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In 2018, the city of Sao Paulo, Brazil enacted a law setting ambitious goals for
the city’s public bus transport CO2, particulate matter, and NOx with a deadline
for reaching the target in January 2038. This encompasses a rapid technological
transition of diesel-based buses towards cleaner options such as zero-emission or
low-emission vehicles. However, for this transition to take place, decision-makers
need to be aware of the technologies combination that can bring them closer to the
legislation imposed. Therefore, this paper seeks to assess the goal imposed by the
law, analyzing the interaction between biodiesel, electric, hybrid, biomethane, and
natural gas technologies to achieve reductions in CO2, PM, and NOx.

1. Introduction

Reducing greenhouse gas emissions and mitigating climate change, as well as improving the
well-being of the population, are essential items for a sustainable future. These actions directly
influence the search for the achievement of sustainable development objectives, which are
characterized as a universal call for action against poverty, protection of the planet, and
guaranteeing peace and prosperity to society (UN 2023). According to the National Energy
Balance (EPE 2018), the transport sector is the second sector that most demands energy
in Brazil and the main source of carbon dioxide emissions (CO,) (EPE 2018). Also, it is
responsible for the emission of various pollutants harmful to health and degrading the urban
environment (Carvalho 2011). Therefore, cities are increasingly evaluating and implementing
sound policies to encourage the adoption of zero-emission vehicles (Slowik et al. 2018).

The city of Sdo Paulo (Brazil) recently passed a law to promote the progressive reduction of
CO, and other greenhouse gases emitted by its bus fleet, through the gradual introduction of
more sustainable and cleaner public transportation. It is a means to reach SDS Goal 9', 112
and 133 (UN 2023). It is known that only with combustion engine technologies will it not be

1ODS 9 - Build resilient infrastructures, promote inclusive and sustainable industrialization, and foster inno-
vation

20DS 11: Making cities and human settlements inclusive, safe, resilient, and sustainable

30DS 13 - Take urgent measures to combat climate change and its impacts
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possible to achieve the goals imposed by the law, transitions to cleaner engine technologies
and the use of non-fossil fuels will be necessary. Public transport operators will need to
develop long-term acquisition strategies to plan for these transitions and ensure compliance
with emission reduction targets.

Given the importance of the public transport fleet for mobility in Sdo Paulo, as well as its
impact on motor vehicle pollution, investments in buses are a key long-term strategy to meet
the city’s environmental and sustainability goals. Changes in fuel and bus fleet technologies
aim at the dual objective of improving the quality of service provided to system users and
reducing emissions of pollutants harmful to air quality in the city (Dallmann 2019). This
must lead participants of the traditional mobility market to evaluate their strategy for future
growth.

Alternative fuels can be used to reduce carbon emissions in the public transport domain, aiding
in complying with the newer policies for greenhouse gas emissions and urban air pollution in
the public transport sector, especially in the bus sector.

The literature highlights the need to study the impacts of different actions on public policies
applied to the transport sector. In the models, different elements are interrelated, such as
economy, infrastructure, number of vehicles, fuel consumption, and safety, among others. In
the development of the models, different combinations of these elements are used, to represent
the complexity of the transport system.

The expansion of cities meant that public transport assumed an essential role in displacing
people within the urban environment. The bus is the most widespread mode of public trans-
port worldwide. his fact is related to its flexibility, its ability to adapt to different demands,
simple technology, ease of switching routes, and low cost of manufacture, implementation, and
operation when compared to other modes (Segantin 2019).

Sao Paulo’s public transport system operates with approximately 14,000 buses on 1,340 lines,
is the largest system in Brazil, and is among the largest bus fleets in the world (SpTrans 2019).
The fleet is mainly comprised (98%) of diesel fuel, which does not have the best technologies
available to control diesel engine emissions (Facanha 2016). And they cover an average of
91,250 km annually (Raymundo and Reis 2015).

In January 2018, the municipality of Sdo Paulo established Law No. 16,802, which determines
that transport service operators (Urban Passenger Transport) should promote the progressive
reduction of emissions of carbon dioxide from fossil origin, and toxic pollutants emitted in the
operation of their fleets, through the gradual use of cleaner and more sustainable fuels and
technologies. They also state that the process of replacing vehicles and cleaner technologies
will occur gradually and will naturally occur when replacing the batches of older vehicles that
are removed from the fleet, according to the maximum permitted age contractual rules of
vehicles.

As Law 16.802 is formulated, reductions in exhaust emissions from fossil C'O, are required.
Thus, it does not regulate CO, emissions from producer to consumer (upstream emissions),



associated with the production and distribution of raw materials and fuels, nor does it con-
sider climate pollutants other than C'O,, such as methane, nitrous oxide, and black carbon
(Dallmann 2019).

The targets for reducing fossil CO, exhaust emissions, PM, and NO, adopted in Law 16,802,
are 50%, 90%, and 80%, respectively, within 10 years after the law comes into force. Within

20 years, 100%, 95%, and 95% must be achieved respectively. The values are summarized in
Table 1.

Table 1: Pollutant reduction targets

At the end of 10 years At the end of 20 years
Pollutant (January 2028) (January 2038)
Fossil CO, 50% 100%
PM 90% 95%
NO, 80% 95%

As shown in Figure 1 and serving as a reference mode for the analyzes to be carried out, the
emissions of the Sdo Paulo fleet in 2016 were estimated at 1.24 million tons of CO,/year.
Based on this estimate, annual CO, emissions in the fleet must be reduced by 0.62 million
tons/year to meet the 50% reduction target to the reference fleet within 10 years, and in the
next 20 years fully eliminated. For PM, in 2016, 144.7 tons were issued, the target for 10 years
is the value to reach 14.5 tons and in 20 years, 7.2 tons. For NO,, 9,130 tons were issued
in 2016, the target for 10 years is to reach 1,830 tons, and in 20 years 460 tons (Dallmann
2019).

In this context, the main aim of this paper is to assess the compliance to Law No. 16.802,
with different transition strategies to zero emission and low emission vehicles and, to calculate
the reductions achieved for carbon dioxide emissions (C'O,), particulate material (PM) and
nitrogen oxides (NO,), by means of a system dynamics (SD) model. SD uses a system of
differential equations that are solved by numerical methods, and are composed of state variables
(stocks), and rates (flows), generating - in the solution of the systems of equations - dynamic
and non-linear behavior of the system (Sterman 2000).

2. Methods

The model was built from an aging chain of current buses, as shown in Figure 2. There
is no entry of new buses in this chain, as we believe that the new buses will necessarily be
exchanged for one with better technology regarding pollutant emissions. Thus, the entrance
is in the aging chain of the different alternatives to the use of diesel buses.
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Figure 2: Aging chain for fossil fuel buses



The stocks are named level 1 for buses from 0 to 5 years, level 2 for buses from 6 to 15 years,
level 3 for buses from 16 to 25 years, and level 4 for buses over 25 years. Scrapping rates
for levels 1 and 2 are 1% (Automotive Business 2015), and 75% and 85% for levels 3 and 4
respectively. Later, we determine the equations for the exit of diesel buses for other chains,
they follow the premise of Equation 1.

FlowScrap, = level; x scraprate, (1)

To follow from one stock to another, representing the aging of buses, we use Little’s Law, in
which a stable system the average amount of time something takes to go through a process
is equal to the number of units in the process divided by its average rate, thus following
Equation 2.

Level, = level ;4010 /timetolevel, (2)

There are several options of alternative engine and fuel technologies available commercially,
which offer various degrees of emissions improvement compared to the diesel buses currently
used in the Sao Paulo fleet. In this study, the technologies used are biodiesel, electric, com-
pressed natural gas vehicles (CNG), biomethane, and hybrid (electric and diesel). As vehicles
are being scrapped and leave the aging chain, they enter a new aging chain of bus options that
emit less polluting gases, Figure 3, demonstrates the biodiesel and electric bus chain, the same
is repeated for the other alternatives, i.e., biomethane, CNG and hybrid.

The variable “scrap flows” represents the sum of all outgoing stocks, both diesel and alternative
fuel buses, later, this variable will be the system input. Together with it, there is the natural
rate of increase of the transport system, which corresponds to a value close to 1% per year.
Each of the proposed alternatives emits a specific value of CO,, PM, and NO,. In Figure 4
there is a part of the model that refers to the way emissions are calculated, the same structure
is repeated for the other fuel and pollutant gas alternatives.

The variable “total biomethane buses” is repeated for the other technologies and represents the
total of buses of that type in the model. The emission factor is then multiplied by the number
of kilometers run in the year and the number of buses in the aging chain, thus generating the
gas stock, according to Equation 3. This equation is replicated for different fuels and different
gases.

CO, = emission. factor X average.km.driven X total.biomethane.buses (3)

After this equation, and having repeated for the different fuel options, all emissions are summed
up, having as the final value the total emissions for each gas (CO,, PM, and NO,). The
parameters are summarized in Table 2.
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Table 2: Parameters

Parameters Values
Average kilometers driven 91.250 km/year
Scrap rate — level 1 and level 2 1%

Scrap rate - level 3 5%

Scrap rate — level 4 85%

Growth rate 1%

The characteristics of the different types of buses are added to the model according to data
from the literature. Thus, the C'O, emission value for diesel buses is equivalent to an average
of the different bus models, this value is approximately 1000 g/km (ANTP 2016). The PM
emission is on average 0.115 g/km (ANTP 2016). For NO, we also performed an average of
the emission factor per g/km, of Euro III diesel, being a final value of 8 g/km (MMA 2013).

Biodiesel can be used in internal combustion engines and replace, partially or totally, diesel
coming from petroleum. It can reach 15.79% less C'O, emission than conventional diesel (only
emissions in final use — fuel burning) (ANTP 2016), which also brings a 26.8% reduction in PM
emission. However, it increases the emission of NO, by an average of about 8% (Biodieselbr
2011). Biomethane can be produced from biogas generated by household, industrial, and
agricultural waste.

The use of biogas from waste for transportation has two major advantages: it replaces a fossil
fuel and prevents the release of biomethane directly into the atmosphere, simply by treating
and purifying the biogas to meet official specifications of 90 to 99% methane. This type of fuel
demands a supply infrastructure and technology for its combustion (Falco 2017). Biomethane
emits on average 75% less PM than diesel (ABEGAS, 2019). It also emits 85% less and 86% less
NO,, (Siamig 2018). Hybrid buses combine a conventional internal combustion diesel engine
with an electric propulsion system, so they are called hybrids. Electric propulsion aims to
achieve greater fuel economy since electric motors are more efficient than internal combustion
engines.

They can be classified in parallel or series. In parallels, both the electric motor and the
internal combustion engine are connected to the vehicle’s mechanical transmission; in this
technology, the electric motor usually transmits energy to move the wheels at low speeds, and
the combustion engine enters when the vehicle acquires a higher operating speed (between 20
and 30 km/h). In series hybrids, only the electric motor drives the vehicle, so the combustion
engine serves as a mini generator to recharge the batteries and drive the electric motor, which
in turn drives the vehicle’s wheels (Filho 2011).

Hybrid buses have greater mechanical complexity than conventional diesel buses and vehicle
acquisition and maintenance costs are higher; however, this can be compensated over the
lifetime by great fuel economy (ANTP 2016). They show a reduction of 80% of NO,, 90% of
PM, and 35% less when compared to diesel (ANTP 2016). The CNG is one of the partially



sustainable alternatives, due to its reduced local environmental impact, reduction of internal
and external bus noise, availability, and competitive cost with diesel technology. Surrounded
by advanced distribution and motorization technologies, CNG has stood out as an alternative
in several countries, such as Madrid - Spain, Frankfurt - Germany, and Athens - Greece, among
others (ANTP 2016). They emit approximately 0.29 g/km of NO, (MMA 2013), and also
reduce C'O, emissions by approximately 37% (EPA, 2019) and 98% of PM emissions to diesel
(Scania 2018).

Electric buses reduce dependence on fossil fuels, eliminate greenhouse gas emissions because
they do not emit exhaust gases such as fossil , PM, and NO,, and also reduce noise in cities.
Energy can be transferred to the bus in several ways: by charging the batteries at night in the
garages, charging at the terminal (end or start of each line), and bus stops Olsson, Grauers,
and Pettersson (2016), Dallmann (2019). The autonomy can reach about 300 km for a medium
load and 280 km for a full load, according to tests conducted in Sdo Paulo. Electric buses
already operate in the thousands in major cities in Asia, Europe, the United States, Japan,
Colombia, and Mexico (ANTP 2016).

Given the above, the quantities of gases emitted for each type of bus used in the simulation
are summarized in Table 3.

Table 3: Emissions for different vehicle techonologies

Fuel CO, (g/km) PM (g/km) NO, (g/km)
Diesel 1000 0.115 8

Electric 0 0 0

Biodiesel 842.10 0.08418 8.64

Natural gas 630 0.0023 0.29

Hybrid 650 0.0115 1,6
Biomethane 150 0.02875 1.12

After obtaining all the variables and parameters, we performed some tests to improve the
model. The modeling process was documented, which allowed the replication and review
of the results. In addition, the units of measurement for all variables and parameters were
checked and the dimensional consistency of all equations was verified. Extreme condition tests
were also performed to check whether the model behaves realistically. After performing these
tests, we observed that the model shows realistic behavior. Given this, we proceeded with the
analysis of the scenarios in the next section.

3. Results and Discussion

Depending on the scrapping rates considered in the simulation, it is possible to observe the
behavior of the substitution of diesel buses. The transition to sustainable buses takes place



slowly, and in 2040 it is still concentrated in the fleet of around 1,500 buses, according to
Figure 5.
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Figure 5: Decrease of fossil fuel bus fleet

Thus, at the end of the period stipulated by law, there are still fossil fuel vehicles in the
public fleet, which consequently causes emissions of and other gases and cannot achieve zero
emissions. This occurs because transitions are slow, the system must be reorganized to achieve
the effectiveness of the service, and economic planning is necessary so that the costs do not
reach the end customer. A way out of this bottleneck would be to speed up the process of
fleet replacement so that in 20 years there is complete replacement. For the next simulations,
we use the above scenario as a basis.

The scenarios were planned in such a way that there was a combination of most technologies
available in the market, with two to three technologies dominating the market, being discarded
the possibility of investing in a single alternative. This is due to the different characteristics
of the technologies, which depend on the infrastructure itself. For buses that travel a longer
mileage during the day, it is preferable to use fuels that give greater reach, this becomes a
barrier for electric buses, which have limited reach and the need for their infrastructure for
cargo that is not common in Brazil, thus favoring the use for smaller routes, for example,
and do small recharges at the terminals in the intervals between routes. Table 4 shows the
parameters for replacing the bus fleet for the different types of fuel.



Table 4: Scenarios

Abbreviatioombinatio®C NG Electric Hybrid Biodiesel Biomethane

C1 Hybrid + 6% 6% 40% 40% 8%
Biodiesel

C2 CNG + 40% 6% 6% 8% 40%
Biomethane

C3 Electric + 8% 40% 40% 6% 6%
Hybrid

C4 Electric + 6% 40% 8% 6% 40%
Biomethane

Ch CNG + 30% 5% 30% 30% 5%
Hybrid +
Biodiesel

C6 CNG + 40% 40% 5% 5% 10%
Electric

c7 Biomethane 4% 3% 3% 45% 45%
+ Biodiesel

C8 equal 20% 20% 20% 20% 20%

The first scenario (C1) expresses the investment in hybrid buses and biodiesel. Hybrids are
intermediates between electricity and combustion, a technology that does not depend on infras-
tructure, and biodiesel-powered buses are already a reality in many countries. In Brazil, the
advantage comes from the large biodiversity of oilseeds for fuel production. Given this, 40%
of investment in buses is simulated for each of them, for the other 6% in CNG and electricity,
and 8% for biomethane.

The second scenario (C2) values CNG and biomethane as options. CNG has been available in
Brazil since 1980, but consumption in the transportation sector is low, only 2% in 2016. As for
biomethane, it can be leveraged by Renova-Bio, which establishes targets for reducing carbon
intensity in the fuel matrix by 10% by 2028 and creates carbon credit trading mechanisms
(Roitman and Silva 2018). In addition, the infrastructure of these two fuels is similar and
can be shared. Therefore, the simulation is based on 80% divided equally between CNG and
biomethane, the rest being divided into other technologies.

For the third scenario, C3, the focus is on the shift to electric mobility, having a focus on
electric and hybrid buses. According to the IEA (2018), more than 1 million electric cars were
sold worldwide in 2017 and the world fleet already exceeds 3 million vehicles. In Brazil, sales
do not exceed 10,000 units, being an incipient technology. It is expected that sales will become
higher when the cost of batteries is reduced. Consequently, given the technological evolution,
and because these vehicles have better technology, performance, and energy efficiency, the
demand for electrics will increase, leading to higher growth of the fleet (Roitman and Silva
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2018). Hybrids resemble electrics on a technological basis, so they may grow together in the
market.

With 40% for electric bus and 40% for biomethane the fourth scenario (C4) was formed, the
technologies were chosen because both presented the lowest values of emission, the electric
considered null (for exhaust) and the biomethane about 150 g/km, 85% lower than diesel,
from the point of view of emission, would be the best environmentally. Later, there is the fifth
scenario, C5, which covers three technologies: CNG, hybrid, and biodiesel. These technologies,
which have already been described above, together may become a dominant scenario, due to
the existing knowledge about them and dominated by companies and researchers in Brazil.

In the case of the sixth scenario, C6, investments are in CNG and electricity. In this case,
it is believed that as the CNG is already known by the actors of the sector, investments and
greater acquisition of vehicles with this technology may occur, and combined with the electric
one, which has significant benefits in the short and long term in the environmental issue, can
together be driven.

The seventh scenario (C7) is biomethane and biodiesel. This combination meets the country’s
potential in producing these fuels. The last scenario, C8, has equal investment among the
technologies, being elaborated to demonstrate a greater diversification of the fleet and identify
the potential benefits for the user and the environment. Returning to the targets imposed
by Law 16,802, the reduction in emissions should be 50% by 2028 (0.62 million tons) and in
2038 years should be zero. The results of the simulations for each scenario are presented in
Figure 6.

The goal of reducing by 50% is achieved in 2029, by C4 (electric + biomethane), with approx-
imately 602 thousand tons. However, in 2038 the value is not zero, because there are still
diesel buses in the fleet and the biomethane emits polluting gases, however, the reduction is
significant if compared to 2016 data, reaching a value close to 70% reduction. Another scenario
with significant results is C6, with a predominance of CNG and electric fuels, reaching 2028
approximately 743,673 tons of C'O,.

Scenarios C1 and C5, with a predominance of hybrid and biodiesel for the first and CNG,
hybrid, and biodiesel for the second scenario, are the ones that present the worst results
of emission reduction. They are less aggressive technologies than diesel, however, still emit
considerable and do not meet the targets required by law. However, the C3 scenario, electric
+ hybrid, i.e., electric mobility, presents a median result, although electric buses predominate,
hybrids occupy half of the fleet, which are more efficient than diesel, but still emit around 650
g/km of CO,, higher emissions than CNG and biomethane. For the PM, the reduction targets
are 14.5 tons for 2028 and 7.2 tons for 2038. The results of the simulations for the different
scenarios established are presented in Figure 7.

The value of the PM target imposed by the law is not reached by any scenario, what comes
closest is the C6, with a combination of CNG and electricity, presenting a reduction of approx-
imately 53% for the first 10 years and in 20 years a reduction of 83%. These two technologies
present the best emission rates among those analyzed, thus, together they have the best result.
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Figure 7: Particulate Matter emissions
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Next, there is the C3 scenario (electric and hybrid), with 55% and 75% PM reduction, for
2028 and 2038, respectively.

The scenario that presented the worst result is C7 (biodiesel 4+ biomethane), which reduces on
the year 2038 only 48% of the base value of 2016, this result comes from the PM emission factor,
for the technologies analyzed are the two largest emitters after diesel. The C1 scenario (hybrid
and biodiesel) also presents a low performance, reducing in 20 years only 56% of emissions.

To anaylze the NO, emissions, we also consider the target imposed by law, which is 1,830 tons
for 2028 and 460 tons in 2038. The results based on the scenarios are presented in Figure 8.
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Figure 8: NOx emissions

Based on our simulation, none of the scenarios presents the achievement of the goals imposed
by law. The closest scenario is C6, a combination of CNG + electric, with reductions close to
50% in 2028 and 76% in 2038. Similar to the previous simulation, the worst results are the
combination of biodiesel and biomethane (C7) and the C1 scenario, which consists of hybrid
models and biodiesel, which in 2028 will reduce an average of 23% and for the year 2038 the
value of 34%. The rates used in the study, which are the highest concerning diesel, are also
due.

Given the simulations carried out, the best combinations of alternatives for diesel-powered
buses included the use of electric buses. The emissions for the different pollutants analyzed
were considered null, considering only the exhaust emission. In Brazil, the energy matrix
is predominantly hydroelectric, which helps in the low pollution of electric buses, but it is
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necessary to take into consideration the thermo-electric plants or other sources that can be
used, which can emit pollutants.

However, although in two cases the target will not be achieved, in any selected fleet combina-
tion, the substitution of diesel by other types of technologies, results in reductions in emissions
in the range of 51% , 70% PM, and 64% NO, by 2040, which corresponds to a local environ-
mental benefit of extreme importance for public health, given the large total mileage traveled
by public buses and their proximity to the population exposed to these emissions.

4. Conclusion

According to the sustainability transitions theory, transitions refer to large-scale transforma-
tions in society or important subsystems, during which the structure of the social system
changes fundamentally. These changes are usually slow and require enormous efforts from
different stakeholders in order to succeed. The study showed one of the most radical sustain-
ability laws in Brazil and the potential outcomes of switching fossil fuel buses of the public
transportation system in the city of Sdo Paulo for zero or low emission ones over a period
of two decades. The proposed scenarios were based on existing technologies and were orga-
nized to reflect possible choices that would be made by those responsible for operating the bus
system, once favorable conditions were created for the introduction of zero or low emission
technologies. Given the results found in our simulations, the mix with best results are electric
and biomethane, for CO, reduction, and CNG and electric buses for PM and NO,, reductions.
Although, as shown in our results, none of the policy scenarios is able to fully comply with the
Act, therefore suggesting that a stronger enforcement should be in place (such as enforcing
faster substitution) if the City desires to achieve the goals imposed by the Act.

The emission factors of the polluting gases used for the simulation are preferably illustrative
and not conclusive, as there may be data considering life cycle emissions and not just exhaust
emissions. In addition, we stress that the analysis made in this work is simplified, considering
only the benefits caused by the reduction of pollutant gas emissions. Thus, for future work, the
insertion of cost variables is suggested, since it is necessary that the decision makers responsible
for bus changes also have the economic vision of each technology and thus make it efficient
both economically and environmentally.
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