoff time (W. Garcia Calderon, 2077, private communication). With the average inflation over the last five years close to 4% (Banomex Web Site, August 2006), this implies a rate of interest in real terms of 10.1%
. Ignoring any scrap value, this sets the cost of owning a vehicle at roughly 27% of its initial price. These financial parameters reflect the specifications of loans available on the market. 
In early 2007 the loan was renegotiated with a different bank and Metrobus received a 10.5% loan, keeping the same payoff time of 5 years but using an inflation rate of 3%.  The real rate is thus 7.28%. The new terms of the loan reduced the capital costs significantly.
· “Longer-term” financial parameters
Blumberg (Blumberg, 2004) proposes an alternative set of financial parameters that support a longer-term societal perspective on environment through a lower interest rate. These values include a real interest rate of 5%, and a vehicle economic lifetime of 12 years. These parameters set the capital cost of a vehicle at close to 10% of its initial price, thus reducing the incremental costs of cleaner and more expensive technologies significantly (Blumberg, 2004). This analysis also developed an alternative scenario considering a lower real interest rate of 2 %, as used by the City of Seattle for acquisition of hybrid buses, and a 25 year payoff time.
Once the financial parameters are chosen, each cash inflow/outflow is discounted back to its PV. Then they are summed. Therefore,
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NPV = ∑        Ct       – C0

 (Eq. 1)

  t=1     (1 + R)t
where,
t = Time of the cash flow

n = Total time of the project

r = Discount rate

Ct = Net cash flow (the amount of cash) at time t
C0 = Capital outlay at the beginning of the investment time (t = 0)

Metrobus advises they used a nominal discount rate of nearly 7.5%. For simplicity, the current paper compares options on the annual cost of the loan in year one, and normalize this value to the number of km run in one year – 80,000 km – in order to be able to compare alternative fuel/vehicle combinations in term of their total costs (TC), when using the different financial parameters.
TC = CC + MC + FC 



(Eq. 2)
where,

TC = Total Cost

CC = Capital Cost

MC = Maintenance Cost

FC = Fuel Cost

Uncertainties over the price of fuel can be captured by projecting changes in real costs and discounting them back to an average cost over the life of the loan; for simplicity we assume no changes in real fuel prices but comment on sensitivities. 
Figure 1 presents the capital costs (from Table 1) per seat-km for each bus, under the three financing scenarios - original Metrobus loan, renegotiated Metrobus loan, and long term parameters. The currency exchange rate used is MP $10.9 to US $1. 
[LOCATION OF FIGURE 1]

Figure 2 portrays the first year total costs of various fuel/vehicle/emission control options as calculated in Equation 2. We assumed a currency exchange rate of MP $10.9 to US $1.  The difference in first year total costs among vehicle/fuel options is more significant when the Metrobus parameters are used. Fuel and maintenance costs are less significant compared to capital costs. Conversely, when the longer-term financing parameters are applied, capital costs play a relatively less significant role to the total costs. Thus, the longer-term financing parameters favor cleaner options, with the added financial benefit of having lower fuel consumptions. Similarly, pollution control equipment is less costly when acquired at lower interest rates with longer payoff times.
[LOCATION OF FIGURE 2]

A caveat on fuel prices is in order. The price of CNG is quoted by SMA based on the supplier Ecomex, at 70% of the price of gasoline (on an energy equivalence basis), and may not reflect long-term market quotations. The price of 350 ppm sulfur diesel was obtained from Petroleos Mexicanos (PEMEX, the Mexican national oil company). The price of ULSD is based on what PEMEX paid to a US supplier in the Bus Retrofit Initiative. Initially this premium was approximately 6 US cents per liter, but after Hurricane Katrina that premium rose to about 18 US cents per liter. 
The Metrobus financial parameters disfavor higher capital cost, less fuel intensive bus options, such as hybrids or CNG, and favor the conventional diesel buses used by RTP. The wide variation in costs per vehicle is narrowed when expressing these on a seat-km basis. Similarly, the fuel use and maintenance costs per km present narrower ranges when normalized by seat-km. Overall the large size of the actual Metrobus models (noted in the table) spreads capital cost over more seats, making the cost per seat comparable with the smaller buses. Interestingly, since capital costs dominate the total cost per seat when using the Metrobus financial parameters the impact of the higher marginal cost of ULSD over conventional diesel is less significant.
An important factor is the difference between the fuel consumption in test conditions and the fuel consumption observed in normal operating conditions. The Mexican National Institute for Ecology (INE, 2006) notes that the observed fuel use in Metrobus is about 40% higher than that observed in C3 (W. Garcia Calderon, private communication, 2007).  They attribute this discrepancy to variations between the actual driving cycle and the one developed for the tests, driver behavior, and the actual loads of almost twice as many people as were simulated (by weight) in the tests. Careful evaluation of all of the bus options in the actual driving cycle would be necessary for a better determination of the costs operators could expect to face.

5. Lessons learned 
The results of the testing campaigns done under C3and the Diesel Bus Retrofit Initiative showed a wide variation in the emission factors among vehicles. The results fulfilled some expectations such as the reduction on criteria pollutants when using ULSD and DPFs, and when using CNG. Because of repeated measurements and careful effort to calibrate the measuring equipment, experimental errors were small, typically approximately 10% (Weaver et al. 2006).  However, the reduced number of vehicles tested caused sampling errors that lead to somewhat inconclusive results. 

To compare the PM and NOx emissions impacts of alternative vehicle/fuel options, the emission actors were normalized by vehicle seats. These results are illustrated in Figure 3, with some buses/technologies aggregated to simplify the graph. The graph uses data from C3and Diesel Bus Retrofit Initiative testing campaigns. The experimental uncertainties (1 sigma) was typically <10% for PM and <5% for NOx (Weaver and Balam, 2006). The normalization of emissions per vehicle seat permits the comparison with emissions from other modes of transportation such as private cars, mini-buses and other vehicles tested as part of C3, though this is not contemplated in this paper.
[LOCATION OF FIGURE 3]
NOx emissions are lowest in CNG buses, in the parallel hybrid bus, and in most conventional drive buses with DPFs or 15 ppm diesel (or both). Two of the three 350 ppm sulfur diesel Metrobuses (EURO 3), with no DPFs, rated lower than older buses, but not as low as these, in spite of their size. NOx was highest in series hybrid buses, and RTP buses.
PM emissions were low on hybrid vehicles, vehicles fitted with DPFs, utilizing CNG, as well as on two of the three Metrobus models. Equally interesting is the fact that virtually all new vehicles have lower emissions per seat-km compared to some of the minibuses they would replace. PM was highest in old vehicles, even when operating with DOCs.
[LOCATION OF FIGURE 4]
Figure 4 shows the fuel consumption and CO2 emissions per seat-km for the buses. The experimental uncertainty (1 sigma) was of 5-10% (Weaver and Balam, 2006). CNG consumption has been converted to diesel equivalent consumption (SMA, 2006). The lowest consumption per seat-km was found in the two Metrobuses, in the largest hybrid and in the largest CNG bus. 
5.1 Small versus large buses

The substitution of around 250 mini-buses with less than 100 large, 160 passenger-buses results in a 50% reduction in fuel use, a nearly 90% decline in CO, and a 30-40% decline in NOx per seat-km because of the effective shift from spark ignition (gasoline, CNG, or LPG fueled) to diesel.
 
However, this fleet renovation doubled the emissions of PM. Substituting the minibuses with the cleanest 80-90 passenger RTP buses (ULSD, DPF filters) leads to a small decline in PM and NOx per seat km as well for most, but not all of the new bus choices, a 95% in CO and a halving of fuel use or CO2 emissions/passenger-km.
5.2 Old versus new bus year models

In general, the new buses were considerably cleaner than the older buses. All of the new buses tested achieved lower PM emissions than the 1991 buses tested in the retrofit test. About half of the new buses had lower NOx emissions than the 1991 or 2001 buses, with greater difference when the emissions were counted per seat-km. 

5.3 Diesel retrofit with ULSD: Cleaner at modest price

There is no question that proper retrofit of bus emissions controls lowers criteria pollutant emissions. The use of DPFs and ULSD in 2001 model buses gave 90% reductions in PM and CO, 5-10% reductions in NOx and a 9% increase in CO2 emissions. DOCs used in 1991 model buses (for which the DPFs were inappropriate), with ULSD, provided reductions of 20-30% in PM emissions, 52-72% in CO emissions, 20-33% in NOx emissions, but from a much higher baseline. Fuel consumption and CO2 emissions hardly changed. 

Based on the results of diesel retrofit, this study estimates that DOCs take approximately 27 kg/year of total PM out of the exhaust of each old bus running 80,000 km. The DOC has a cost of approximately $900 US including installation. Using the longer term financial parameters, the reduction of a ton of PM using DOC in the older buses costs approximately $3,500 USD. Using original Metrobus financial parameters resulted in reductions at 2.4 times that cost and with recent Metrobus parameters slightly over 2.1 times that cost. 
The new buses retrofitted with DPFs saved nearly 20 kg/year PM at a cost of approximately $ 27,000 USD using the longer term parameters, and again 2.1 times more using the recent Metrobus finance parameters. This may seem to be expensive mitigation but it should be noted that DPFs remove the ultrafine particles that are much more damaging to health than PM 2.5 (Kasper, 2004; Matter Engineering, 2006; Schipper et al., 2007).
5.4 CNG vs ULSD: The weight of fuel, capital and other costs

Much has been argued over the relative merits of CNG versus ULSD as a bus fuel (Harvard, 2003).  In this work the three CNG buses tested on the RAVEM showed lower CO and PM emissions per seat-km compared to the ULSD buses, with and without filters. Their NOx emissions per seat-km were lower than all diesel buses except the 18 M bus with ULSD and DPF and the parallel hybrid. Two CNG buses were also tested on the chassis dynamometer and gave lower PM g/veh-km than most other vehicles, although the parallel hybrid and one RTP diesel bus came close.  
Similar results were obtained in the Harvard study (Harvard, 2003). The lesson is that when the most modern technologies are compared, CNG tends to show slightly lower PM and NOX emissions, but at a significant cost. 

Substituting CNG buses for mini-buses reduces fuel use, CO, and NOx but increases PM per passenger-km.  Changes in CO2 emissions depend on how much of the large difference in fuel use/pass-km is lost to the energy used in the compression of CNG and high warming-effect leakage of methane from the overall filling process.  Unfortunately these important parameters were not measured systematically in Component 3.

The high capital cost of the CNG buses, relative to conventional diesel is very sensitive to the vehicle lifetime and interest rates considered. As Figure 2 shows, the longer time-frame of a 12 year lifetime and 5% real interest makes CNG more attractive as an option compared with ULSD, assuming that the cost of the filling station is at the lower level suggested by the Harvard team (Harvard, 2003), (i.e.: < US $2000 /bus). Among the CNG buses, the articulated FAW with 120 passenger capacity had lower fuel use, CO, and PM per seat-km than the other two CNG buses, but not the lowest NOx. Certainly using CNG in larger vehicles will increase its cost effectiveness and environmental performance relative to smaller vehicles on any fuel or large diesel vehicles.  

CNG fuel prices make a difference to the cost comparison. Even though the CNG buses use more energy per passenger-km than ordinary diesels or hybrids, CNG fuel in Mexico is inexpensive enough to offset the higher consumption per passenger-km. In many countries, however, CNG fuel costs as much as or more than diesel when the same road taxes are applied. Conversely, CNG fuel prices are not nearly as volatile as those of any grade of diesel, which vary in most countries with world markets.  However, natural gas is not in surplus in Mexico, which is building LNG facilities in Baja California. And the supply for transport, as sold by “Combustibles Ecologicos de Mexico”, is pegged to 70% of the price of gasoline, by energy content. But PEMEX and the Mexican government determine the price of that fuel, not simply the world market. Similarly, the price paid for any kind of diesel bought from PEMEX might be higher in the future, depending on how PEMEX prices the fuel it produces domestically. Because of these uncertainties, comparisons of diesel and CNG buses are not conclusive. And above all, fuel use in actual operation should be evaluated to see how closely the tests in C3 model reality.
5.5 Hybrids – clean savings, but at a cost
Led by New York City and Seattle, both with hundreds of hybrid buses, this technology has captured attention around the world. As with CNG, hybrids have high capital costs. Not unexpectedly, the larger parallel hybrid has an advantage because of its greater passenger capacity. When calculated using even the more recent Metrobus financial parameters, the hybrid vehicles have the highest costs per seat-km. When using the longer term financial parameters, the cost of the parallel hybrid bus per seat-km approximates the cost of the CNG buses, but still costs more than the other diesel buses with DPF and ULSD. 

The parallel hybrid has the lowest overall emissions per seat-km except for NOx. Compared with an ordinary RTP bus equipped with DPF and using ULSD, the parallel hybrid has 40% of the PM, one-third the NOx, lower CO, and two-thirds the fuel or CO2 emissions per passenger-km. The series hybrid has lower capital costs but uses about 20% more fuel per passenger km than the parallel hybrid, showing again the importance of vehicle capacity to overall costs. Do hybrids pay?
To explore this point, we visited King County Transit in Seattle, Washington, USA. Jim Boon, manager of a fleet of over 200 hybrids, pointed out that the hybrid power train might have a useful life of 25-30 years (Boon, 2006 - private communication).  In other words, the hybrid power train would survive at least two and possibly more bus body changes. Seattle uses a 2% real interest rate in its calculations. With these parameters, the capital cost for the parallel hybrids, with 25 year depreciation, would be significantly lower, and the total first year cost would be only about two thirds of what is shown under “Long-term” in Figure 2.  
Boon also estimates that, with a large purchase of articulated buses, the extra cost of the parallel hybrid drive train over conventional drive trains would be around US $160,000 (roughly US $1,000/seat more), not inconsistent with the extra price for a single-body parallel hybrid tested by SMA (roughly US $750/seat more than other buses).  
Unfortunately, C3 only examined a single-body parallel hybrid. The key route for using a hybrid would be the Insurgentes corridor, at the time of this study plied by buses operating with 350 ppm sulfur diesel – RTP Scania 18 meter and CISA 18 meter Volvo. These diesel buses have lower fuel use and costs per passenger-km than the parallel and series hybrids tested.  When Seattle hybrids were compared in operations against virtually identical non-hybrid articulated buses, also used by Seattle (NRE, 2006), hybrids got 21% fewer liters per km driven than conventional buses, and went approximately 28% farther between breakdowns. Measurements with a chassis dynamometer showed the fuel savings (20%) and reduction of PM emissions (15%).  Thus there is real fuel savings measured over hundreds of vehicles in every-day traffic.

If the reduction in fuel consumption observed in Seattle was extrapolated to the two articulated Metrobuses, the monetary savings would be roughly $5,500/year for the Scania, and $5,000/year for the Volvo, using the price of ordinary diesel (350 ppm sulfur diesel). Using the more expensive ULSD would increase the monetary value of these savings compared with lower cost diesel. Interestingly, operation data from Metrobus showed roughly 30% greater fuel use than predicted from these tests, largely due to driver behavior, and due to the higher loads relative to the loads simulated in tests (INE, 2006).S    Since the Seattle figures are based on careful tabulations of actual fuel economy in daily operation, it might be possible that the same large fuel efficiency improvements that hybrids yield would apply to Metrobus in real operation. 
Can the hybrids pay in Mexico City? If payments were done over 25 years at the Seattle rate of interest, the annualized extra cost would be roughly US $8,200/year for the articulated bus, somewhat greater than the value of the fuel savings.  At the new interest rate Metrobus pays, but over 25 years the extra cost is still over US $13,000, and at the shorter 5 year payoff time the extra cost is over US $18,000/year.  Only a combination of significant value on the reduction in PM emissions or CO2 emissions of the hybrid, higher prices for both CNG and diesel, or a significant decrease in the marginal cost of the hybrid drive train is required for this approach to be cost-effective. 
5.6 Fuel consumption and GHG emissions – Reducing global impacts

Great attention was paid to the greenhouse gas (GHG) emissions from bus choices in Mexico City, based on fuel actually used in the tests and the carbon dioxide produced from the fuel used.  The fuel consumption itself gives a good estimate of exhaust CO2 emissions. For meaningful results all values are expressed per seat-kilometer, which eliminates the bias of vehicle size. CNG was converted to grams of diesel equivalent (SMA, 2006). For both diesel and CNG, a lower calorific heating value is used. The results for CO2 emission are shown in Table 1 in grams of CO2/km and in Figure 4 as diesel equivalent fuel use in gm/1000 seat-km (right hand y-axis).  The CO2 values in Table 1 are added to Figure 4 in grams of CO2/100 seat-km (left hand y-axis). With the exception of one small bus, the larger vehicles tend to have lowest fuel use and emissions per seat-km.

Unfortunately, there was no full fuel-cycle analysis to account for the GHG implications of each fuel. Particularly important is the compression process of natural gas to CNG, which exacts around 5-7% of the energy in the natural gas to run the compressors, and any eventual upstream leak of methane gas. 
The larger issue of CO2 reductions from the Metrobus system (as opposed to just the buses) in Mexico City has received great attention. The work of Rogers (Rogers, 2006) has been posted on the official Clean Development Mechanism web site as a suggested methodology for evaluating the impact of Metrobus on CO2 emissions. While this proposed methodology has yet to be accepted officially, the key point, first noted by Rogers and Schipper (Rogers and Schipper, 2004), is that much of the overall savings from BRT as a system come from changes due to either the substitution of large buses for small in the BRT system and the overall improvement in traffic along the Insurgentes corridor brought about by eliminating the mini-buses. 
The key point is that the expected savings, 47,000 tonnes CO2 per year are relatively independent of exactly which vehicle and fuel combinations were chosen for the Metrobus - it is the replacement of smaller with larger vehicles and the BRT system itself that contribute far more savings than the differences among the vehicle alternatives. If the savings in fuel from articulated hybrids used in Seattle indeed could be projected on Metrobus, then an additional 2,500 tons of CO2 would be saved. But the largest savings come from reorganizing the bus system and traffic around it, rather than from the choice of bus technology per se. While we do not dispute the importance of savings from bus technology alone, these must not blind the decision-maker from looking at the value of the system changes in both improving transport and saving fuel emissions.  
6. Conclusions

The testing campaigns undertaken in Mexico City have contributed to a better understanding of the challenge of moving towards a cleaner bus fleet. These tests demonstrated the importance of looking before leaping into either conventional or new technology.  The tests raised the awareness of all Mexican stakeholders – public environmental and transport authorities, PEMEX, the bus, engine, and emissions control representatives, and public groups. The retrofit testing campaigns helped convince PEMEX to bring forward the date of supplying ULSD. Of special relevance is the fact that these tests were carried out both in a laboratory and on the streets of Mexico City, something that has not gone unnoticed in other developing countries as well as by the manufacturers of buses themselves. Having been proven in North American under a variety of circumstances, the US EPA chose to replicate the retrofit experiments in Mexico City, Beijing, China and Pune, India, suggesting that this approach will catch on elsewhere in the developing world. 
The tests in Mexico City demonstrated that retrofit applied to somewhat older as well as recent vehicles resulted in lower PM and NOx emissions.  We should highlight here the importance of properly maintain the emission control technologies. Without proper maintenance this equipment can lose its efficiency, cause back pressure thus affecting the operation of the engine, and since it slightly increases the vehicle fuel use the net effect would be negative. The testing campaigns also showed that larger buses yield significant reductions in fuel use and local pollutants per seat-km, compared with smaller ones, CNG offers some advantages over ULSD, but at a cost. And the diesel parallel hybrid tested showed among the lowest emissions and fuel use per seat km of all vehicles, but had the highest costs from all the alternatives considered.
The results could be extrapolated to the present Metrobus fleet in Mexico City. Suppose the entire fleet were fitted with DPFs and run on ULSD. If the same 90% reduction in PM occurred from the measured Metrobus, average PM emissions of 0.4 gm/km to all 100 buses operating today at 80,000 km/bus/year, the total reduction in PM emissions would be approximately 2.9 tonnes/year from the filters alone, as well as more from using ULSD, as indicated by the tests of all buses using these combinations. 

When trying to extrapolate the results of the experiments in Mexico to a global context we can consider that outside of the developed world, all diesel buses run approximately 160 billion km in 2000 (WBCSD, 2003) with the estimation that roughly half of these are run in or around urban areas. In emerging economies the quality of the diesel fuel and of the engines is far inferior to those in Mexico, so the actual particulate matter emissions are much higher than the 1.7 gm/km that the 1991 vintage buses tested by the diesel retrofit emitted. If newer buses and engines of the type tested in C3, ULSD, and DPFs were combined for all urban buses, the reduction in PM emitted could be around 1.5 gm/km at the very least. Over 80 billion km per year, the urban share of buses, this would add up to 120,000 tonnes of particulate matter removed.  
Yet, the bus experiments leave many important lessons. The most obvious one is the fact that the comparison of results from a limited sample size increases the specter of error. The aggregations used in this analysis remedy that somewhat, but it is clear that having a larger sample size for each vehicle/technology/fuel combination tested would have been desirable. A key source of uncertainty in the experiments was the lack of systematic tests of mini-buses and older RTP buses, which represented the baseline, i.e., the present technologies used in Mexico. With only five mini-buses tested it is hard to specify what the real reductions were from eliminating nearly 350 of them in favor of 80 Metrobuses.
 Fortunately the diesel retrofit testing campaigns did measure the performance and emissions of enough un-retrofitted RTP buses to include those in the comparison.  
Two fundamental issues that need to be considered to determine the real cost of options; the loan finance parameters – interest rate and payoff period -, and the cost recovery rate, a factor that gives the relationship between the extra investment needed and the quantity and value of the fuel saved. The financial parameters provided by Metrobus for its loans were contrasted herein with a set of financial parameters that favor the cleaner options by enabling the payment of a higher capital cost over a longer time period, at a lower interest rate. The results show that the fuel saved gave capital recovery factors that differed by a factor of 2.5 when using the two sets of parameters. If the analysis attributed a monetary value to the pollution avoided the difference in the cost recovery factor would be even higher. 
By the time of the last purchase of ULSD for the diesel retrofit, ULSD costs almost 18 US cents per liter more than conventional diesel. This gap was a result of both the peculiar pricing of fuel in Mexico and the run up of prices of all fuels bought from US refineries after hurricane Katrina. Given the variation in fuel prices it is hard to make any more concrete statements about the overall costs of owning the vehicles as a function of their fuel use and fuel costs.  In addition, the importance of fuel costs means that testing buses in regular traffic to tabulate actual fuel consumption may be important as well for calculating expected fuel costs.
The total investment of the Metrobus project, of approximately US $80 million, evaluated as an annual cost at the financial parameters used in its loans, is more than US $20 million per year, while the carbon saved has a monetary value of approximately  US $250,000. However, it should be noted that the driving factor for making a transport intervention is in most cases, to improve the transport service and, in some cases, local air quality; it is not to save on fuel costs or emit less CO2. The surveys undertaken by Mexican authorities and by the Center for Sustainable Transport in Mexico estimate that, a trip along the Metrobus corridor saves each passenger roughly 5-10 minutes. Multiplied by 250,000 trips per day, and with time valued at US $1/hour, the yearly savings, in dollars, swamp both the value of the fuel saved and CO2 reductions.  INE (INE, 2006) estimates a similar amount of time saved but uses a different monetary value for the time saved. Finally, there is likely to be a reduction in traffic accidents and fatalities in automobile traffic because of the removal of so many errant minibuses from Insurgentes (INE, 2006).  

A final lesson is that SMA and other government authorities can meet the challenges of choices of new vehicles/fuels/emissions control technologies. Authorities can develop a tool that captures the kinds of certainties and uncertainties discussed in this paper and that allows them to model various assumptions before making the challenging choices. As always, such tools must be calibrated frequently against actual experience.  Seattle bought hybrids because they felt they were the right step for both environment and transport, using tools such as these to compare costs and savings, thus reducing the technical, economic, financial and political risks. Assuming a longer loan payoff time for the vehicles is the single most important step the operator or city could take to make the extra costs of cleaner, more efficient vehicles affordable.  The real challenge of these choices, then, lies in getting the political will to fold in the results of good environmental practices into the development of advanced transport systems so that both transport and the environment benefit.
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Table 1 – Characteristics and emissions from buses/fuels tested in Component 3, using RAVEM 
(Source: SMA, 2006, Weaver and Balam, 2004) 

	Vehicle and emission norm Level 
	Fuel type (ppm sulfur diesel)
	Emission control
	 

No. Seat
	 Vehicle Capital Cost (USDc)
	Average Emissions (g/km)
	Fuel consumption diesel equivalent (g/km)

	
	
	
	
	
	PM 
	NOx
	CO
	CO2
	

	dRTP 1, EPA 98
	50 
	
	85
	$55,046
	0.22
	7.71
	1.58
	873
	275

	RTP 2, EPA 98
	350 
	
	80
	$55,046
	0.26
	15.73
	2.56
	1145
	362

	RTP 3, EPA 98 
	350 
	DPF
	85
	$55,046
	0.05
	6.86
	0.95
	815
	257

	RTP 4, EPA 98
	15 
	DPF
	80
	$55,046
	0.06
	14.79
	*
	1263
	396

	Mercedes Benz,  10 meters, 

EPA 2004
	50 
	
	87
	$64,220
	0.12
	5.40
	1.65
	612
	193

	Mercedes Benz, 11.4 meters, 

EPA 98 
	15 
	
	80
	$64,220
	0.09
	8.41
	1.95
	754
	238

	Mercedes Benz, 12.6 meter, 

EPA 98
	15 
	
	90
	$69,725
	0.19
	14.11
	4.27
	1194
	378

	Volvo, 12 meters, EURO III 
	15 
	
	91
	$73,394
	0.63
	10.67
	11.39
	917
	294

	Scania , 18 meters, EURO III 
	15 
	
	160
	$264,548
	1.82
	7.30
	8.51
	1684
	547

	RTP Scania 18 meters length, EURO III
	350 
	
	160
	$251,513
	0.45
	12.16
	2.48
	1574
	497

	eCISA Volvo, 18 meters, EURO III
	350 
	
	160
	$253,322
	0.33
	16.94
	8.10
	1385
	440

	Parallel hybrid, 12 meters, 

EPA 2004 
	15 
	DPF
	110
	$287,036
	0.03
	6.60
	*
	1132
	356

	Series hybrid, 12 meters, EURO II
	15 
	
	80
	$196,977
	0.05
	21.26
	3.00
	946
	299

	Busscar a, CW EPA 2004 
	CNGb
	
	80
	$134,294
	0.02
	5.53
	*
	928
	333

	FAW a , CW

EPA 2004
	CNGb
	
	120
	$207,780
	0.03
	9.81
	0.83
	1142
	410

	Ankai a, CW

EPA 2004
	CNGb
	
	80
	$134,294
	0.02
	4.92
	0.28
	939
	337


a FAW is First Auto Works, China; Ankai is another Chinese manufacturer, Busscar assembles vehicles in Latin America. CW is Cummins-Westport, which supplied the engines.
b All CNG engines were by Cummins-Westport

c  US$1 = 10.9 MP. (Source, SMA 2006)
d RTP public company that owns part of the bus fleet in Mexico City.
e CISA is private company that owns part of the bus fleet in Mexico City.

* Too low a value to be measurable by the equipment
Table 2 – Diesel Bus Retrofit Initiative buses and key results
(Source: Schipper et al. 2007)
	Test Route
	Emissions - g/km by Phase

	
	PM
	NOx
	CO

	Phase
	I
	II
	III
	I
	II
	III
	I
	II
	III

	Eight Mercedes Benz engine models 1991 (DOCs)

	Modulo 23
	2.74
	2.39
	1.52
	20.13
	17.31
	19.12
	38.60
	22.10
	22.00

	Insurgentes Norte
	1.70
	1.32
	---
	12.94
	11.67
	NA*
	22.50
	6.20
	NA

	Montevideo
	1.68
	---
	1.19
	14.86
	NA
	13.10
	31.70
	NA
	7.3.00

	Eight International engine models 2001 (DPFs)

	Modulo 23
	0.24
	0.05
	0.02
	14.47
	15.85
	14.63
	4.20
	N
	0

	Insurgentes Norte
	0.27
	0.02
	NA
	10.99
	10.43
	NA
	4.70
	0.10
	NA

	Montevideo
	0.21
	NA
	0.02
	10.33
	NA
	10.65
	5.30
	NA
	0


*NA – only the first and third round of tests used Montevideo. 0 for the CO measurement means below limit of detection.
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Figure 1. Vehicles first year capital cost per 1000 seat km.
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Figure 2. Vehicles first year total cost per 1000 seat-km.
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Figure 3. Vehicles PM and NOx emissions. 
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Figure 4. Vehicle fuel use per 1000 seat-km (gm diesel equivalent) and CO2 emissions per 100 seat-km for new buses. 
� The relationship between real and nominal rates can be described in the equation (1+i)*(1+e) = (1+I), where i is the real rate of interest, e is the inflation rate, I is the nominal interest rate.








� Readers interested in the important chassis dynamometer (CD) tests should consult Clarke et al. 2005a, Clark et al. 2006, Weaver et al. 2005, and SMA 2006. Certain vehicles were tested carefully with both the CD and the RAVEM in order to show the correlation between the two systems (Clark et al. 2005b).  Indeed, the results of the actual measurements good to +- 5% or better depending on the species.  But comparison of the results where the same bus was tested on both devices gave an R-squared for the correlation between observations on one system and the other between 75% and 90%, depending on the pollutant. While either system gave acceptable results, it made little sense to compare a bus tested with one system against another tested by the other system. Even if the intrinsic measurement error on either system is low, sample skew is probably high and cannot be ignored in interpreting the results.





�  The use of a different route from Insurgentes was necessitated by the successful opening of Metrobus on Insurgentes, which blocked 1 lane in each direction. Comparisons between the 2nd and 3rd phases tested in Modulo 23 suggest that the results were compatible with those from Insurgentes.





� The use of 350 ppm sulfur diesel appears to be the villain, since the use of 15 ppm sufur diesel with DPF in other vehicles shows a much smaller increase or even a small decrease in NOx/pass-km and almost no increase in PM.  Unfortunately the tests of a Scania 18m bus with 15ppm S diesel but no filter gave higher PM and CO but lower NOx than the Scania Metrobus, so no firm conclusions can be drawn for this particular vehicle.





� An analysis (currently underway) of the semi-annual database of SMA obligatory emissions tests may yield more information on emissions from mini-buses.
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