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Abstract: This study analyzes the road freight sector of São Paulo state to identify the best options
to reduce greenhouse gases emissions and local pollutants, such as particulate matter, nitrogen
oxides, carbon monoxide, and hydrocarbons. Additionally, the investment cost of each vehicle is
also analyzed. Results show that electric options, including hybrid, battery, and hydrogen fuel-cell
electric vehicles represent the best options to reduce pollutants and greenhouse gases emissions
concomitantly, but considerable barriers for their deployment are still in place. With little long-term
planning on the state level, electrification of the transport system, in combination with increased
renewable electricity generation, would require considerable financial support to achieve the desired
emissions reductions without increasing energy insecurity.

Keywords: road freight transport; Brazil; Low Emissions Analysis Platform (LEAP); greenhouse
gases emissions; pollutant emissions

1. Introduction

The transportation sector requires considerable analysis for energy-environmental planning [1,2],
involving scenario creation to represent alternatives [3,4], data gathering on technologies from vehicles
to fuel production pathways [5,6], and adequate representation of policy and regulation and other
mechanisms of system change [7]. It is also an important sector, with very rapid growth in developing
countries where energy-environmental planning is needed the most. However, the required relevant
analyses to support robust decision making are usually limited or unavailable in these countries [8].

Authors have preferred studies applying models on the national level in previous works, which
indicates that the subnational scale lacks literature, especially in developing countries. Alongside
this, the pace in which technological advancements in recent have occurred in recent years has been
underwhelming. It is then apparent that accelerating mitigation actions in the short-term is necessary,
requiring the private sector’s urgent involvement and greater engagement by subnational governments.

Furthermore, changes in behavior by consumers and promoting technological changes in the
transport sector, such as fleet electrification, are most important in developing countries. Therefore,
Latin American, African, and Southeast Asian countries are essential objects of research at the
national or regional level. Based on their characteristics and energy infrastructure, analyzing these
countries and their potential scenarios would help reach the sustainable development goals [9].
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Notwithstanding, without the short-term actions necessary, the expected population growth and
rise in energy consumption are most likely to increase greenhouse gases (GHG) emissions and the
slow pace of technological progress experienced in these countries [10]. Furthermore, there is a
need to assess the emission of GHG and its effects on climate change, and also the emission of air
pollutants [11–13], which have dangerous impacts on human health [14,15], in order to guide further
adjustments in the energy infrastructure to promote energy development with lower environmental
and health burdens [13,16,17].

As the use of internal combustion engines in transport increases, air pollution from motor
vehicles has rapidly become a major environmental issue in big cities of the developing world [18],
which increases the complexity of the road transport’s environmental problem. Although much
research has been focused on GHG emissions from the transport sector [19–21], modeling pollutant
emissions in conjunction with GHG emissions have different outputs, especially for developing
countries, where health issues are most evident [22].

By considering the complexity of the problem in the energy–environment–transport nexus,
this study aims to comprehensively analyze the alternative options for the road transport sector
regarding GHG emissions and significant local pollutants—particulate matter (PM), nitrogen oxides
(NOx), hydrocarbon (HC), and carbon monoxide (CO)—for the State of São Paulo, Brazil, with 2050
as a time horizon. Precisely because of the need for more studies on the local level in developing
countries [9], this study presents an essential contribution to the current discussion of the environmental
burden of the transport sector. Using the Low Emissions Analysis Platform (LEAP) model, São Paulo
future transport system is compared with six alternative options for medium and heavy-duty trucks
(MHDT), being liquified natural gas (LNG), compressed natural gas (CNG), biodiesel, fuel-cell electric,
and battery electric vehicles. As will be seen in the literature review, subnational studies of this
magnitude, including pollutants and GHG emissions, with a comprehensive set of alternative options,
lack literature, and this study tries to fill that gap.

This paper follows a classic structure, with a literature review (Section 2), a methodology section
(Section 3), results (Section 4), a discussion section that deals with the shortcomings of the paper and
the barriers to deploying the best options for the transport sector, and conclusions (Section 6).

2. Literature Review

Several studies [23–25] around the world have been developed using energy planning models such
as LEAP in order to evaluate different scenarios for future energy consumption and carbon emissions [26];
to forecast electricity demand [24]; to evaluate the impacts of technological changes [27,28]; energy
and urban planning solutions [25]; to develop policies for low carbon development [29,30]. Moreover,
the use of energy planning models is essential to identify possibilities through the scenarios built for
different sectors, considering the energy supply and demand and a tool to analyze future policies [30].

Considering the transport sector, some authors have studied changes in fuel share to reduce
fossil fuel consumption to reach goals related to emissions reduction [31,32], vehicle efficiency
improvement [33,34], changes in vehicle technology (e.g., electric vehicles) [35–37], and the use of
alternative fuels [38,39]. In general, the motivation of these studies is to serve as evidence to support
policy recommendations, where the use of the models brings data and insight to help evaluate policy
feasibility [26,40,41].

Studies that use the LEAP model to perform scenarios for transport, such as Chollacoop et al. [42],
evaluate the use of fuel mixes. This study was developed to analyze measures that have been implanted
in Thailand, and results show that fuel mixing (in this case 95% ethanol and 5% diesel) helps to
increase the demand for alternative fuels and decrease fossil fuel consumption, reduce GHG emissions,
and improve the national energy security.

Another example is the work done by Zhang, Feng, and Chen [26], who analyzed different
pathways to evaluate the energy savings and emissions mitigation in China for the period between
2007 and 2030. Some policy measures were considered in an integrated scenario for the transport



Energies 2020, 13, 5433 3 of 26

sector, such as the modal shift, vehicle efficiency improvements, and energy substitution, including
hybrid, fuel cell (hydrogen) for taxis, compressed natural gas (CNG) for buses and passenger vehicles.
Results showed that the implementation of these policies could help to reduce the growth rate of
total energy consumption by 1.76% and energy intensity by 4.73% when compared to a reference
scenario (without policy measures). Moreover, the transport sector showed the potential to reduce total
consumption by almost 15% and carbon emissions by 20%. Hu, Ma, and Ji [29] is another example of
combined measures such as alternative fuels and vehicles, and public transport, which was shown to be
crucial in reaching a sustainable system and reducing energy consumption and supply. The transport
and industry sectors were identified as critical players in the potential for energy saving and carbon
mitigation. In Brazil, Collaço, Dias, et al. [43] evaluated the future energy system for the São Paulo
megacity using different pathways to increase renewable and endogenous sources for different sectors.
Scenarios were modeled for the transport sector considering public transport, renewable energy use
such as biodiesel and ethanol, and bicycles. The elimination of fossil fuel in public transport found
were to reduce GHG emissions, and the increase in electric vehicles leads to better air quality and
public health and reduces GHG and traffic congestion.

Costa et al. [44] assessed the introduction of electric vehicles in the city of São Paulo and compared
them to the use of ethanol in order to evaluate the benefits of this change. Four different scenarios
were performed considering different stages of the electric vehicles’ introduction. The scenario which
considers the replacement of 25% of gasoline-powered vehicles by electric vehicles in 2030 showed
that energy consumption could be reduced around 15%, and CO2 emissions around 26% compared
to the values in 2015. The authors concluded that electric vehicles could be an excellent way to
mitigate emissions.

Dias et al. [45] also studied the impact of electric vehicles in São Paulo. However, this paper
analyzes the impacts on electricity demand and emissions. Scenarios were analyzed considering the
introduction of 10%, 30%, and 100% in vehicles fleet to compare to a base scenario without electric
mobility. Results showed that in a scenario with 10% of electric vehicles introduced in the fleet,
electricity demand increases by 2%, and CO2e emissions reduce by 1.3%. From the literature review, it is
clear that there is a gap in analyses focused on the road freight transport sector, especially when it comes
to comparing options to designate appropriate public policies comprehensively. Next, the methodology
used for this analysis will be explained.

3. Methodology

3.1. The Low Emissions Analysis Platform (Previously Called Long-Range Energy Alternatives Planning
System) (LEAP)

LEAP is a simulation and optimization energy-economy model that builds energy scenarios
using a hybrid of top-down and bottom-up data. LEAP uses energy demand and primary energy
transformation data for the energy supply sector (transmission and distribution, primary energy
conversion, and energy resource extraction data) [46].

The model is used to estimate GHG emissions from energy use and production and local and
regional air pollutants. The LEAP model also allows analysis of the impacts of adopting different
energy policies on GHG emissions, energy savings, and the reduction of local air pollution [46].
More information on LEAP is available in [46] and [47].

The main exogenous inputs for the São Paulo state LEAP model for the transport sector are
(1) energy demand; (2) energy infrastructure characteristics, such as efficiency and availability of existing
and future energy-related technologies; (3) sources of primary energy supply, and the corresponding
planed future potential; (4) final energy imports into the city (electricity, ethanol, biodiesel, diesel,
gasoline, and other fossil fuels); (5) policy and infrastructure constraints [46–48]. Finally, energy
demand projection has been estimated based on the official Brazilian GDP projection obtained from [49]
from 2014 until 2050.
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3.2. Alternative Technologies for the Road Freight Sector

As previously mentioned, there is a need for inputs from several databases to perform
energy-environmental models, including pollutant emission factors. In order to fill gaps regarding
factors, a systematic review was performed based on papers found on Scopus and Web of Science
database during the period from 2015 to 2020.

Only papers in English were considered. A combination of keywords (alternative fuel, natural gas,
electric, fuel cell, hydrogen heavy-duty vehicle, truck, commercial vehicle, air pollution, greenhouse
gas emission, economic analysis, interview) were used considering the goals of this study. Papers
without quantitative analysis were not considered.

In the first moment, a total of 2631 papers were found, and, after removing duplicates, screening
the papers by title/abstracts, and a full-text review, 86 papers were considered eligible for this study.
Data extraction and analysis were performed using Microsoft Excel to obtain fuel processing data,
emission factors, and costs related to heavy-duty trucks. Figure 1 shows the systematic review steps.

Figure 1. Systematic review flowchart.

The resulting values for each of the environmental aspects are shown in Table 1. Values for
CNG, LNG, and biodiesel were compiled for all pollutants and GHGs. For the electric options,
fuel consumption was derived from the review, and no combustion emissions exist in the demand
phase. The hybrid option, however, did not have consistency in the emission factors available, and as
per Askin et al. [34], a ratio between diesel and hybrid engines was applied, taking account of the
São Paulo reality.

Table 1. Fuel consumption, CO2, CH4, N2O and pollutants emission factors for MHDV alternative
technologies and new fuel processing facilities.

Demand

Technology
Fuel

Consumption
(MJ/100 km)

CO2
(g/kWh)

CH4
(g/kWh)

N2O
(g/kWh)

NOx
(g/kWh)

PM
(g/kWh)

HC
(g/kWh)

CO
(g/kWh)

CNG a 1131.9 575.2 5.42 0.0016 2.24 0.01 0.87 1.15

LNG a 1165.9 354.3 0.27 0.0016 1.76 0.01 0.44 2.24

Diesel Hybrid b 1104.0 344 0.01 0.008 0.33 0.002 0.003 0.03

Biodiesel a 1976.0 0 - - 4.11 0.04 0.05 3.4

Fuel-cell electric a 917.0 0 0 0 0 0 0 0

Battery electric a 456.0 0 0 0 0 0 0 0
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Table 1. Cont.

Transformation

Technology CO2e (g/MJ) NOx
(g/MJ)

PM
(g/MJ)

HC
(g/MJ)

CO
(g/MJ)

Hydrogen (steam
methane reform) c 57 0.03 0.006 - 0.02

NG liquefaction d 8 - - - -

CNG = compressed natural gas; NG = natural gas; LNG = liquified natural gas; NOx = nitrogen oxides; PM =
particulate matter; HC = hydrocarbons; CO = carbon monoxide. a Result from the review. b Based on [34]. c [50–52].
d [53].

The next section will present the current São Paulo state energy system, focusing on the
infrastructure necessary to satisfy the demand for diesel and the alternative options under analysis.

3.3. São Paulo State Energy System

São Paulo is one of the 26 States in Brazil and is the richest in the country, with 34% of its
GDP [54] and the second-highest GDP per capita [55]. With such economic importance, the State
of São Paulo is the largest consumer of diesel oil, responsible for 20% of all sales in the country in
2014 [56]. Additionally, São Paulo has the most developed energy system infrastructure in the country
and imports crude oil and natural gas for processing in its six facilities.

For the modeling design exercise, it is necessary to have vehicles available for the consumer and
the future alternative fuels for the transport sector. Figure 2 shows the State’s energy system frontier,
the existing technologies in the demand side, and the transformation side for the transport sector and
the new technologies and infrastructure analyzed.

Figure 2. Representation of current and new infrastructure of the São Paulo state energy system to
supply current and new technologies for MHDV.

As seen in Figure 2, technological options for the base year (2014) were limited only to diesel
engines. Secondly, it is also necessary to have advancements in the transformation section of energy
systems, including natural gas liquefaction plants and hydrogen production plants, to satisfy the future
potential demand in the respective scenarios.

The State of São Paulo has by far the largest crude oil refining capacity, with 38.5% of all crude oil
refining capacity in the country, divided into four refineries current in operation. REPLAN (Refinaria de
Paulínia), the largest in the country, has an installed capacity of 434 barrels per day. REVAP (Refinaria
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Henrique Lage) has an installed capacity of 251.6 barrels per day, and RBPC (Refinaria Presidente Bernardes)
has a capacity of 169.8 barrels per day. The smallest refinery in the State is RECAP (Refinaria de Capuava),
with 53.4 barrels per day [56].

Table 2 shows the total capacity by year for the processing units related to the transport sector
(fuel production). In 2014, the State produced almost twice its demand for diesel, reaching 12.6 million
toe of interstate exports and consumption of 9 million toe in the transport sector alone [57].

Table 2. Base year information for the energy system in the State of São Paulo, MHDV and transformation
(2014).

Demand

Vehicles Stock (Units) Scrappage (Units) Sales (Units)
Fuel

Consumption
(MJ/100 km)

Mileage
(Kilometers)

Medium and heavy-duty
trucks (diesel) a 412,044 16,150 45,685 1608 23,570

Transformation

Processing unit Capacity (MBOE/year)

Crude oil refineries b

REVAP 92.73
REPLAN 152.2

RPBC 63.8
RECAP 19.6
NGPU b

Caraguatatuba 51.1
RPBC 6.4

Biodiesel plants c

Bio Petro 0.2
Biocapital 0.4

JBS 0.6
Orlândia 0.4

SP Bio 0.2

Electricity generation d Capacity (MW)

Hydropower 13,290.0
Sugarcane bagasse 5557.5

Natural gas 987.8
Other fossil 1176.8

Other renewable 47.7

REVAP = Refinaria Henrique Lage; REPLAN = Refinaria de Paulínia; RBPC = Refinaria Presidente Bernardes;
RECAP = Refinaria de Capuava. a [58]. b [59]. c [56]. d [60].

When it comes to natural gas processing units (NGPU), São Paulo state also has the largest share
of installed capacity in the country, with 23% of the country’s capacity. The capacity in the State is
divided into two facilities, Caraguatatuba, with a capacity of 20 million m3 of wet natural gas per day,
and RPBC, with a total capacity of 2.3 million m3 of wet natural gas processed per day [56]. Natural
gas is yet only deployed in light-duty vehicles in the transport sector in the State of São Paulo, with a
consumption of 240,000 toe in 2014 [57].

On the other hand, biodiesel production in the State of São Paulo does not have the same
significance. Although the State has a considerable production of ethanol, with 48% of the country’s
production, biodiesel production capacity in the State represents only 10% of the country’s installed
capacity to split into five functioning facilities [56].

A comprehensive analysis of alternative fuels for the transport sector needs to include not only
emissions in the demand side but also from the transformation sector, especially when considering
electric vehicles. Table 3 shows the environmental loadings for the MHDT and the transformation
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sectors of existing facilities in the State. The information in Table 3 was also used when calculating the
imported emissions.

Table 3. Environmental loading information for existing technologies.

Demand

Vehicles CO2 CH4 N2O NOx PM HC CO

Medium and heavy-duty
trucks (diesel) (g/km) a

1229.4 0.06 0.03 1.13 0.01 0.01 0.12

Transformation

CO2 CH4 N2O CO2e NOx PM HC CO

Crude oil processing (t/TJ) b 8 - - - 0.02 0.0035 - -

NGPU (t/TJ) c - - - 12 0.22 0.002 - -

Biodiesel plant (t/TJ) d - - - 76 0.27 0.027 - 0.09

Electricity generation (t/TJ) e

Natural gas 55.8 0.24 - - 1.3 - - 0.34

Diesel 72.5 0.04 - - 1.3 - - 0.35

Residual oil 76.5 0.0009 0.0003 - 0.2 - - 0.015

Petroleum coke 76.5 0.0009 0.0003 - 0.2 - - 0.015

Refinery feedstocks 76.5 0.0009 0.0004 - 0.22 - - 0.016

Sugarcane bagasse 0 0.0003 0.004 - 0.1 - - 0.1

Wood 0 0.03 0.004 - 0.1 - - 0.1

NGPU = natural gas processing unit; NOx = nitrogen oxides; PM = particulate matter; HC = hydrocarbons; CO =
carbon monoxide. a [58]. b [61,62]. c CO2e taken from [53], pollutant emissions from [61,62]. d [63,64]. e [65].

LEAP performs the calculations for each point of emissions in the demand side and transformation
side of the energy system. For the transport sector, LEAP uses the fleet in the base year and the vintages
of those vehicles based on the year each vehicle was produced. Each environmental loading and fuel
consumption change with the vintage of the vehicle. The lifecycle profiles, emissions loadings, survival
rate, and fuel consumption are presented in the appendix (Table A1). Each environmental loading is
calculated as follows:

Emt,v,y,p =
∑(

Salest,v·Survt,y·v
)
·Mileaget,y,v·EmFactort,v,p·EmDegt,y·v,p (1)

where Emt,v,y,p is the total emission of pollutant p, from vehicles type t of vintage v in year y. Salest,v are
the sales of each vintage, Survt,y·v is the survival rate of vintage v in year y, Mileaget,y,v is the distance
each vehicle traveled in year y, EmFactort,v,p is the emission of pollutant p by kilometer and EmDegt,y·v,p

is the percent change of the emission factor of pollutant p in year y, compared to the year of its vintage.
Next, the basic premises for the baseline scenario and the alternative scenarios will be presented.

3.4. Cost Analysis

The cost analysis was done using the literature review as input for a Monte-Carlo analysis.
The range of values found in the literature is presented in Table 4 in R$ of 2014. The average annual
exchange rate of that year of 2.35 R$/USD.
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Table 4. Medium and heavy-duty trucks purchase cost for diesel, battery-electric, CNG, hybrid,
biodiesel, and fuel-cell electric vehicles found in the literature review in R$ of 2014 per vehicle.

R$
(2014)/Vehicle

Battery
Electric Diesel LNG CNG Hybrid Biodiesel Fuel-Cell

Electric

Minimum 498,946.4 139,344.3 187,598.0 356,088.7 277,108.7 228,707.8 571,719.0

Average 880,552.3 243,077.8 319,645.1 445,110.9 298,834.3 285,884.7 714,648.7

Maximum 1,114,503.9 386,043.6 416,672.9 534,133.1 324,470.6 343,061.6 857,578.5

CNG = compressed natural gas; LNG = liquified natural gas.

The Monte-Carlo analysis will provide an overview of the probability of costs of each alternative
technology in comparison with the diesel option. Each vehicle price will be randomly chosen from the
range of values and compared to the diesel value in absolute terms as:

AbsDi f = CDiesel − CAlt (2)

where AbsDif is the absolute difference between the cost of diesel (CDiesel) and the alternative option
(CAlt). When negative, the alternative technology is more expensive than diesel, and when positive,
the alternative technology is cheaper. After running this calculation 10,000 times, Monte-Carlo analysis
issues the cumulative probability of the difference in costs between the option.

3.5. Assumptions Common to all Scenarios

The evolution of the energy system of the São Paulo State has been based on public information
on new capacity for the transformation sector and the evolution of truck sales. Table 5 shows the
premises that are common to all scenarios.

Table 5. Assumptions common to all scenarios.

Variable Premise

GDP increase Based on [49]

Demand

Medium and heavy-duty trucks sales a Elasticity of 1.09 to GDP growth [69]

Transformation

NPGU capacity increase b Addition of 10 × 106 m3/day in 2040, with availability
increasing from 54% in 2014 to 100% in 2050.

Crude oil refineries capacity increase c No additional processing increase

Biodiesel plants d Capacity growth of 3.9% per year, with availability
increasing from 25% in 2014 to 100% in 2050.

Electricity generation e

Natural gas Capacity growth of 1.5% per year

Diesel Capacity growth of 3% per year

Hydropower Capacity growth of 0.3% per year

Solar Capacity growth of 3% per year

Sugarcane bagasse Capacity growth of 4.7% per year

Wood Capacity growth of 3.3% per year

Wind Capacity growth of 7.6% per year

GDP = gross domestic product; NPGU = natural gas processing unit. a [69]. b Brazilian 2029 energy plan does not
include any new additional capacity of natural gas processing, but the Brazilian energy Company has proposed the
construction of a neu NPGU in the State of São Paulo with a capacity of 10 × 106 m3/day [67]. c No new facilities for
crude oil processing have been proposed in the State, nor is it included in any energy plan. d Based on the projected
biodiesel capacity in [66]. e [68].
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For MHDT, an elasticity of 1.09 was used, in terms of GDP growth [49]. In the baseline scenario,
only diesel trucks exist in the fleet until 2050. In the transformation sector, no additional crude oil
refining capacity is foreseen until 2050. The evolution of the energy processing (transformation)
infrastructure has been based on reporting and energy plans and studies by the national [66,67] and
state government [68].

3.6. Alternative Options Scenarios

The comparison of scenarios will be based on the assumption that MHDT sales from 2030 on
will be taken over by the alternative option (Figure 3), following a prohibition of diesel oil vehicles.
Although this is not the case yet, Brazilian legislators consider this scenario with a particular law
already under implementation [70].

Figure 3. Fleet evolution from diesel to alternative option based on the assumption of diesel vehicles
sales prohibition.

3.7. Sensitivity Analysis

A sensitivity analysis was performed based on the minimum and maximum values of each
environmental loading in this study. Table 6 shows the values taken from the review, and, in the case
of no information, a ±20% variation was applied to the average values used and reported in Table 3.
For CO2e, the minimum values in processing units (transformation) were set to zero to represent carbon
capture and storage technologies and biogenic CO2 in biodiesel.
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Table 6. Minimum and maximum values for each indicator to calculate sensitivity.

Demand

Tech.

Fuel
Economy

(MJ/100 km)
CO2 (g/kWh) CH4 (g/kWh) N2O (g/kWh) NOx

(g/kWh) PM (g/kWh) HC (g/kWh) CO (g/kWh)

Min Max Min Max Min Max Min Max Min Max Min Max Min Max Min Max

CNG a 210 2040 171 1119 0.17 10.8 −20% +20% 0.01 9.08 0 0.02 0.09 4 0.01 9

LNG a 743 1394 273 434 −20% +20% −20% +20% 0.03 5.04 0 0.01 −20% +20% −20% +20%

Diesel
Hybrid a 909 1300 −20% +20% −20% +20% −20% +20% −20% +20% −20% +20% −20% +20% −20% +20%

Biodiesel a 555 3852 −20% +20% −20% +20% −20% +20% −20% +20% −20% +20% −20% +20% −20% +20%

Fuel-cell
electric a 750 1025 - - - - - - - - - - - - - -

Electric a 144 936 - - - - - - - - - - - - - -

Transformation

Tech.
CO2e (g/MJ) NOx (g/MJ) PM (g/MJ) HC (g/MJ) CO (g/MJ)

Min Max Min Max Min Max Min Max Min Max

NGPU b 0 33 −20% +20% 0.09 0.11 - - - -

H2 SMR c 0 59 0.02 0.05 0.005 0.008 - - 0.02 0.027

NG liq. d 0 20 - - - - - - - -

Biodiesel
plant e 0 102 0.24 0.29 0.024 0.029 - - 0.08 0.1

Electricity generation

Fossil fuels 0 +20% −20% +20% - - - - −20% +20%

Sugarcane
bagasse - - −20% +20% - - - - −20% +20%

CNG = compressed natural gas; LNG = liquified natural gas; NGPU = natural gas processing unit; SMR = steam methane reform; NOx = nitrogen oxide; PM = particulate matter; HC =
hydrocarbon; CO = carbon oxide. a Absolute values were taken from the systematic review. b Lower values for CO2 were based on the assumption of direct or indirect carbon and capture.
Other values were based on [53]. c Lower values for CO2 were based on the assumption of direct or indirect carbon and capture. Other values were based on [50–52]. d [53]. e [63,64].
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With the minimum and maximum values as input, the output of LEAP will serve as the basis for
a Monte-Carlo analysis [71]. Lower and upper values are assumed to be the extremes of a triangular
distribution, which will randomly provide 10,000 values of percent-change to the baseline scenario.
With these values, it is possible to construct a cumulative probability curve, and, therefore, provide a
measure of uncertainty for the results in 2050.

4. Results

Results are split into three main sections GHG emissions, local air pollutant emissions, which include
CO, HC, NOx, and PM and costs. In each scenario, the results are presented as percent-changes to the
baseline scenario for demand, transformation, imported emissions, and total reductions.

With São Paulo being a major energy importer, imported emissions correspond to the most
difference after demand-side changes, mainly due to the lack of infrastructure in the State in the next
30 years to produce its fuel, which forces the imports of more energy in the case of new alternative
fuels. In LNG and hydrogen, fuel production is considered to take place within the State’s limits.
While these fuels are not yet produced in the State, this study considers that locally produced fuels
would fulfill new demand.

4.1. GHG Emissions

GHG emissions data in all phases of the energy life cycle (combustion in the demand side, fuel
production in transformation, either local or imported) is the most abundant of all the aspects studied
in this analysis. LNG, for example, appeared 41 times in the review performed. Figure 4 shows the
percent-change reduction of each phase of the fuel life cycle. In general, the scenarios show that
internal combustion engines (biodiesel, LNG, hybrid, and CNG) have the worst performance when
it comes to total GHG emissions reduction, with hybrid reducing 8%, LNG reducing 1%, biodiesel
increasing 2%, and CNG increasing 35% by 2050.

Figure 4. GHG emissions change in percent-change in comparison to the baseline scenario from 2014
to 2050.
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Comparing the possible uses of natural gas, hydrogen fuel-cell MHDT has the best performance
for GHG emissions, reaching 27% of reduction in 2050. However, the best option overall is in the
battery-electric scenario. With zero emissions in the demand side (no combustion) and with an electric
system mainly based on renewables within São Paulo and in the country as a whole, the GHG emissions
reduction using electric MHDT could reach 46% in 2050, if all diesel vehicle sales are ceased in 2030.
Despite this reduction, it is essential to mention that the GHG emissions from the battery MHDT
production were not considered, although these emissions are low and represent less than 4% of the
total emissions [72].

Concerning biofuel versus fossil fuel, biodiesel presents virtually no difference in well-to-wheel
emissions than diesel due to the high emissions in the production process. Although some studies
that analyzed biodiesel from seed oil [73,74] and biodiesel from waste sources [75,76] found that
the biodiesel combustion process emits more CO2 than diesel, biogenic CO2, carbon dioxide that
originates from biologically based materials other than fossil fuels, has a net CO2 emission of zero.
However, the production process of biodiesel based on transesterification emits considerably more
GHG emissions than mineral diesel production [63]. To consider other production processes and
feedstock, the sensitivity analysis in Section 4.3 considers the minimum value of CO2e emission factor
to be zero.

4.2. Local Air Pollutants

4.2.1. Carbon Monoxide (CO)

CO emission is a result of combustion processes that occur under non-optimal conditions, in which
there is incomplete combustion. Most emissions in urban areas come from motor vehicles. This gas
has high blood hemoglobin affinity, which interferes and reduces the brain, heart, and body oxygen
access during the breathing process. This can cause fatigue, chest pain, asphyxia, and death [77].

Except for hybrid vehicles, which correspond to an 18% reduction in 2050, the other internal
combustion options have considerable negative impacts on CO emissions, ranging from a 76% increase
in the CNG scenario to 1000% in the biodiesel scenario by 2050. Since CO production is caused by
an incomplete combustion process, it was observed that depending on the type of biodiesel, this fuel
has completely different characteristics such as the case of viscosity, density, and oxygen content,
which directly impact the combustion efficiency. As can be observed, there are some studies—Emiroğlu
and Şen [78], Hoekman and Robbins [79], and Qasim et al. [80]—that evaluate the biodiesel addition to
diesel fuel reduces CO emissions due to the higher oxygen content provided by biodiesel. However,
other studies such as the case of Adam et al. [76], showed an increase in CO emissions using biodiesel
and an explanation for that is the higher viscosity and density of biodiesel than diesel, for instance,
contributing to reduce the fuel atomization, damaging the combustion efficiency. In our study, however,
diesel oil emissions factors come from public data of the State of São Paulo, which are lower than
those found for diesel in the article review, which means that the reference of comparison in our
study changes. Nonetheless, as it is the case of GHG, CO emissions have the highest reductions in
electric vehicles, either fuel-cell or battery electric. With a 19% reduction in fuel-cell and 21% reduction
in battery-electric MHDT. Figure 5 shows the resulting percent-change differences in CO emissions
compared to the baseline scenario.
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Figure 5. CO emissions change in percent-change in comparison to the baseline scenario from 2014
to 2050.

4.2.2. Hydrocarbons (HCs)

HC emissions in urban centers come primarily from fuel burning in cars, buses, and trucks,
although industrial and natural processes also emit hydrocarbons. Methane and non-methane
hydrocarbons make up for total hydrocarbons. Its main effect is in the tropospheric ozone formation [77].
Unfortunately, information on HC emissions is scarce and only available for the demand side of the
analysis. The behavior of HC emissions in internal combustion engines depends on many factors,
such as the fuel oxygen content [81], temperature [82], fuel quality [83], and ignition delay [84].
In biodiesel, some studies showed an increase in emissions compared to the diesel fuel due to
the air–fuel mixture [75] and fuel atomization [78]. On the other hand, some studies showed that
biodiesel could reduce HC emissions due to fuel oxygen content [80]. Figure 6 shows the difference in
percent-change of HC emissions compared to the baseline scenario for each MHDT technology.

Figure 6. HC emissions change in percent-change in comparison to the baseline scenario from 2014
to 2050.
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Results show that electric vehicles have the most reduction, since there is no combustion in the
demand phase of the transport system, reaching an 89% reduction in 2050 in both scenarios. LN and
CNG have tremendous impacts mainly for the CH4 share of total hydrocarbons. Vermeulen et al. [85]
state that 85% of the total hydrocarbons emissions is CH4, which is not toxic to human health. Assuming
that the emissions regard only the demand side, the increase of HC emissions due to the use of LNG
and CNG fuel compared to the diesel baseline scenario corroborate the experimental results found in
the studies performed by Grigoratos et al. [86] and Yuan et al. [87], which HC emissions increase with
LNG and CNG use in internal combustion engines.

4.2.3. Nitrogen Oxides (NOx)

NOx emissions are a result of the combustion process and are directly related to high combustion
temperatures [88]. Different factors can contribute to NOx formation, such as residence time [89],
ignition delay [90], and cetane number [91]. In large cities, vehicles are generally the primary source of
this gas emission, and one of the concerns about NOx formation is that this pollutant is a precursor to
other pollutants, as in particulate matter (PM). NO, under the sunlight, action transforms into NO2

and plays an important role in the photochemical oxidants’ formation such as tropospheric ozone [92].
High concentrations of NO2 can lead to an increase in hospital admissions due to breathing and lung
problems. On the other hand, its main impact on the environment is photochemical smog and acid
rain formation [77]. Figure 7 shows the differences in NOx emissions in each scenario in comparison
to the baseline scenario. For once, the reductions from fuel-cell MHDT are not among the highest
reductions. Hybrid vehicles reduce more than fuel-cell electric by 13 percentage points. While hybrid
MHDT decreases 23% of NOx emissions by 2050, hydrogen fuel-cell electric vehicles reduce 10% due
to the imported emissions in the processing of natural gas for hydrogen production.

Figure 7. NOx emissions change in percent-change in comparison to the baseline scenario from 2014
to 2050.

Overall, LNG, CNG, and biodiesel cause increases in emissions, while most reductions occur
in the battery-electric scenario. By 2050, this scenario could reduce total NOx emissions by 30%.
The increase in NOx emissions due to the introduction of LNG, CNG, and biodiesel fuels in the market
occurs due to the higher emissions factor of these fuels compared to the conventional diesel. In the
model, larger values were found for biodiesel, and a reason for this is that biodiesel oxygen content is
higher than diesel, contributing to an increase in the temperature of combustion and, consequently,
NOx emissions [74,78,81].
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4.2.4. Particulate Matter (PM)

PM encompasses an extensive range of solid and liquid pollutants that can be in suspension in
the atmosphere due to their small size. In general, PM diameter is related to its capacity of penetration
in the respiratory tract [93]. The PM emission results from fossil fuel combustion, biomass powerplant
burning, agricultural ammonia, and emissions from construction sites. Several studies [12,94] show
the relationship between PM and health issues such as lung cancer, atherosclerosis, lung inflammation,
and worsening asthma symptoms [77]. Due to its direct impacts on health, PM is the most studied
pollutant in the review, and data availability is considerably higher than other pollutants. Figure 8
shows the resulting difference in PM emissions in each scenario compared to the baseline scenario
until 2050.

Figure 8. PM emissions change in percent-change in comparison to the baseline scenario from 2014
to 2050.

In contrast to other pollutants, natural gas-based fuels also present a viable option to reduce PM,
and reductions are comparable to electric vehicles. Emissions reductions by LNG are four percentage
points higher than fuel-cell electric vehicles, with LNG reducing 30% of emissions by 2050 and fuel-cell
electric MHDT reducing 26%. Hybrid vehicles also present substantial reductions, reaching 30% in
2050. Overall, however, electric vehicles still have a considerable advantage in reducing PM emissions,
reaching 43% in 2050. The only option showing an increase in PM emissions is biodiesel. The lack of
data regarding biodiesel processing and the low number of studies focusing on PM emissions from
biodiesel makes the analysis more challenging for this fuel.

4.3. Sensitivity Analysis

The relative change in each environmental aspect (GHG emissions and local pollutant emissions)
was tested using extreme emission factors in the literature for the demand and transformation sectors.
Figure 9 shows the cumulative probability of a total percent change in 2050, including demand,
transformation, and imported emissions. A secondary x-axis was added to the top of the graph
for aspects with higher variations. PM (biodiesel percent-changes should be read on the top axis),
HC (CNG percent-changes should be read on the top axis), and CO (biodiesel percent-changes should
be read on the top axis) have a secondary axis to help the visualization of results.
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The variation in emission factors confirms that electric MHDTs have the highest probability of
reducing GHG emissions, with battery-electric having a 100% chance of reducing emissions by at
least 40%. In comparison, hydrogen fuel-cell vehicles have a 90% chance of reducing any emissions.
Hybridization of vehicles also presents 90% of reducing some emissions. In this way, electric vehicles
(pure and hybrid) could allow the Brazilian market to reduce emissions considering. In the case of
pure electric vehicles, most emissions are associated with electricity production, which more than
60% is from clean sources such as hydropower. This is still expected to be the case in 2050 since little
changes in the electricity mix in São Paulo are expected until 2050. However, other factors such as
costs, recharging infrastructure, and customer acceptance have to be analyzed for the success of this
alternative vehicle.
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On the other hand, LNG and biodiesel present a similar probability of reducing emissions, with a
40% chance of not reducing emissions. CNG is the option with the lowest chance of reducing emissions,
with a 10% chance of not reducing emissions. Some reasons for that are the low number of papers
found with CNG emission factors during the review process. Additionally, some papers [95,96] analyze
other fuels such as CNG hydrogen enrichment and are not only focused on pure fuel. Furthermore,
the use of CNG can contribute to increasing methane emissions, which has high global warming
potential. Moreover, many emission factors used as the basis for this work were found from testing
vehicles considering different drive cycles, which will impact results [97].

NOx emissions are also most probably reduced by battery-electric, fuel-cell electric, and hybrid
vehicles, with a 100% chance of reducing emissions. The other internal combustion options have the
lowest chance of reducing NOx emissions, with LNG and CNG having less than 10% chance of reducing
emissions and biodiesel having a 100% chance of increasing emissions in 2050. As previously mentioned,
biodiesel as a pure fuel can increase exhaust emissions due to the higher temperature combustion.

The other pollutants present an extensive uncertainty, especially regarding CNG and biodiesel.
While biodiesel has a 0% chance of reducing any emissions of PM and CO and a 5% chance of reducing
HC, CNG has a 100% chance of reducing at least 15% of PM and 0% chance of reducing any CO and
HC emissions.

On the other hand, battery-electric, fuel-cell electric, and hybrid vehicles would reduce PM CO
and HC emissions with a 100% chance. LNG presents as an option to reduce PM emissions, with a
100% chance of reduction in 2050, but for the other pollutants (CO and HC), there is no chance of
reduction based on the available data in the literature.

4.4. Cost Analysis

From a sustainability perspective, economic feasibility is still one factor contributing to a final
decision. Although fuel economy, fuel price, and operation and maintenance costs affect the viability of
a technological change, the actual price of the vehicle is of significant importance for the investor [98,99].
From the literature review performed, a wide variety of purchase prices were found for each vehicle
type. Figure 10 shows the cumulative probability of the absolute difference between diesel MHDT and
alternative technologies. Values higher than 0 show that alternative technology is cheaper than their
diesel counterpart, while values lower than 0 show that diesel vehicles are cheaper than the alternative.
Based on the values found in the literature and presented in Table 4, Figure 10 presents the resulting
probability curve based on a Monte-Carlo analysis from 10,000 random calculations.

Figure 10. Cumulative probability of the absolute cost difference (in R$ of 2014) between diesel and
alternative MHDT. (Higher than zero = alternative vehicle is cheaper than diesel).
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The results show that the most environmentally friendly options, which are the electricity-based
vehicles, namely hydrogen fuel-cell and battery electric MHDT, are at the same time the most
expensive. While there is a 100% chance of fuel-cell and battery electric vehicles to be R$ 200,000 more
expensive than diesel vehicles, LNG, hybrid, and biodiesel options still present around 25% chance
of being cheaper. CNG, on the other hand, is presented by the literature as a more expensive option,
in comparison to the other internal combustion MHDT.

5. Discussion

The use of diesel oil in the freight transport in the São Paulo State, and the country as a whole,
has been the status quo since the 1930s when diesel production effectively began in the country [100].
With the establishment of the automobile industry in Brazil in the 1960s, roads and trucks for freight
transport became the norm, and any previous efforts in expanding the use of railroads and trains were
decimated [101]. Besides, as a developing country from the south, the use of freight transport meant
not only new jobs and the creation of a new production chain based on automobile sales but also a way
to develop the transport sector based on a mode with lower capital and maintenance costs, compared
to railroads and trains [101].

With the 1970s oil crisis and the PROALCOOL program [102], attempts were made to try to insert
ethanol in the freight transport sector, but this was limited to small amounts, and by the end of the
1980s, diesel was the sole fuel for freight in the country [102]. Since the 1990s, therefore, the use of
diesel in the country has continuously increased at an average rate of 3% [103]. In 2016, changes in fuel
policy created a scenario in which made more economic sense to sell crude oil and import diesel oil
than to process its crude oil. This made Brazil a net oil exporter and a net diesel importer, increasing
each year ever since [103]. São Paulo State, which has the highest share of oil processing, is also
the highest in diesel consumption. With a lack of oil refineries projects in the São Paulo State (or in
the country for that matter), any increase in diesel demand will most definitely be met by imports.
Therefore, when it comes to emissions, either GHG or local pollutants, changes in consumption within
the State will cause changes, not in the local transformation sectors (represented by four oil refineries
and two NGPU), but in the transformation sectors of diesel exporters.

As far as alternative fuels go, there is no evidence that the importer role São Paulo state is taking
at the moment will change if any other fuel is chosen to power the transport sector. Although some
public policies aim to increase the production of other fuels such as biodiesel through the RenovaBio
policy [104], its use is still a complement, not as a drop-in substitute to fossil diesel. With little plans
from State and national energy strategies to break the hegemony of diesel (and its counterpart biodiesel),
if alternative fuel vehicles become a reality in the State, a supply problem will arise from the lack of
infrastructure to supply such fuel. This problem requires long-term severe strategies and policies to
avoid higher energy dependency, as already happens with diesel. Security of energy supply decreases
vulnerability [105], has a direct effect on the balance of payments [106], especially in places where
energy plays a significant role in trade balances, and, in some cases, on the government’s budget [107].

Furthermore, the cost of energy is an essential factor in that rate of inflation, and finally, energy
security affects the competitiveness of a country [106]. Moreover, the costs of energy are a critical factor
in the rate of inflation and the international competitive position of a country’s economy. Furthermore,
not only policies towards the reduction of GHG and pollutant emissions in the transport sector itself
are necessary (such as the Rota30 program [108]), but the proper investment in energy infrastructure
that supports drastic changes in emissions.

The question arises then if the best options regarding GHG and local pollutant emissions, which are
the battery and hydrogen fuel-cell electric options, will ever be a possibility for developing regions like
São Paulo or Brazil. Even though other authors point out that electric trucks could cause an increase of
emissions in several places in the world [109,110], and that it is still necessary to evaluate peak power
demand to understand the operational aspects of transport electrification, electric trucks in Brazil have
the most radical reductions in GHG. However, being the most expensive options, there is a small
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chance that the government or even the private sector will be willing to pay the price, based solely
on environmental reasons. The way to go in the country has been to continue to depend on diesel,
and most recently, the discussion on natural gas use in the transport sector has gained some momentum
due to the high production of this fuel in the country after the pre-salt layer discovery [111]. Cheaper
than other alternative options, natural gas might create some room in the market corroborated by its
lower PM emissions, even though other pollutants, or GHG emissions, do not have the same outcome.

6. Conclusions

Machado et al. [9] point out that there is a lack of comprehensive analyses of the road transport
sector from a global south perspective, with most of the focus being on high-income countries.
The development of the analysis, per se, showed to be a challenge due to the lack of public, local,
and empirical data, such as measured emissions by diesel and alternative trucks, oil refineries,
power plants, and natural gas processing units. For this reason, a sensitivity analysis was necessary to
show the variability in data and the different outcome provided by the model when using different
premises. The lack of data shows that future research on this topic should focus on testing and
simulating the alternative options within Brazilian reality, which is peculiar in terms of road conditions
and the country’s size, mainly in terms of autonomy and costs; including public health expenditures and
operation and maintenance costs, to provide a more accurate result to electric trucks’ actual viability.

Nonetheless, the results showed that São Paulo State and Brazil could have tremendous
environmental gains from substituting internal combustion trucks to electric options such as battery
and fuel-cell electric to maintain its renewability in electricity generation or develop an infrastructure
capable of supplying hydrogen. However, as the most expensive options, there are still considerable
barriers to their deployment. If legislation prohibiting using fossil fuels in freight is eventually
approved, financial incentives will be necessary for electric vehicles and renewable energy; otherwise,
São Paulo will not accomplish the expected environmental benefits.
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Appendix A

Table A1. Life cycle profiles of emission degradation and survival rates of MHDT.

Years EmDeg
CO (%)

EmDeg
HC (%)

EmDeg
CH4 (%)

EmDeg
Nox (%)

EmDeg
MP (%)

EmDeg
N2O (%)

EmDeg
CO2 (%)

Surv
MHDT

0 100 100 100 100 100 100 100 100

1 100 100 100 100 100 100 100 97

2 109 102 100 104 92 100 96.61 94.80

3 532 731 100 313 574 100 108.65 92.10

4 489 820 100 319 572 100 108.65 89.50

5 561 662 100 321 593 100 108.65 86.80

6 563 752 100 319 636 100 108.65 84.10

7 667 1415 100 337 834 100 108.65 81.40

8 667 1415 100 337 834 100 108.65 78.70



Energies 2020, 13, 5433 20 of 26

Table A1. Cont.

Years EmDeg
CO (%)

EmDeg
HC (%)

EmDeg
CH4 (%)

EmDeg
Nox (%)

EmDeg
MP (%)

EmDeg
N2O (%)

EmDeg
CO2 (%)

Surv
MHDT

9 567 1361 100 384 773 100 108.65 75.90

10 595 1802 100 458 969 100 108.65 73.10

11 1092 3233 100 469 2473 100 108.65 70.30

12 1215 3944 100 742 4973 100 108.65 67.50

13 1215 3944 100 742 4973 100 108.65 64.60

14 1215 3944 100 742 4973 100 108.65 61.80

15 1215 3944 100 742 4973 100 108.65 58.90

16 1215 3944 100 742 4973 100 108.65 56.10

17 1215 3944 100 742 4973 100 108.65 53.20

18 1215 3944 100 742 4973 100 108.65 50.40

19 1215 3944 100 742 4973 100 108.65 47.70

20 1215 3944 100 742 4973 100 108.65 45.00

21 1215 3944 100 742 4973 100 108.65 42.30

22 1215 3944 100 742 4973 100 108.65 39.70

23 1215 3944 100 742 4973 100 108.65 37.20

24 1215 3944 100 742 4973 100 108.65 34.80

25 1215 3944 100 742 4973 100 108.65 32.50

26 1215 3944 100 742 4973 100 108.65 30.20

27 1215 3944 100 742 4973 100 108.65 28.10

28 1215 3944 100 742 4973 100 108.65 26.10

29 1215 3944 100 742 4973 100 108.65 24.10

30 1215 3944 100 742 4973 100 108.65 22.30

31 1215 3944 100 742 4973 100 108.65 20.60

32 1215 3944 100 742 4973 100 108.65 19.00

33 1215 3944 100 742 4973 100 108.65 17.50

34 1215 3944 100 742 4973 100 108.65 16.00

35 1215 3944 100 742 4973 100 108.65 14.90

36 1215 3944 100 742 4973 100 108.65 13.70

37 1215 3944 100 742 4973 100 108.65 12.60

38 1215 3944 100 742 4973 100 108.65 11.60

39 1215 3944 100 742 4973 100 108.65 10.70

40 1215 3944 100 742 4973 100 108.65 9.90

41 1215 3944 100 742 4973 100 108.65 9.10

42 1215 3944 100 742 4973 100 108.65 8.40

43 1215 3944 100 742 4973 100 108.65 7.80

44 1215 3944 100 742 4973 100 108.65 7.20

45 1215 3944 100 742 4973 100 108.65 6.60

46 1215 3944 100 742 4973 100 108.65 6.10

47 1215 3944 100 742 4973 100 108.65 5.60

48 1215 3944 100 742 4973 100 108.65 5.20
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Table A1. Cont.

Years EmDeg
CO (%)

EmDeg
HC (%)

EmDeg
CH4 (%)

EmDeg
Nox (%)

EmDeg
MP (%)

EmDeg
N2O (%)

EmDeg
CO2 (%)

Surv
MHDT

49 1215 3944 100 742 4973 100 108.65 4.80

50 1215 3944 100 742 4973 100 108.65 4.40

51 1215 3944 100 742 4973 100 108.65 4.10

52 1215 3944 100 742 4973 100 108.65 3.70

53 1215 3944 100 742 4973 100 108.65 3.40

54 1215 3944 100 742 4973 100 108.65 3.20

55 1215 3944 100 742 4973 100 108.65 2.90

56 1215 3944 100 742 4973 100 108.65 2.60

57 1215 3944 100 742 4973 100 108.65 2.40

58 1215 3944 100 742 4973 100 108.65 2.10

59 1215 3944 100 742 4973 100 108.65 1.90
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