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Abstract: Urban activities, such as transportation, are responsible for a large portion of energy-
related CO, emissions. As the need for sustainable urban development increases, decision-makers
embrace Life Cycle Assessment (LCA) as a reliable tool capable of generating scientifically based
information on environmental impacts. However, there is still a lack of an analysis standard regarding
the particularities of urban systems. Therefore, this research aims to define current and future
environmental profiles, considering a case study of the public transport system in Porto Alegre,
considering specificities of the urban context and different public policy scenarios through LCA.
These results show that, although the transportation system management relies on the municipalities,
the higher significance of environmental impacts depend on a national policy for using biodiesel in
the diesel sold, which could lead to an increase of, for example, up to 9.4% of CO, emissions from
2017 (baseline) to 2030. Finally, it is perceivable that to conduct a LCA to support decision-making in
public urban services, a detailed approach is needed considering that technological variables interact
with the territorial context and policy changes.

Keywords: life cycle assessment; sustainable urban development; urban mobility; environmental-
friendly transportation policies; infrastructures

1. Introduction

Cities are responsible for about 71-76% of energy-related CO; emissions [1]. Through
global campaigns and local actions, city planners are moving toward mitigation plans. Due
to their large share of emissions from energy consumption in urban activities, strategies
often target passenger transportation systems that in addition to requirements for rapidity,
efficiency, flexibility, and safe transport, are now taking into account environmental aspects
as a distinguishing factor [2].

These new trends demonstrate the current reality of the transport sector, which is still
responsible for a huge proportion of the gas emissions studied; in Brazil 38% of emissions
came from this sector in 2019 [3]. However, there is a limited number of systematic
assessments or actual implementation in sustainable forward transport policies, to the
extent in which emission reduction targets are being achieved, or emissions reduced [1].

In this unfavorable scenario, Life Cycle Assessment (LCA) has already been proven
to be a successful tool to support decision-making in an urban context. A previous lit-
erature review of over 70 scientific papers provided by Hackenhaar [4] shows the dif-
ferentiation of the scope of LCA applications for urban spaces between urban system
analysis—including energy, land use and mobility, among others—and global produc-
tion/consumption analysis—including all cities” systems [5-7]. Although the current
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literature shows that there is still no consensus on the particularities of LCA for urban
strategies and policies, there were important advancements in the field. The investigation
focuses mainly on the discrimination of the multi-functionality of a system’s projects to
be taken into consideration during scope definition in LCA [6,8], as well as the allocation
of impact due to the territorial context and geographical boundaries [6,9], including all
socio-economic and cultural characteristics embedded in this technosphere. Thus, the
central difference of Territorial LCA (TLCA, as defined by [7] to the ‘conventional” LCA
(the one defined in ISO 14,040 [10] would then be the careful definition of the objective
and scope of the study by context delimitation, which would induce the consideration of
multi-scale interactions between policy makers, infrastructure designers and operators, as
well as users of urban places [6].

To the best of our knowledge, few passenger transportation LCA studies explicitly
encompass this particularity of scope in its entirety. However, in recent years, LCA practi-
tioners have begun to develop studies that border such specificities, especially considering
geographical contexts to assess the impacts of passenger transportation systems more
precisely. To support policy making, LCA studies have been developed on an urban and
regional scale regarding the extension of rail lines [11], the comparison of personal vehicle
and public transit use [12], the comparison of modal shares [12], an integrated analysis of
transportation and land use [13], and a case study of evaluating taxis concerning zone and
system changes [14], and a broad multi-scale analysis that includes the indirect (embodied)
emissions in a city transportation system [15]. However, there is still a perceivable lack of
studies on urban LCAs, including transportation research, from Latin America and Brazil,
published in international journals. This gap implies that a broad range of socio-economic,
cultural, and technological contexts are left aside in the literature. In most of these territo-
ries, restrictions of local investments in more expensive urban mobility infrastructure, such
as metro and trains, and the low expectation of return on investment limit improvements
of the service’s environmental performance.

Thus, the main objective of this research is to investigate the current and future envi-
ronmental profile of the Porto Alegre public bus transportation system in Brazil, regarding
different public policy scenarios that affect the system and specificities of the city’s con-
text through TLCA recommendations. By contextualization, public bus transportation is
chosen due to its social importance and greater susceptibility to municipal regulations.
This paper advances the discussion on the particularities of the limiting variables of the
system, taking into consideration TLCA in a time-based prospective approach to evaluate
future emissions and impacts of different policies, assuming potential changes of using
this transportation system.

2. Materials and Methods

The developed case study is based on the LCA technique according to ISO 14040,
considering the methodological specifications provided by Loiseau et al. [7] regarding
TLCA-type A. In TLCA-A, the objective and scope can be defined according to the consis-
tent analysis of the territory’s history supported by local databases and geographical data.
The results of the analysis are a list of key system items and characteristics (e.g., stakehold-
ers, stocks, networks, and environmental variables), quantified and georeferenced.

Following this perspective, the territory contextualization was used to define the
key parameters of the LCA analysis. The following subsections describe the LCA choices
based on that. The information collected helps to meet the objective and scope phases,
and consequently the LCI and LCIA, including the system frontiers, scenarios, and the
definition of impact indicators.

2.1. Territory Context

Porto Alegre is a metropolis located in southern Brazil that has a population of
over 1.41 million people in an area of 496.83 km?2. It is the tenth most populous city in
Brazil. Regarding infrastructure, only 69.4% of public roads are urbanized [16]. Due
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to its size and population, according to local regulations [17], the city must have a City
Development Plan (DP), as well as an urban Mobility Plan (MP). New versions of both
DP and MP considering the transformations of the city’s socioeconomic dimensions are
expected to be published by 2021. According to the municipality, the next version of
the DP will include all the Sustainable Development Goals (SDGs), extending the main
structure and principles of the current plan to encompass sustainability. Within the thematic
“Mobility and accessibility”, the inclusion of SDG number 3 (Good health and well-being),
11 (Sustainable cities and communities) and 13 (Climate Action) stand out [18]. The
diagnosis, published prior to the mobility plan (MP), uses a method developed by WRI
Brazil as a reference, based on the diagnosis of the current reality of transport and a
prognosis for future scenarios [19,20].

According to reports, the current daily modes of transportation in the city are bicycle,
bus, minibus, and ferryboat, as well as individual transport (including family cars, taxis,
and ride-hailing apps) and cargo transportation, all connected by walking mode [20].
According to the same study, public bus and minibus transportation are the most used
for commuting (40% of trips), followed by individual transportation (approximately 36%).
However, it is important to note that the results represent trends for 2003 (the latest research
on behavior mobility found by WRI) and may not properly assess the present trends given
the increase in the car fleet and the offer of transport service per mobile app.

2.2. Objective and Scope

Based on the value and need for the public transportation system in Porto Alegre, this
LCA aims to generate emission indicators by diagnosing potential impacts of the current
collective bus transportation system operation, and the projection of environmental impact
variation according to public policies addressed related to system variables. Within this
system, the main stakeholders are the transport users, the public and private companies
licensed to provide the public transport service, and the Public Transport and Circulation
Company (PTCC), which all interact in the system as demand, supply, and control, respec-
tively. The main variables related to supply and demand and the system operation—which
together give rise to economic relations between costs, profits, and tariffs—are the number
of passengers carried, distances travelled, and vehicle energy efficiency.

Considering the vehicle’s life cycle, the use phase releases the highest amount of
emissions to the environment/air, especially due to combustion engines and the vehicle’s
long service life [12,21]. Given these claims, the reduction of emissions and impacts from
public transport can follow changes in three variables and some key parameters for the use
phase: fuel consumed, vehicle characteristics, and operational routine. According to the
variables presented, two decision-making levels were identified by the agents involved:
national and municipal, as shown in Figure 1.

2.2.1. System Boundaries and Period of Study

For this research, the use and operation of the transportation service are considered.
The production and maintenance processes of buses and civil infrastructure were not
analyzed, as these processes do not have high participation in the impacts during the bus
lifespan (up to a maximum of 14 years) [22]. Moreover, in the absence of locally collected
data, the inclusion of capital goods may increase outcome uncertainties [23]. Impacts
related to fuel for the use phase include production, transportation, and consumption/use
impacts (combustion during operation).

The inventory time limit considers aggregated data for 2017, and the study period
is from 2017 (the latest data gathered by this research) to 2030. The use of these units is
consistent with the indicators suggested by the SDG committee and ISO 37120. The end of
the period coincides with the SDG deadline to meet the fortnightly targets and the schedule
for the next revisions of the city’s DP and the MP.
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Figure 1. Life cycle phases with the respective variables susceptible to changes by public policies for mitigation purposes.
Based on Garcia et al. (2015).

2.2.2. Functional Unit

In this study, a common unit is used as a reference to consider a joint projection of
changes in scenarios. The common unit considered is the time function, which is one
year of transportation services. The study initially represents the yearly total emissions
of the system following the purpose to generate indicators that are consistent with those
suggested by the SDG commission and the ISO 37120 standard [24,25].

However, for purposes of enabling decision-making by comparing scenarios at the
municipal policy level, this indicator is not favorable, as it disregards variables on the
distribution and volume of service according to demand [20]. Thus, the most appropriate
indicator to support decision-making at this level is the one that communicates the impacts
related to variables sensitive to interventions. Therefore, the common unit considered
is the kilometers traveled, considering annual changes in vehicle efficiency values and
fuel composition. This correlates with Nordelof and colleagues’ study [26] where is stated
that the Functional Unit (FU) of complete LCAs is defined as a vehicle life cycle, which is
specified by the total number of km driven.

2.3. Inventory
2.3.1. System Boundaries and Period of Study

Fuel consumption, distances travelled, and vehicle efficiency and substitution material
—primary data—were provided by demand from the PTCC and Public Transportation
Association regarding the year 2017. System’s characteristics for analysis and the historical
data were retrieved from an interview with the PTCC in 2018 (see Supplementary Material
for the report of the interview).

The available data from 2017 was applied to the diagnosis of the current impacts
generated by the system. The assumptions intrinsically related to the system boundary
are described as follows. For the projection of future scenarios, existing public policies
and potential changes on the operational variables were considered to create a prospective
analysis from 2018-2030. Accordingly, some inventory changes were assumed over time,
taking into account projections of changes throughout the years until 2030.
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Moreover, mechanical requirement regulations for the purchase of new vehicles in the
city have historically been revised following the European heavy-duty engine regulatory
updates. New buses must have Euro V engines, which have more efficient combustion with
lower emission factors of particulate matter. However, older vehicles with Euro II, IIT and
IV engines, with lower efficiency rates, are still running due to the service lifespan (reported
to have a maximum value of 14 years). Despite such advancements in engine transition,
it is worth noting that as buses are replaced, efficiency generally decreases. This occurs
mainly as all new vehicles purchased are required to use air conditioning and the presence
of automatic transmission is also recommended. Both of these characteristics decrease
the vehicle’s overall efficiency. Furthermore, according to the city’s Public Transportation
Association, all buses currently run on diesel S10 (10 ppm); nonetheless, the gradual
substitution from pure diesel to a higher percentage of biodiesel in the mix also decreases
efficiency, as demonstrated in Table 1.

Table 1. The scenarios change over time according to the variables proposed in this paper.

Variable Fuel (Diesel S10, Biodiesel BXX) Efficiency System (I/km) Vehicles Replaced
Year * sB15 sB20 sB30 sB15 sB20 sB30 (No.)
2017 # B9 B9 B9 476 x 1071 476 x 107! 476 x 1071 0
2018 B10 B10 B10 477 x 1071 4.77 x 1071 477 x 1071 0
2019 B11 B11 B11 481 x 101 481 x 1071 481 x 1071 116
2020 B12 B12 B12 4.86 x 1071 486 x 107! 4.86 x 1071 152
2021 B13 B13 B13 492 x 101 492 x 107! 492 x 1071 160
2022 B14 Bl4 B14 495 x 1071 495 x 107! 495 x 1071 145
2023 B15 B15 B15 499 x 101 499 x 101 499 x 101 137
2024 B15 B16 B17 502 x 1071 5.03 x 1071 503 x 1071 162
2025 B15 B17 B19 5.04 x 1071 5.05 x 1071 5.05 x 1071 101
2026 B15 B18 B21 5.05 x 101 5.06 x 1071 506 x 1071 16
2027 B15 B19 B23 5.05 x 1071 5.06 x 1071 5.07 x 101 0
2028 B15 B20 B25 5.05 x 101 5.06 x 1071 5.07 x 101 0
2029 B15 B20 B27 507 x 1071 5.08 x 101 510 x 1071 84
2030 B15 B20 B30 5.07 x 1071 5.08 x 1071 5.10 x 1071 0

* sB15 (scenario 1); sB20 (scenario 2); sB30 (scenario 3); s(scenario); B(biodiesel); XX(% OF biodiesel in 2030). ** BXX: fuel compound with
“XX” percentage of diesel replacement with biodiesel by 2030 (e.g., in B10, there was diesel with 10% biodiesel in 2018).

Therefore, diesel composition scenarios were generated over time considering the
national law [27], which states that diesel should have a biodiesel composition of 9% by
2017, 10% by 2018 and 11% by 2019 increasing by 1% yearly until 2023. Based on national
resolutions, which encourage the voluntary use of mixtures B20 and B30 [28], possible
future scenarios include the effect of the gradual substitution of diesel by biodiesel over
time. Thus, three scenarios are considered, including changes in fuel composition already
provided for by law. In a less optimistic first scenario (sB15), only such national resolution is
considered, with no future changes appraised in fuel composition until 2030. Furthermore,
two distinct scenarios are suggested from 2023 onward, the use of B20 is estimated in
scenario 2 (sB20) and B30 in scenario 3 (sB30) by considering a gradual linear shift of use of
this fuel compound with impacts calculated following the options presented in Table 1.

Changes in vehicle efficiency are also expected due to fleet replacement. The available
data [29] classifies the Vehicle Consumption Category according to size and height (Micro,
Light, Heavy, Bus 6 x 2; Special), the engine position (central, front, and rear), the presence
of air conditioning, and the type of gearbox (manual or automatic) (see Supplementary
Material for details of efficiency of categories). In 2017, the fleet had 1651 vehicles, acquired
from 2006 to 2016. That is, from 2019 onwards, there would be a gradual replacement of
the fleet, as the vehicles reach their maximum lifespan.

Hence, each scenario considers the average fuel consumption per kilometer traveled
and the percentage of fleet replacement over the years, not considering the increase and
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reduction of the total fleet volume due to the lack of data for approximation. It also
considers the municipal standard that defines the requirements for purchasing new vehicles,
which states that inclusion to the fleet will only be allowed for new (zero kilometers
travelled) and air-conditioned vehicles. As emerging technologies to be introduced into
the public transport bus market and their respective efficiency are not yet known, no
technological changes were examined. The simulated annual changes according to these
scenarios are detailed in Table 1, as well as the average system efficiency values as a
function of the number of vehicles in each class and their corresponding efficiency in 2017.
To reach such values, both fuel transition and vehicle substitutions were taken into account
for each scenario throughout the years.

The yearly distances travelled were estimated according to data provided from 2017.
Accordingly, the travelled distance for following is treated as stationary, considering that
the timetable and routes would not be altered in the coming years, maintaining the value
of approximately 109.5 million kilometers traveled in 2017. On the other hand, changes
in consumption due to the variation in capacity (number of people transported) were
neglected in this study and this approach is justified because the primary data provided by
PTCC are average data without information on this variation.

2.3.2. Background Data

An impact analysis of diesel and biodiesel production processes, as well as their
combustion, is produced according to inventory data taken from the Ecoinvent database,
version 3.6 [30]. The adaptation of background inventory data is considered satisfactory as
it follows the literature and data available from producers and distributors of products in
the national context when available.

As described in the system boundary, diesel production processes (from extraction to
the final product), biodiesel production, transportation of the composite product to the bus
parking lot, as well as bus use (combustion) are included. Possible emissions from the fuel
blending process are not considered. The emission values for the use process were also
added from the GHG emission factors reported in [31]. Furthermore, the lower calorific
value of biodiesel compared to diesel fuel was taken into account, as biodiesel blends also
present lower calorific values than pure diesel, and therefore, a more significant amount
of fuel is required to produce the same power [32]. The base value chosen for diesel was
36.12 M]J/liter and for biodiesel 34.41 MJ/liter as indicated by [33].

2.4. Life Cycle Impact Assessment

The environmental impact assessment of the system was calculated using the Simapro
v9.1 software, faculty version. The impact categories (ICs) chosen for evaluation are those
relevant to the system studied. Heavy vehicles (buses and trucks) are responsible for a
large fraction of nitrogen oxides and sulfur emissions [34]. The main products generated by
fuel combustion are carbon dioxide (CO,) and water vapour (H,O). Other gases generated
are carbon monoxide (CO), hydrocarbons (HC), nitrous oxides (NOx), sulfur compounds
(SOx), particulate matter (PM), and dioxins, directly or indirectly causing environmental
impacts and consequences on human health [34,35]. In addition to these emissions, some
specific indicators suggested by the UN [36] for the SDGs were measured from the LCA
impact characterization. Thus, three ICs were chosen for analysis in this study: global
warming potential (GWP), human toxicity, (HT) and abiotic depletion (AD) regarding fossil
fuels. The impact categories chosen also correlate with previous studies published on a
similar theme [11].

As there are no impact characterization methods available for the Brazilian context
and its different regions, the literature was consulted (RAICV Report on Recommendations
of Impact Assessment Models for the Brazilian Context). According to the recommendation
of ILCD [37] and RAICV [38], the characterization method chosen was CML 2002 for both
GWP and HT.
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3. Results

The projections for future scenarios were developed from combining the variables
described in Table 1. Scenarios 1 to 3 have possible combinations of fuel changes (sB15:
following national law with stagnation in 2023, sB20: reaching B20 from 2028 onward, sB30:
reaching B30 only on 2030), the distances travelled remain stationary. All scenarios consider
the fleet renovation for new vehicles with air conditioning and automatic gearboxes.
Between 2017 and 2018, all scenarios include changes in fuel but no fleet changes. Once the
fleet begins to be renewed in 2019, the scenarios are also affected by this variable, which
implies a slight increase in impacts and decrease in efficiency over the following years.
From 2019 onwards, the scenarios remain constant in trend, presenting fleet changes except
for 2027, 2028, and 2030, where there are no vehicle substitutions.

Considering the sB15 scenario, the total and percentage impacts of diesel decrease
over the years with the gradual replacement of biodiesel until 2023, when the increase in
percentage of biodiesel in the mix ceases. However, it is important to highlight that the
impact of diesel is the most representative throughout all the years considering that its
percentage contribution in the analysis is quantitatively greater; in GWP it amounts to 79.7%
with approximately 1.41 x 10® kg CO,-eq. in 2030. The impact of biodiesel corresponds
to just over 20.3% with around 3.59 x 107 kg CO,-eq. in the same year. Moreover, for
the HT sB15 scenario, our findings show that by 2017 diesel encompasses 54.7% (about
8.01 x 10° kg 1.4-DB-eq.) and biodiesel almost 45.3% (about 6.64 x 10° kg 1.4-DBeq.) of
impacts. In contrast, regarding the AD sB15 scenario, a clear differentiation can be observed
compared to the previous impact categories analyzed.

Different from GWP and HT, in AD the increase in biodiesel presents a reduction
in impacts. On the other hand, the decrease in vehicle efficiency, and consequently, the
increase in both liters consumed per kilometer, heightens environmental impacts related to
AD, generating two inversely proportional variables, which create nonlinearity perceived
in the graph. For instance, in 2018 there is a reduction of almost 1% in impacts compared
to 2017, considering that there is a substitution from B9 to B10, but no vehicles are replaced.
In comparison, from 2018 to 2019 there is an increase of about 0.2% considering that despite
a transition between B10 to B11, 116 vehicles are substituted. Additionally for the AD
sB15 scenario, it is worth highlighting that even by 2030 Diesel confines 95.9% (about
1.97 x 10° MJ) and biodiesel only 4.1% (about 8.27 X 107 MJ) of impacts.

This significant difference in the contribution of both fuels related to all the impact
categories shown happened mostly due to the fact that in GWP for 1 kg of fuel the variation
between impacts related to diesel and biodiesel is roughly 16%. On the other hand, in HT,
biodiesel presents a 77% higher contribution than diesel. Finally, AD diesel offers a 63%
higher contribution than biodiesel. These differences can be clearly seen in Figure 2.

In the following scenarios, there is a change in the diesel composition that is foreseen
for up to 20 or 30% of biodiesel beginning in 2023. From there on, the impacts tend to
increase or slightly decrease depending on the impact category observed. Regarding the
sB20 scenario, for both GWP and HT, diesel and biodiesel reached their lowest impact in the
base year of 2017. In contrast, considering AD, the lowest total impact found was in 2028, a
year in which there is no replacement of vehicles and use of B20. Furthermore, sB20 shows
that the GWP impact increases from 1.61 x 108 kg CO,-eq. in 2017 to about 1.81 x 10% kg
COsy-eq. in 2030, in which biodiesel encompasses 26.5% of the GWP impact. According
to the GWP, HT increases its total emissions over the years from almost 1.47 x 107 kg
1.4-DB-eq. in 2017 to more than 2.34 x 107 kg 1.4-DB-eq. in 2030 in the sB20 scenario. As
happened in GWP, the total and the percentage impacts increased over the years, but it is
evident that the same happened in HT much more significantly. Whereas in GWP, the total
impact increased by 11.9% in HT and there was a 59.4% increase between 2017 and 2030 as
seen in Figure 3.
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Once again contrasting GWP and HT, in AD the increase of biodiesel presents a
reduction in impacts, and from 2017 to 2030 there is a reduction of almost 2.5% of impacts.
However, in 2028, the year in which there is no replacement of vehicles and B20 as fuel
is the year with the lowest impact value, 1.97 x 10° MJ, 2.9% less than 2017. This result
makes it clear not only the importance of substituting the energy source in contributing to
environmental impacts, but also the vehicular efficiency itself.

It is also worth noting that from 2023 onwards, the most significantly modified
scenario within these sets is the one with the most fuel change (sB30) as seen in Figure 4.
Differentiation among scenarios is best described in the HT graphs due to its greater
sensitivity to fuel changes. This difference between the chosen scenarios is more easily
noticed in situations where the fuel used until 2030 changes to B30 as the magnitude of the
impacts generated by the fuel with the highest biodiesel content, B30, is greater than B20 or
B10 when compared.
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Figure 4. Global warming potential (GWP), Human Toxicity (HT) and Abiotic Depletion (AD) impact categories (in

percentage kg/km) considering the second scenario Sb30.

Similarly, in scenario sB30, the highest GWP impact values are at the end of the period
(2030) showing an increase in biodiesel at its highest in the mix. Between the base scenario
in 2017 and the scenario that considers fuel, vehicles substitutions, and efficiency changes,
there is an emission difference of 2.89 x 107 kg CO,-eq. by 2030. This difference represents
an increase of 17.9% in GWP emissions from 2017 and 2030. As in the previous scenario,
the impacts of HT in sB30, both the total and percentage impacts, increase over the years,
from 1.47 x 107 kg 1.4-DB-eq. in 2017 to 3.06 x 107 kg 1.4-DB-eq. in 2030 with an increase
of approximately 109.0% between 2017 and 2030. Regarding AD from 2017 to 2030 there is
a reduction of approximately 10.4% of impacts. In this case, 2030 is the year with the least
accounted for impact, about 1.82 x 10° MJ. In comparison, 2017 and 2021 are the years in
which we identified the highest impact values, both at 2.03 x 10° M], even considering that
in 2017 there were no changes in the fleet and the use of B9 in the mix. In 2021, 160 vehicles
were replaced. Thus, considering AD, the low percentage of biodiesel adhered to the
mixture and a large number of replacements negatively influence the final results. The
results demonstrate the potential of renewable fuels related to the reduction of abiotic
depletion, which is an obvious conclusion considering the replacement of diesel, a fossil
fuel, in the scenarios by such a renewable source.

For the GWP and HT impacts evaluated in this study, emission values are more likely
to increase in the coming years. AD instead tends to decrease, especially considering
the higher percentages of biodiesel considered in scenario 3 (Sb30) as shown in Figure 4.
Moreover, for all impact categories, in addition to the increase in emission volumes (GWP
and HT) or the decrease (AD), a division into three result sets is observed. For the GWP
and HT impacts evaluated in this study, emission values are more likely to increase in the
coming years. AD instead tends to decrease, especially considering the higher percentages
of biodiesel considered in scenario 3 (Sb30). For all impact categories, in addition to the
increase in emission volumes (GWP and HT) or the decrease (AD), a division into three
result sets is observed. In this case, the sets are mainly related to the combination of fleet
changes, kilometers travelled, and a linkage to the amount of fuel consumed per year
during the study period. Moreover, there are expressive variations between the impacts
of replacing diesel with biodiesel for the categories examined. For both HT and GWP, the
worst scenarios in terms of emissions are those that consider the highest use of biodiesel
in diesel, as emission levels tend to rise with replacement levels according to the energy
equivalences. Thus, the highest impact values were identified in Sb30 (in 2030, more
specifically). In contrast, the lowest values in AD are also in Sb30 in the same year (also
in 2030). Finally, it is worth highlighting that from 2017 to 2023 all scenarios align as both
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biodiesel levels and fleet efficiency are considered the same, mainly due to national policies
that establish values between this particular time.

Ultimately, it is also important to mention the specifics of Brazilian biodiesel compared
to both diesel and other producers outside Brazil, with data gathered from the Ecoinvent
database version 3.6 [30]. The production of 1 kg of pure soy bean oil in Brazil generates
4.88 kg CO»-eq. In comparison, diesel production in the country for 1 kg of fuel is approx-
imately 0.44 kg, while biodiesel production in the United States (US) is close to 1.01kg.
Therefore, Brazilian biodiesel production, considering GWP, causes 91% more impacts
compared to the same amount of diesel produced in the country. Additionally, when
compared to biodiesel produced in the US, the difference is also significant as the Brazilian
product generates 80% more impacts during its production stage.

4. Discussion

The results show that the different variables considered in the analysis have differ-
ent importance according to the impact category analyzed. Nonetheless, for all impact
categories and scenarios the highest or lowest level of emissions will be achieved in 2030,
in which all scenarios will be stagnated until 2023. This means that if the only changing
parameters in the system in the near future are the ones already foreseen by law (use of
buses with air conditioning and the use of diesel with 15% biodiesel), there will be an
increase of yearly impacts based on two of the three categories analyzed. In the case of
GWP, although the same scenario represents the highest values of emissions, emissions
in 2030 would still tend to be higher than in 2017 due to the mildly lower environmental
performance of biodiesel regarding this impact.

Although the use of biodiesel in diesel influences the increase in the impacts of GWP, its
effect is substantially more relevant regarding HT as the environmental impacts attributed
to biodiesel compared to diesel were significantly higher compared to this category. The
remarkably high impacts of biodiesel on HT are correlated with previous notions of fuel in
the transport sector and its main deficiency is the increase of NOx in the atmosphere added
to the production of this fuel compared to diesel, however solutions to this problem have
not yet been fully developed [39]. The literature [40] also highlights these drawbacks in
biodiesel use on transportation fuel, considering its correlation on the increase in emissions
of not only nitrogen oxides (NOx), but also PM10, nitrous oxide, as well as nutrients such
as nitrogen and phosphorous; the latter was the main agents for eutrophication.

In general, it can be concluded that the replacement of diesel with biodiesel could
generate a significant reduction to mitigate emissions for the transportation system, given
the high fuel consumption values. However, Nocker et al. [41] emphasize that biodiesel
offers numerous advantages, especially considering greenhouse gas emissions; nonetheless,
this fuel still presents high impacts in relation to public health and the environment, as
perceived in the scenarios evaluated in the HT impact category. In relation to AD, research
suggests [42] that considering the various compounds, such as metal and fossil energy
catalysts, the depletion of these resources is higher when compared to biodiesel whose
compounds are limited to mercury, water and sodium chloride (NaCl) used in sodium
hydroxyde (NaOH) production. Therefore, it should be taken into account that the increase
of biodiesel in the mixture would slightly diminish the impacts related to AD.

Bearing in mind such idiosyncrasies, future national policies should focus on analyzing
the context as a whole through different impact categories before creating policies without
a territorial and profound notion of the specificities of each location. Moreover, in the
event of increased use of B20 and B30 fuels, the impact of land use and water scarcity—not
evaluated in this research—should be considered as an increased demand for biodiesel oil
may in the future alter market dynamics of agricultural products [33,38].

It is also worth noticing that the results demonstrate fuel technology as the one vari-
able that generates greater sensitivity in the results, and the greatest power of decision in
the reduction of impacts, in this case, at a national level. However, urban system impact
analyses usually aim at providing scientific-based information for local actions. Here, the
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operational variables, including mileage and vehicle efficiency and substitution, are high-
lighted for the evaluation of the overall system yearly performance. City transport route
planning, as well as the timetable and number of stops, would be the means to changes
focused on increasing system efficiency. All these variables would then influence the dis-
tances travelled and the volume of fuel consumed, and therefore the environmental impact
of the system. Improving the distribution of routes throughout the MP would lead to an im-
provement in the overall environmental efficiency of the system. Improvements could also
be achieved by the revision of the DP as it assesses and defines population density, predom-
inantly residential, commercial, agricultural and industrial regions. According to the AR5
study [1], infrastructure and urban form are directly related to environmental emissions.

Besides the environmental profile, this research brings important discussion regarding
the use of LCA adapted to territorial analysis that includes urban systems. With data
collected locally and with geographic reference added to population flows of urban mobility,
the proposed model creates a site-specific LCA and a diagnosis of national and local decrees
aggregated to the creation of three prospective scenarios, making the model itself the most
realistic possible. Simultaneously, the lack of data regarding the end of life and production
of vehicles is a limiting factor in the analysis. Furthermore, the superficial suggestions of
adherence to new technologies by stakeholders, such as an introduction to electric vehicle
in the public transportation fleet, were also limiting.

Finally, we highlight three aspects of the method: the use of context in the objective
and scope definition, the impact indicators used, and the presentation of results.

4.1. Context in the Objective and Scope Definition

In an interview with PTCC, different variables were identified that could be changed
by public policies: fuel, fleet efficiency, and operating variables. Likewise, the strategic
levels of each of these policies, national or local/municipal were understood and were
differentiated by the National SDG Commission [25]. Only then were the objective and
scope defined.

Regarding the definition of scenarios, when studying a public transport system,
such as the city of Porto Alegre, the evaluation of specific policies was initially defined
related to the system’s technology, which is complex by itself. In the example studied, the
competitiveness of the collective bus modal concerning other urban modes indicates that
it is likely that the scenarios of replacing the fleet with vehicles with air conditioning, the
increase in kilometres travelled and the decrease in the number of passengers transported
is among the most anticipated projections. However, they depend on the financial capacity
of public agencies to encourage licensed companies to tailor the service to the needs of the
interested public.

Moreover, indicators such as the SDGs [43] and the ISO 37,120 [24] require impacts
demonstrated according to total values, as in the studies by Cano et al. and Garcia et al. [44,45].
In these cases, the final analysis will be through the common unit: one service year. Considering
that in municipal policies the function of the system is essential [7,46], in the case study the
analysis is performed with the normalization of the results of efficiency and operation of the
transport system, allowing to evaluate changes in the following years and ensuring that they
would involve the same ratio of kilometers travelled.

4.2. Impact Indicators

According to the history of urbanization in Brazil (environmental degradation and
lack of sanitation infrastructure) [47], public policies currently do not have practical goals
to achieve urban sustainability and other global objectives. Adopting the SDGs creates
new opportunities for city planning. In this study, two impacts identified among the SDG
indicators were included. They are indicators of CO;-eq. emissions and respiratory diseases.
The case study demonstrates divergence between outcome trends when analyzing different
impact categories. The results show that, while the CO, emissions of the system tend
to increase slightly in the future, the impacts of human toxicity have tended to increase
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substantially over the years. It demonstrates the importance of using a tool with well-
defined and transparent assessment methods and reinforces that different types of impacts
must be evaluated, as not all decisions have the same tendency for all potential impacts.
Researchers [5] raise a point, namely that the methods reviewed by them are not
prepared to make comparative statements between cities or regions due to the lack of
a common functional unit. Although widely used for comparisons in decision making,
applying LCA to compare cities or regions still presents several barriers to transposition.
Indicators such as those proposed by the SDG campaign aim to create a historical statistical
database that can assess the performance of the city itself to inform decision-makers
about the policies implemented. Therefore, the development of regulations for LCA in
cities should not follow the same principles applied to LCA guidelines for products [10]
concerning comparative decision making between complex multifunctional units, that
is, cities or urban systems as the intrinsic characteristics of cities (related to the system
function) add complexity to the communication of the indicators that compare them.

4.3. Presentation of Results

The results of the case study, as well as other LCA surveys in the urban territory,
are designed to inform decision-makers (in this case, the PTCC and service providers)
about the potential variation in system impacts. Above all, one of the most important
points to be discussed is the presentation of the results as these should be reported to
non-LCA specialists.

The case study brings the scenario approach according to [48], that stresses as the
number and variety of possible scenarios for an analysis can be infinite, a possible solution
is to use extreme scenarios, which can help to define other plausible scenarios, or used
when there is insufficient data on changes over time. This “theory” is in accordance
with the one proposed by [49] when they suggest the distribution of scenarios based on
the “scenario trumpet”. The results of the scenarios according to Figures 2-5 explicitly
demonstrate the environmental profile of the system with current data and its trends from
future projections and represent a scale of different potential future results. This method of
evaluating and representing results can provide more accurate information for the creation
and management of combined goals to reduce environmental impacts in public policies.
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Figure 5. Impact projections of the Global Warming Potential (GWP) (in kg CO,eq.), Human Toxicity (Ht) (in kg 1,4-DBeq.),
Abiotic Depletion fossil fuels (M]) for the public transportation in the city of Porto Alegre per year from fleet replacements
and fuel changes among scenarios 1, 2, and 3.

5. Conclusions

The study shows that fuel substitution in both GWP and HT generates an increase in
emissions for the transportation system, where in AD a decrease is noticed. The research
also indicates that a trend between fleet efficiency and travel scenarios is most noticeable in
years that have a higher number of vehicle substitutions. The increase in impacts correlated
to the increment of biodiesel to the mix, especially in HT, in which it is confirmed the
magnitude of impacts generated by heightening the percentage of biodiesel. Additionally,
according to the results of this research, the federal laws on biofuel production are those
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that have greater influence over the public bus transportation and its impacts, yet scrutiny
of other particularities of the system is paramount to identify accurate and appropriate
courses of action in the municipalities. Hence, several strategies to mitigate impacts on
transport must be considered, allowing for a technological evolution that reduces negative
impacts, whether through changes in fuel or fleet electrification.

More than the practical results of the case study, the study showed that when con-
ducting a LCA to support decision-making in urban public services, a detailed approach is
needed, considering that technological variables interact directly with the territorial context
in a complex network in which changes in laws and changing user behaviors interact.
Therefore, the essential aspects of the TLCA modeling for impact assessment were used to
consider all the factors that can actually produce a shift in the current scenario and support
policies geared toward the achievement of the goals for sustainable development.
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