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A B S T R A C T   

Different economies are adopting various strategies to achieve the greenhouse gas reduction targets established 
during the 21st Conference of Parties. Regarding urban transportation, the Brazilian government launched the 
Hydrogen-bus Project (BHP) that, although the pilot project has shown high technological efficacy, is missing 
environmental-related studies from a systemic perspective. This work aims to assess the environmental perfor
mance of an expansion scenario for the BHP, which is small-scale and locally producing hydrogen from water 
electrolysis. The expansion scenario covers the entire São Paulo Metropolitan region (22 million inhabitants), 
modeled from a ‘well to wheel’ boundaries by including hydrogen production and use in 4076 buses, yearly 
traveling 265,000 km. Emergy synthesis (with ‘m’) and life cycle assessment (LCA) are applied to obtain com
plementary environmental indicators. LCA results show that the expansion scenario’s implementation phase 
contributes most to fossil energy depletion (94%), acidification potential (94%), and particulate matter (70%) 
impact categories, while the operational phase reaches 63% of total global warming potential. Compared with 
diesel, electricity, liquefied petroleum gas, and biodiesel energy alternatives, the studied hydrogen scenario 
showed the worst figures for fossil energy depletion (4.61E-06 MJeq./km person) but the best performance for 
global warming (4.35E-06 kgCO2-eq./km person), acidification potential (2.40E-09 kgSO2-eq./km person), and 
particulate matter between 2.5 and 10 μm (8.32E-11 kgPM2.5-10/km person). From an emergy viewpoint, the 
operational phase demands about 96% of the invested emergy in the evaluated scenario, mostly from electricity 
for water electrolysis (51%) and human labor (44%). No emergy contribution for societal development as 
expressed by the emergy yield ratio (EYR of 1.0) is available for the evaluated scenario. Still, compared to 
biodiesel and diesel options, hydrogen has higher renewability (m-%R of 42%), lower environmental loading 
ratio (ELR of 1.4), and slightly higher emergy sustainability (m-ESI of 0.71). Generally, the hydrogen-based 
evaluated scenario proved to be the best option compared to diesel and biodiesel. In addition to discussing al
ternatives energy sources to break the addiction to fossil fuel, this work highlights the importance of considering 
a conceptual model supporting method and indicator choice, as well as providing a consistent, updated, and 
detailed calculation procedure, which will be useful for future similar studies and support scientific-based public 
policies.   

1. Introduction 

Recognizing the importance of fighting against climate change, 
mainly through fossil carbon dioxide (CO2) emissions reduction, several 
economies have taken responsibility during the Conference of Parties 
(COPs 21 and 26) according to their own strategic plans. Specifically in 
the Brazilian case, the federal government established a plan to reduce 

national greenhouse gases (GHG) emissions by up to 37% by 2025 and 
50% by 2030, considering 2005 emissions as a baseline; national carbon 
neutrality was established as a target for 2050 (UN Climate Change, 
2022). The transportation sector in Brazil is an important player in GHG 
reduction (within the energy sector with 32% of all Brazilian GHGs, 
besides agriculture 33%, land use change 22%, industry 7% and waste 
treatment 5%; Brazil, 2019), but despite plentiful natural resources and 
existing alternatives for regional and national transportation of goods, 
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the Brazilian model is almost exclusively dependent on road trans
portation (61%, followed by railroad 21%, waterway 14%, and air 
transport 0.4%), which burns fossil fuel in the engines of transport 
vehicles. 

Taking the European emission standard as a reference, the Brazilian 
government has created the Air Pollution Control Program by Motor 
Vehicles, in short ‘PROCONVE’ (IBAMA, 2011), as a strategy to achieve 
CO2 emissions reduction in the transportation sector. This program 
provides criteria to gradually meet the established emission limits for 
vehicular emissions, according to the 490/2016 resolution of the Bra
zilian National Council for the Environment. The PROCONVE’s phase P8 
establishes maximum limits for heavy vehicles emissions through road 
use (e.g., for the diesel ignition compression engines, the limits are 1500 
mgCO/kWh, 400mgNO/kWh, 10 ppm of NH3, 10 mgMP/kWh), sup
porting the usage of more efficient equipment such as catalytic con
verters, diesel engine particulate filters, and others that aim to eliminate 
contaminants from vehicular exhaust gases including, for example, fuel 
substitution. P8 is similar to the European Euro VI standard, and its 
implementation deadline is January 2023, ten years after its imple
mentation in the United States and Europe. 

Among other alternatives to replace diesel as an energy source in the 
transportation sector (e.g., biodiesel, electricity, and natural gas), 
hydrogen appears to have huge potential because it is abundantly 
available in the natural environment, the converting technologies are 
well known and available in the market, and mainly because it releases – 
at least directly – low amount of polluting gases into the atmosphere 
(Hotza and Costa, 2008). Allied with reduced economic costs, all these 
characteristics make hydrogen a powerful alternative to replace diesel 
(Moura et al., 2020), justifying further studies to obtain a more complete 
and holistic diagnosis of its main advantages and disadvantages 
compared with other energy alternatives. 

Within the transportation sector, the transportation of people in ur
banized city centers is one of the main drivers of total pollutant gases 
generation from internal combustion engines. Urban buses have a stra
tegic role in reducing GHG emissions in urbanized cities, besides 
reducing other pollutants that, in high concentrations, can affect peo
ple’s health. Efficient public transportation must be pursued to avoid all 
the known issues related to traffic jams and air pollution, especially in 
highly concentrated urban centers such as in the metropolitan region of 
São Paulo city (MRSP) with its 21.9 million inhabitants that move 
around all sides on a daily basis. Thus, the Brazilian Hydrogen-bus 
Project (BHP) was launched in 2006 by a consortium of different com
panies, research institutes, and the São Paulo state government, aiming 
to project and replace the diesel-based buses with hydrogen ones in the 
public transportation sector for the entire metropolitan region of São 
Paulo city. Although using hydrogen as a fuel for transportation is a 
well-known technology and has already been applied in different re
gions of the world, such as in France (Cockroft and Owen, 2006), Italy 
(Briguglio et al., 2010), Germany (Burkhardt et al., 2016), in Korea (Lee 
et al., 2017), in European Union and United States of America (Nordelöf 

et al., 2019), and Brazil (Miranda et al., 2017), the Brazilian 
Hydrogen-bus Project goals go beyond the technological issues, 
including a national project considering all related specificities 
regarding Brazilian socio-cultural characteristics (operational capacity, 
people traveling standing, etc.) and climate ones (sudden changes in 
temperature, floods, etc.), and asphalt quality; as well as making Brazil 
independent of external technologies, which is strategically important. 
The project was developed, and tests focused on operational aspects 
were performed with positive results (McConnell, 2009; EMTU, 2014, 
2015; Neves Jr. and Pinto, 2013), however, no environmental study was 
developed to better understand BHP’s potential advantages and disad
vantages from a broader perspective. In principle, using hydrogen 
sounds to be a better environmental strategy than using diesel (Hotza 
and Costa, 2008; Ally, 2015; Iannuzzi et al., 2021) since it does not 
release fossil carbon directly into the atmosphere, on the other hand, a 
larger perspective is needed to obtain a scientific-based conclusion on 
the BHP (Ulgiati, 2001; Ulgiati et al., 2006; Schnitzer and Ulgiati, 2007; 
Agostinho and Siche, 2014), focusing on how the hydrogen is generated, 
from which national energy matrix, and also taking into account the bus 
infrastructure and hydrogen stations regionally distributed that are 
different from the concentrated diesel stations. 

Equally important as appropriately defining the study’s boundaries 
are the methods chosen to quantify the environmental impacts, which 
must be based on clear criteria to avoid inconsistencies in discussions 
and conclusions (Agostinho et al., 2019). At this point, the use of con
ceptual models to justify the methods and indicators chosen is manda
tory to allow for a holistic understanding of the environmental impacts 
caused by urban hydrogen-based bus transport and to allow for more 
consistent comparisons among alternatives to achieve more effective 
public policies. The use of conceptual models is important to episte
mologically support the choice of methods and indicators, avoid 
redundant indicators, and covering the different scales of environmental 
impacts. In this study, the life cycle assessment and emergy accounting 
(with ‘m’) are considered as complementary methods to embrace the 
environmental impacts generated by hydrogen-based bus transport from 
different viewpoints. While life cycle assessment focuses on system’s 
direct and indirect impacts (mainly emissions), the emergy accounting 
considers a larger scale to quantify the effort of nature in providing a 
resource by recognizing different kinds of energy quality (Odum, 1996). 
Together, both methods would allow a deeper and more accurate 
diagnosis of the environmental impacts of urban hydrogen-based bus 
transport, avoiding superficial discussions and misleading conclusions 
(Raugei et al., 2014; Santagata et al., 2020; Lyu et al., 2021). 

This work aims to evaluate the environmental performance of an 
expansion scenario for the Brazilian pilot project on urban buses pow
ered by hydrogen, locally produced by an electrolysis process. Life cycle 
assessment (LCA) and emergy accounting are used to provide indicators 
under a broader perspective of the suggested expansion scenario for 
hydrogen-powered buses, which covers the metropolitan region of São 
Paulo city. Specifically, this work aims to answer the following research 

List of acronyms 

BHP Brazilian hydrogen-bus project 
EMTU Metropolitan urban transport company 
EYR Emergy yield ratio 
F Resources from the economy 
FU Functional unit 
GHG greenhouse gases 
kgCO2-eq Kilograms of carbon dioxide equivalent 
kgPM2.5-10 Kilograms of particulate matter (between 2.5 and 10 μm) 
kgSO2-eq Kilograms of sulfur dioxide equivalent 
LCA Life cycle assessment 

LPG Liquefied petroleum gas 
MJeq Mega Joules of fossil energy equivalent 
MRSP Metropolitan region of São Paulo state 
m-ELR Environmental loading ratio 
m-ESI Emergy sustainability index 
m-%R Renewability 
N Non-renewable resources from nature 
PROCONVE Air pollution control program by motor vehicles 
R Renewable resources from nature 
sej Solar emjoules (measure unit used in emergy synthesis) 
UEV Unit emergy value  

F. Agostinho et al.                                                                                                                                                                                                                              



Journal of Cleaner Production 396 (2023) 136435

3

question: Based on the life cycle assessment and emergy synthesis, can 
hydrogen provide better environmental performance when compared to 
other energy sources for urban bus fleets? This work contributes to (i) 
the discussions regarding better options (from an environmental 
perspective) for energy sources used in urban buses than fossil-based 
ones, (ii) it emphasizes the importance of considering a conceptual 
model epistemologically-based to support the choice of scientific 
methods and indicators for diagnosis purposes, and (iii) it provides a 
consistent and detailed calculation procedure with updated LCA and 
emergy data that can be considered in similar future works for 
comparisons. 

2. Methods 

2.1. Case study: pilot project and expansion scenario description 

The Brazilian hydrogen-bus (BHP) pilot project was implemented in 
São Bernardo city, within the metropolitan urban transport company’s 
(EMTU) facilities. To our knowledge, this is the unique project under 
execution in Brazil as a result of a larger project integrated by experts 
from different fields, including private companies and federal research 
institutions, energy regulators, hydrogen production processes, and 
hydrogen-powered buses engineers. The existing independent 

hydrogen-fuel station was projected and installed to locally produce 
hydrogen from water electrolysis, as described in Fig. 1. The pilot 
project has the capacity to produce 6 kg of H2 per hour and feed four 
municipal buses that can travel 230 km per day each. The water used in 
the electrolysis process comes from municipal pipelines of regular water 
treatment plants, while the electricity comes from the national grid 
generated by about 83% renewable sources (hydropower and biomass). 
Water is firstly demineralized to allow for efficient electrolysis pro
cesses, followed by H2 and O2 separation in the electrolysis step. The 
obtained H2 is purified and stored in cylinders at high pressure (430 
bar). Hydrogen-based buses are fueled by H2 being stored in bus- 
cylinders at 350 bar, further converted into electricity in the fuel cells. 
The electricity generated is converted into mechanical energy to move 
the bus wheels and allow human transportation. The pilot project gen
erates 6 kgH2/hour, and the bus consumption rate is 7.42 km/kgH2. The 
bus loading capacity is 75 passengers (32 seated and 43 traveling 
standing). As direct outputs, oxygen and water are released to atmo
sphere; mineral-loaded resins are generated in low quantities, which are 
directed to appropriate waste management processes according to Bra
zilian laws. 

The expansion scenario considers the replacement of the current 
4076 municipal diesel-based buses traveling in the metropolitan region 
of São Paulo city (MRSP) with hydrogen-based ones. Brazilian govern
ment plans to implement local hydrogen stations (Fig. 1) in the existing 
29 bus-stations that are spread out in the five different MRSP regions 
(with 22 million inhabitants), to allow for more efficient management of 
public transportation. Currently, these 4076 buses travel precisely 264, 
792, 984 km/yr, operating 365 days/yr. 

Excluding the electrolyzers, all other equipment of H2 stations can be 
modeled according to a linear growth from the pilot project. To guar
antee data consistency, the modeling results are compared with Bur
khardt’s et al. (2016) study. The modeling approach was based on a 
hydrogen demand of 35, 747, 053 kgH2/yr to feed 4076 buses. This 
procedure includes pipelines, electrical primary cabins, storage tanks, 
infrastructure, filters, compression units, and other equipment. For the 
electrolyzers, a linear increasing modeling is not consistent because few 
adjustments on the existing equipment will be able to increase its effi
ciency and reach the demanded H2 production rates. 

For this, the work of Burkhardt et al. (2016) is considered as a data 
source in modeling the electrolyzers, which have six stacks of 15 
Nm3H2/hr each - the electrolyzer of the pilot project has four stacks -, 
achieving a capacity of 90 Nm3H2/hr in total (8.1 kgH2/hr). A 22 h/day 
of full operation is assumed for electrolyzers, while the remaining 2 
h/day is available for repair and maintenance. These numbers result in a 
demand for 550 electrolyzers (264, 792, 984 km/yr * 0.135 
kgH2/km/(365 days/yr * 8.1 kgH2/hr * 22 h/day)), distributed into the 
five MRSP regions and its 29 bus-stations according to the H2 volume 
demanded of them. For the inventory phase of the hydrogen-based bus 
structure, the bus considered in the pilot project is the same as for the 
expansion scenario. Data were obtained in situ during fieldwork and 
technical reports (EMTU, 2014).The bus structure contains basically 
carbon steel, aluminum, rubber, and glass, reaching 14,725 kg/bus, 
added to 3456 kg/bus of nine cylinders for H2 storage, two cell fuels of 
880 kg, and three lithium batteries of 621 kg. It is important to 
emphasize that the pilot project and the expansion scenario can be easily 
replicated in other regions from a technological perspective. Special 
attention falls on water quality and electricity since both can affect the 
LCA and emergy results depending on how they are generated. 
Regarding water, its quality will require amendments in the electrolysis 
processes that can be easily overcome. For electricity, in Brazil, it comes 
from hydropower plants that cause lower LCA and emergy load than 
fossil-based ones. 

After obtaining the raw data for the expansion scenario under the 
scale and time (geographical and time boundaries) established for 
analysis, the inventory is obtained by considering a functional unit as 
the reference basis for all calculations regarding impact assessment 

Fig. 1. Schematic representation of the main processes, energy and matter 
flows of the pilot project for hydrogen production and use by urban bus. 
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indicators. The functional unit chosen to represent the evaluated 
transport system is kilometer-person (km person), as also considered by 
Federici et al. (2009). This functional unit can be interpreted as whether 
all 4076 buses depart from bus-stations simultaneously and with a full 
transportation capacity of 75 persons traveling a total of 264, 792, 984 
km during one year. This assumption guarantees that the obtained LCA 
and emergy performance indicators will express the full capacity oper
ation. Calculation details for both hydrogen stations and bus-structure 
are presented in Supplementary Material A, which is based on tempo
ral analysis for one year. The demand for energy and materials for the 
implementation phase is adjusted according to their lifespan. 

2.2. Emergy synthesis and life cycle assessment as complementary tools 

From the large number of available methods (see Gasparatos and 
Scolobig, 2012) that aim to evaluate the environmental performance of 
production systems (among others, ecological footprint - Wackernagel 
and Rees, 1996 -, material flow analysis - Eurostat, 2001 -, and embodied 
energy analysis - Slesser, 1974), the interest in applying emergy ac
counting (Odum, 1996) and life cycle assessment (LCA) has increased in 
the scientific literature. Details about each method are separately pre
sented in the following subsections, however, it is important to 
emphasize that they complement each other according to their different 
scales for assessment (Fig. 2). The provided conceptual model of Fig. 2 is 
important to support a scientifically rooted choice among the existing 
methods that aim to quantify environmental impacts. LCA provides in
dicators or impact categories that focus on local, regional, or global 
scales. They are all related to direct (downstream impacts) and indirect 
(upstream impacts) load on the natural environment caused by the 
human-dominated systems concerning the emissions generated. On the 
other hand, emergy synthesis is a donor-side approach (upstream im
pacts) in quantifying value, recognizing the quality of energy, and 
focusing on global impacts by the effort of nature in providing resources. 

In contrast to other studies that tried to merge both methods to 
generate a third one (Raugei et al., 2014), this work considers them 
according to their own definitions, concepts, and rules. The idea is to 
reach the advantages of each method in evaluating an expansion sce
nario for urban transport systems, providing different perspectives for 
decision-makers toward more environmentally sustainable urban public 
transport. The used complementary approach is important to avoid the 
so-called entropy trap (Ulgiati et al., 2006; Schnitzer and Ulgiati, 2007), 
which may occur when the evaluated system returns good environ
mental performance for LCA indicators while low performance for 
emergy, or vice-versa. Indicators considered for both methods are pre
sented in Fig. 2, showing the complementarity of both methods that 
embrace different scales and interest points of the evaluated system. 

2.2.1. Emergy synthesis 
Emergy is defined as “the available energy of one kind of previously 

used up directly and indirectly to make a service or product” (Odum, 
1996; pg.7). Rooted in theories such as energetics of evolution, 
ecosystem ecology, general systems, and thermodynamics, emergy ac
counting can recognize the ‘quality’ of different kinds of energy due to 
its systemic perspective, which makes it an objective and probably more 
appropriate tool to discuss sustainability under biophysical constraints. 
Its use is exponentially increasing in scientific literature, including ad
vances in theory (Brown et al., 2016; Abel, 2013; Giannetti et al., 2013a, 
2019; Ulgiati and Brown, 2014) and study cases; among others, focusing 
on environmental services (Campbell and Brown, 2012), agricultural 
production (Agostinho et al., 2008), buildings (Giannetti et al., 2018), 
cities (Pulselli et al., 2008; Sevegnani et al., 2017; Huang et al., 2018; 
Agostinho et al., 2021), watershed (Agostinho et al., 2010; Pulselli et al., 
2011), high tech equipment (Di Salvo et al., 2017) and countries 
(Giannetti et al., 2013b). 

Emergy accounting has units of solar emjoules, abbreviated as sej. 
Applying this method in production systems, named emergy synthesis, 
basically consists of three main steps: (a) obtaining the energy diagram; 
(b) elaborating the emergy table; (c) discussing indicators. The energy 
diagram is of paramount importance because it is a conceptual model 
representing the real world by using a standardized set of energy sym
bols as proposed by Odum (1996). For Brown (2004), since no system 
can understand itself, the simplified models containing enough charac
teristics of the original system is a way to self-understanding. The main 
idea is to provide an easier way to visualize the systems functioning, its 
main external drivers of energy source, internal processes, products, and 
by-products. From this model, the analyst is able to recognize what are 
the main energy flows sustaining the system, which can then be 
accounted for in the emergy table. 

The second step, the emergy table, is carried out by obtaining a 
complete inventory of energy, materials, human labor, services, and 
information crossing systems boundaries. Each flow, from the most 
diverse units of measure, are multiplied by its own transformities 
resulting in units of emjoules (sej). Transformity is “the solar emergy 
required to make 1 J of a service or product” (Odum, 1996; pg.10) with 
units in emjoule per Joule, sej/J. From this point herein, the term unit 
emergy values (UEV) will be used when referring to transformity and all 
other emjoule per unit values, including sej/J, sej/kg, sej/USD, sej/hour 
of labor, etc. In this work, the UEVs were obtained from scientific 
literature (Supplementary Material B) and are based on the emergy 
baseline of 12.0 E24 sej/yr (Brown et al., 2016), accounting for labor 
and services. The UEVs express all the hidden embodied energy to make 
available a unit of product or service, starting from solar radiation and 
under a donor-side perspective, representing the energy hierarchy of 

Fig. 2. Conceptual model showing the different scales and extent of the applied methods and their indicators. LCA, life cycle assessment.  
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that product or service in Earth. Converting an initial energy flow into 
emergy is a way to quantitatively express its energy memory or the effort 
invested in it by nature. 

After converting the initial inventory into emergy flows, the third 
step comprehends by categorizing them into renewable resources from 
nature (R), non-renewable resources from nature (N), and resources 
from the economy (F) to allow the emergy indicators calculation as 
presented in Table 1. In this work, the renewability (%R) and environ
mental loading ratio (ELR) indicators are calculated by considering the 
partial renewability of inputs (precisely for water, electricity, and 
human labor) according to the proposition of Tiezzi and Marchettini 
(1999), then assessed by Ortega et al. (2002), used by Agostinho and 
Ortega (2012, 2013) and Agostinho et al. (2008), and recognized as an 
important approach in the emergy method by Ulgiati and Brown (2014). 
The inclusion of partial renewability is an attempt to include the 
renewability of each system input by expanding the boundary of their 
generation and supply process. This approach is particularly appropriate 
when the system uses materials and labor from the local or regional 
economy, which could be renewable or at least partially renewable. The 
assumed partial renewability values for some inputs were based on the 
authors’ experience and from published scientific works (Supplemen
tary Material B). 

2.2.2. Life cycle assessment (LCA) 
Every part of a product’s life cycle, including extraction of materials 

from the environment, the production itself, and the use and disposal 
after a product is no longer used, impacts the environment in many 
ways. This larger perspective window of analysis is one of the main 
characteristics of LCA, allowing a better understanding that nature acts 
as both a resource provider and diluting the concentrated by-products 
released. To achieve reliability and transparency, LCA is a standard
ized methodology by ISO 14040 and 14044, and its use follows four 
main steps, including goal and scope definition, inventory analysis, 
impact assessment and interpretation. Since LCA is not the core of this 
study, only its main definitions, concepts and procedures are considered 
here, including contextualization (defining spatial and temporal 
boundaries, the goal of this study and functional unit as previously 
presented in section 2.1), the consideration of direct and indirect 
emissions in the inventory and impacts assessments, and results inter
pretation from comparative analysis with literature (presented in sec
tion 2.3). As regularly applied, after defining the goal (assess the 
hydrogen-buses expansion scenario), functional unit (km person), 
spatial (well-to-wheel), and temporal boundaries (annual time window), 
an LCA’s inventory for the study case is obtained considering materials 
lifespan when needed. 

Due to the specificities of the evaluated system in this work (urban 
bus), different LCA methods were considered through four indicators or 
impact categories, including embodied fossil energy, global warming 
potential, acidification potential, and particulate matter (Table 2). All 
transformation coefficients are obtained from the Ecoinvent database, as 
detailed in Supplementary Material C. As presented before, the func
tional unit established is kilometer-person (km person), and the 
geographical boundaries (scale of attention) include the H2 station 
(structure and H2 production) and the hydrogen-based bus structure, 
excluding materials disposal after its end-of-life; this approach is usually 
referred to as ‘well to wheel’. This infrastructure includes 29 H2 stations 
and 4076 buses traveling 264, 792, 984 km/yr, operating 365 days/yr. 

2.3. Results analysis 

Results are evaluated from two approaches: (a) Indicator-by- 
indicator discussion through simple comparison with literature con
cerning different options for urban bus transportation, including diesel, 
biodiesel, electricity, and liquefied petroleum gas when appropriate; (b) 
By using a radar diagram including all indicators (from emergy and LCA) 
to allow a general overview of the systems environmental performance. 

Table 1 
Emergy-based indicators used in this work.  

Indicator Acronym and 
algebra 

Description 

Unit emergy value UEV = U/km 
person 

The solar emergy (U) required to 
allow one person be transported 1 km. 
It is considered as a fundamental 
intensive variable in emergy 
accounting, an expression of 
efficiency and supply-side quality of 
the transportation service itself, for 
the higher the UEV, the more emergy 
is required to allow the transportation 
process. 

m-Renewability m-%R = 100(R +
Mr + Sr)/U 

The ratio of renewable emergy to total 
emergy use (U). It ranges from 0 to 
100%, where higher values mean 
better rating. In the long periods, only 
processes with high renewability can 
be sustained (Brown and Ulgiati, 
2004). Partial renewabilities are 
included in the calculation 
procedures, that is the reason of using 
‘m’ prefix. 

Emergy yield ratio EYR = U/(Mn +
Sn + Mr + Sr) 

The ratio of the total emergy (U) 
driving a process to the emergy 
imported (Materials + Services). It is 
a measure of the system’s ability to 
exploit the local natural resources by 
means of an external resource 
investment from the outside 
economic system, and reflects the 
potential contribution of the process 
to the main economy (Brown and 
Ulgiati, 2004). 

m-Environmental 
loading ratio 

m-ELR = (N + Mn 
+ Sn)/(R + Mr +
Sr) 

The ratio of non-renewable and 
imported emergy use to renewable 
emergy use. It indicates the pressure 
on the environment produced by the 
system and can be considered as a 
measure of ecosystem stress (i.e., the 
distance from a system state 
supported exclusively by renewable 
sources). According to Brown and 
Ulgiati (2004), ELR values lower than 
2 indicate low load on local 
environment; values between 2 and 
10 mean moderate pressure; and 
values higher than 10 mean large 
pressure and impact. Partial 
renewabilities are included in the 
calculation procedure. 

m-Emergy 
sustainability 
index 

m-ESI = EYR/m- 
ELR 

The ratio of the emergy yield ratio to 
the environmental loading ratio. It 
measures the potential contribution of 
a resource or process to the economy 
per unit of environmental loading. ESI 
is an aggregated indicator that 
responds to the goal of relying on the 
largest possible amount of local 
resources in a process at the lowest 
possible environmental loading rate ( 
Brown and Ulgiati, 2004). When 
ESI<1, products and processes are not 
sustainable in the long term. Systems 
presenting 1<ESI<5 may have a 
sustainable contribution to the 
economy for medium periods, and 
processes with SI > 5 can be 
considered sustainable in the long 
term (Brown and Ulgiati, 2002). 

Suffixes “n” and “r” mean non-renewable and renewable respectively, referring 
to the renewable and nonrenewable component of material and energy flows. 
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In option (b), the logarithmic values of indicators are represented in a 
radar diagram, but those indicators that originally show ‘the higher the 
worst’ performance are firstly inverted to indicate ‘the higher, the bet
ter’. Precisely, indicators such MJeq., kgCO2eq., kgSO2eq., kgPM2.5-10 
from LCA, and the m-ELR from emergy synthesis are inverted. The 
emergy indicators m-%R, EYR and m-ESI already indicate ‘the higher, 
the better’, thus, they are maintained in their original form. The 
graphical reading shows which option has the best overall performance 
looking at all indicators at once. Under the procedure adopted, a larger 

area in the radar diagram must be interpreted as having the best per
formance because all indicators have the same importance (weight) for a 
decision. 

An important aspect to highlight is the literature considered for 
comparisons. Precisely, the works of Ren et al. (2013) that focused on 
biodiesel, Hill et al. (2015) dealt with bus structure, Liu et al. (2012) that 
studied both diesel and bioethanol, and Carraretto et al. (2004) that 
evaluated diesel as energy source are considered as references for data 
comparison due to their scientific quality (accurate data) and avail
ability, however, all these authors have assessed transportation systems 
in different regions around the world that may influence mostly the 
emergy synthesis results. Aiming to provide a consistent comparative 
analysis, all works used for comparison regarding emergy synthesis are 
updated by using the same UEVs and partial renewabilities (Supple
mentary Material B) as considered for the Brazilian case study. 

3. Results and discussions 

3.1. Emergy synthesis 

As one fundamental step in performing emergy synthesis, Fig. 3 
shows the energy diagram of the studied system from a systemic 
perspective. The larger rectangle represents the system boundaries by 
highlighting all the external energy sources supporting the imple
mentation and operation phases of hydrogen production and use. As this 
system is located rightmost from a hierarchical energy transformation 
network, far away from those most natural systems such as forest and/or 
agriculture, there are no direct natural resources (labeled as R and N in 
emergy synthesis) supporting the system; but they are present in the 
resources from economy through their partial renewability. Atmosphere 
oxygen is identified as an important resource used by fuel cells, but due 
to existing uncertainties about how to account for it and because the 
same amount and kind of oxygen are released to atmosphere during the 
electrolysis process, it was disregarded from the emergy table. Both 
internal existing processes (dark gray rectangles) demand economic 
resources (labeled as F in emergy synthesis), mainly water and elec
tricity for the electrolysis process that also includes resin and electrolyte 
solution, and all equipment and infrastructure represented by stainless 

Table 2 
LCA-based indicators used in this work.  

Indicator name Units/km 
person 

Description 

Embodied fossil 
energy 

MJeq. Embodied fossil energy is the total fossil 
energy required for the extraction, processing, 
manufacturing, and delivery of goods and 
services. The life cycle impact method 
considered is cumulative energy demand, non- 
renewable resources, fossil. 

Global warming 
potential 

kgCO2eq. Climate change can be defined as the change in 
global temperature caused by the greenhouse 
effect that the release of greenhouse gases by 
human activity creates. The CML2001, climate 
change, 20 years, is the life cycle impact 
method considered in this work. 

Acidification 
potential 

kgSO2eq. Acidic gases such as sulfur dioxide react with 
water in the atmosphere to form acid rain, a 
process known as acid deposition. The life 
cycle impact method considered for this 
indicator is acidification potential, CML2001. 

Particulate matter kgPM2.5-10 Particulate Matter is a complex mixture of 
extremely small particles including acids, 
organic chemicals, metals, and soil or dust 
particles. Diverse health problems are linked 
to particle pollution, especially of the 
respiratory tract. In this work, the particulates 
>2.5 μm and <10 μm, urban air close to the 
ground, is considered as the life cycle impact 
method. 

Transformation coefficients are obtained from Ecoinvent database version 3.2 
(2015). Details are presented in Supplementary Material C. 

Fig. 3. Energy diagram of the evaluated hydrogen production and use by urban bus.  
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and carbon steel, aluminum, rubber, and copper. While the H2 produc
tion phase internal process shows how H2 is produced from water 
electrolysis, the urban bus internal process represents the urban bus 
structure and energy conversion from H2 to mechanical energy through 
fuel cells and electric engines. As the main output, there are people 
transported using H2-based buses with the aid of bus-drivers and road 
infrastructure; the latter is outside of the scope of this study since the 
same road infrastructure is used for regular diesel-based buses and no 
difference would affect results. Water and oxygen are released into the 
atmosphere, and the disposal of equipment and infrastructure is not 
accounted for. Perhaps, excluding the disposal phase would be the main 
limitation of this study since batteries and fuel cells demand intense 
energy consumption for their disposal. 

After being identified and modeled, the most important energy flows 
supporting H2 production, and use are all quantified and brought to a 
temporal scale of one year. The lifespan is considered for those items 
that are surplus on an annual temporal scale, basically for equipment 
and infrastructure. Next, the obtained energy flows are standardized 
into the same functional unit of km per person. All these procedures 
result in the inventory for the studied system, which is available in 
Supplementary Material A. The chosen unit emergy values, as available 
in Supplementary Material B are considered in converting generic 
speaking energy flows (J, kg, L, kWh, USD) quantified in the inventory 
into emergy flows (sej), representing all the embodied energy for each 
item. The choice of appropriate unit emergy values are based on the 
expertise of authors in the emergy method and on the case studied, but it 
can be considered as a source of uncertainties. The resulting emergy 
flows are summarized in Table 3, in which the operational phase of the 
studied system is responsible for about 96% of the total demanded 
emergy. Although fuel cells and electrolyzer equipment would demand 
high amounts of emergy due to concentrated materials used in their 
structure (i.e., they have high unit emergy values), the obtained results 
were expected since operational phases of systems that convert energy 
usually have high emergy dependence. While all infrastructure, 
including H2 generation and bus structure, demanded about 4% of total 
emergy invested, the operational phase of electrolysis processes repre
sented by electricity consumption demanded 51%. It is interesting to 
note that water corresponds to a minimum emergy value < 0.01%; 
although large volumes of water are needed for water electrolysis, the 
unit emergy value of water in Brazil is very low, leading to a low emergy 
flow compared to other items. Labor is another important resource for 
the evaluated system because it is responsible for about 45% of total 
emergy. This was also expected since, different from high-tech industries 
like the current so-called 4.0 industrial technologies, urban buses need 
drivers and ticket collectors for their regular functioning – at least in 
Brazil. Perhaps, in the near future, under technical advancements, urban 
buses could perform their function managed exclusively by computers 

and without the need for direct human work. 
Once all items identified in the energy diagram are quantified and 

converted into emergy flows, the emergy indices are calculated, as 
shown in Table 4. Comparatively with two other fuels mostly used in 
urban buses, indices show that hydrogen has better overall performance. 
Concerning renewability, hydrogen has higher renewability (41%), a 
value about twice as much as biodiesel and much higher than diesel, 
indicating hydrogen is an important alternative for future efforts to
wards urban transportation based on renewable sources, especially in a 
world with growing restrictive access to fossil-based energy resources. 
Similar to diesel, hydrogen is unable to provide emergy for societal 
development through emergy investment, as expressed by the EYR. This 
means that for each sej invested from the larger economy, the hydrogen 
system is unable to directly capture additional sej from the natural 
environment and make it available for society, while biodiesel achieved 
0.26 sej for each sej invested. This happens because biodiesel uses 
agricultural crops for its production that directly demands emergy from 
the natural environment, whether renewable or not. The m-ELR shows 
that hydrogen causes a 3 times lower load on the environment than 
urban transport by biodiesel, while diesel shows even worse perfor
mance since it relies exclusively on non-renewable resources directly (N) 
and/or indirectly (F). At this point, although future studies are needed, 
one important aspect regarding the emergy method should be 
mentioned: the inclusion of N and/or R resources when applying emergy 
synthesis in a system located far away from the natural environment 
under a hierarchical energy scale. Those systems do not rely directly on 
natural resources, which increases the usefulness of calculating some 
emergy indicators such as EYR or ELR (in their original algebra) that 
show the influence of N and/or R on system emergy performance. For 
example, the EYR for those systems will always be equal to 1 since they 
rely exclusively on F resources. Most likely, this is an issue of scale 
because emergy is a systemic approach that demands larger boundaries 
for assessment to account for both natural and human-made systems. 
However, it is not hard to find published papers pushing to account for R 
and/or N resources for high-tech systems under narrow boundaries. A 
forthcoming paper will discuss more this important topic. 

The m-ESI is a hybrid indicator in which higher yields are desired at a 
lower environmental load to result in high sustainability. Although m- 
ESI is an environmental-based indicator that disregards socioeconomic 
aspects, it is based on a biophysical conceptual model of sustainability 
that understands the Biosphere as the main physical boundary sup
porting societal development; this model is usually named ‘strong’ 
sustainability (Neumayer, 2003). The obtained m-ESI for hydrogen 
(0.71) reflects higher sustainability compared to biodiesel (0.29) and 
diesel (<0.001), although they are all classified as non-sustainable since 
they are below the m-ESI of 1. 

The global efficiency of hydrogen expressed by its UEV indicates that 
2.31E+07 sej are needed to transport one person for a 1-km distance. No 
data on UEV for biodiesel and diesel used in urban buses was found in 

Table 3 
Emergy of hydrogen production and use by urban bus.  

Item Emergy (sej/km person) Emergy (%) 

Implementation phase 1.01E+06 4.3 
#1, Hydrogen station structure 5.34E+04 0.2 
#2, Electrolyzer 1.81E+05 0.8 
#3, Compressor 7.37E+04 0.3 
#4, Storage tanks 1.90E+04 0.1 
#5, Supply dispenser 1.34E+03 <0.1 
#6, Bus structure 1.85E+05 0.8 
#7, Hydrogen storage cylinders 3.81E+04 0.2 
#8, Fuel cell 7.24E+03 <0.1 
#9, Batteries 4.49E+05 1.9 

Operational phase 2.22E+07 95.6 
#10, Electricity consumption 1.19E+07 51.2 
#11, Water consumption 2.19E+03 <0.1 
#12, Labor 1.03E+07 44.4 

Total emergy 2.32E+07 100.0 

Calculation details in Supplementary Material D. 

Table 4 
Emergy indicators.  

Indicator Hydrogen 
a 

Biodiesel 
b 

Diesel 
c 

m-Renewability (m-%R), in % 41.59 18.83 0.05 
Emergy yield ratio (EYR) 1.00 1.26 1.00 
m-Environmental loading ratio (m-ELR) 1.40 4.31 2170 
m-Emergy sustainability index (m-ESI) 0.71 0.29 <0.01 
Unit emergy value (UEV), with labor, in sej/ 

km person 
2.32E+07 – –  

a Indicators for hydrogen obtained from values available at Supplementary 
Material D. 

b Original biodiesel values were obtained from Ren et al. (2013), Carraretto 
et al. (2004) and Hill et al. (2015) and then updated. 

c Original diesel values obtained from Liu et al. (2012), Carraretto et al. 
(2004) and Hill et al. (2015) and then updated. 
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the scientific literature, which makes it difficult to discuss the perfor
mance of hydrogen in a comparative basis. The functional unit consid
ered (km person) also makes it difficult to compare our results with 
other UEVs available in the literature for different products and 
processes. 

3.2. Life cycle impact categories 

From the established boundaries for the assessment (Fig. 3) and the 
functional unit of kilometer per person transported, the inventory and 
calculation details are developed as available in Supplementary Material 
A. As explained before, different methods of LCA and their respective 
impact categories or indicators are being applied in this study, whose 
specific transformation coefficients obtained from the Ecoinvent data
base are available in Supplementary Material C. Similar to the emergy 
synthesis method, the choice of appropriate LCA’s coefficients of 
transformation are based on the expertise of authors in the LCA method, 
and on the case studied, but it can be considered as a source of un
certainties. After converting all items identified in the inventory into 
LCA impacts (details in Supplementary Material E), they are summa
rized in Table 5. The implementation phase is the largest contributor to 
three LCA indicators, embodied fossil energy (94%), acidification po
tential (94%), and particulate matter (70%), while the operational phase 
is responsible for the highest fraction of global warming potential 
(63%). These results are to some extent different compared to emergy 
synthesis, which indicates a demand for about 96% of all emergy 
invested by the operational phase, emphasizing the importance of 
considering both methods in this study. 

Focusing on the embodied fossil energy, the most impacting item is 
bus structure #6 (41%), which contains a high amount of materials such 
as carbon steel, aluminum, rubbers, and glassware. It is followed by item 
#3 compressor (26%) and #2 electrolyzer (14%), both demanding 
similar materials as the bus structure, in addition to stainless steel, cast 
iron, copper, polymer, electronics, nickel, resin, and zeolite. The high 
demand in mass units for those fossil-energy-dependent resources leads 
to a high embodied fossil energy indicator. Since the operational phase 
demands electricity and water that in Brazil are both obtained from low 
fossil-energy investment, the operational phase shows a low influence 
(6%) on the total embodied fossil energy indicator. Similar general 
performance was obtained for the acidification potential impact cate
gory, but the #3 compressor (26%) has about the same influence as the 
#6 bus structure (27%), followed by the #2 electrolyzer (14%). All other 
items have a higher influence on the acidification potential indicator 
than on the embodied fossil energy that would explain this performance 
profile, however, the operation phase represented by electricity and 

water consumption showed a low influence (6%) on total acidification 
potential. 

Global warming potential showed a different behavior because its 
operational phase is responsible for 63% of the total, in which electricity 
consumption is the main player. Although not affecting the embodied 
fossil energy and acidification potential indicators due to their non- 
dependence on fossil energy, electricity in Brazil is mostly 
hydropower-based, and its emissions are mainly related to methane 
emissions from water reservoirs. Added to that, some power plants based 
on coal and natural gas, completing the mix of the Brazilian electricity 
grid, which causes global warming to some extent. Besides electricity, 
other items in the implementation phase also have an influence on total 
global warming potential, including the #6 bus structure (27%), #3 
compressor (26%), and #2 electrolyzer (14%); all of which were already 
identified as important items affecting the embodied fossil energy and 
acidification potential. 

Regarding the particulate matter, the one indicator among all four 
LCA evaluated that directly impacts human health, items #10, elec
tricity consumption, and #3 compressor are the ones that have higher 
influence on total (30% and 28%, respectively), followed by #2 elec
trolyzer (16%) and #6 bus structure (15%); all other items showed very 
low influence. While electricity releases particulate matter from burning 
coal in some existing power plants in Brazil – it is important to 
emphasize that the majority of power plants in Brazil are hydropower 
–compressor, electrolyzer and bus structures indirectly release particu
late matter from burning fossil fuel during their industrial 
manufacturing, mainly in the carbon and stainless steel supply chain. 

It is also interesting to note that items of the implementation phase, 
such as #1 hydrogen station structure, #5 supply dispenser, #7 
hydrogen storage cylinders, #8 fuel cells, and #9 batteries, added to 
#11 water from operational phase, all have low influence on all four 
LCA indicators evaluated in this study. Surprisingly, water resource was 
initially expected to have an influence on environmental load because it 
is the most used resource for the electrolysis process, water is a plentiful 
resource in Brazil and with high quality that demands lower energy and 
material investments for its capitation, transport, and treatment. 
Without the intention of providing an order for management actions or 
even suggesting how changes should be done, Table 5 indicates that 
items #6 bus structure, #3 compressor, #2 electrolyzer, and #10 elec
tricity consumption deserve attention for improvements because they 
are the most influencing items on LCA’s general performance for the 
studied system. Managers should put their efforts on providing alter
native materials and/or energy sources (including the kind and how 
they are obtained) on these identified items to achieve better returns on 
LCA environmental performance. Fuel cells and batteries showed low 

Table 5 
LCA impact categories for the assessed project of hydrogen production and use by urban bus (well to wheel boundaries). FU in km/person.  

Item a Embodied fossil energy Global warming potential Acidification potential Particulate matter 

MJeq./FU % kgCO2-eq./FU % kgSO2-eq./FU % kgPM2.5-10/FU % 

Implementation phase 3.06E-06 66.3 4.14E-07 9.5 1.66E-09 69.3 1.06E-11 12.8 

#1, Hydrogen station structure 2.35E-08 0.5 3.50E-09 0.1 1.18E-11 0.5 8.61E-14 0.1 
#2, Electrolyzer 8.08E-07 17.5 1.08E-07 2.5 3.81E-10 15.9 2.28E-12 2.7 
#3, Compressor 3.58E-07 7.8 4.60E-08 1.1 1.78E-10 7.4 1.39E-12 1.7 
#4, Storage tanks 1.13E-07 2.5 1.52E-08 0.3 5.20E-11 2.2 2.35E-13 0.3 
#5, Supply dispenser 1.41E-08 0.3 1.63E-09 0.0 7.85E-12 0.3 9.28E-14 0.1 
#6, Bus structure 1.16E-06 25.2 1.38E-07 3.2 5.80E-10 24.2 2.89E-12 3.5 
#7, Hydrogen storage cylinders 2.76E-07 6.0 3.09E-08 0.7 2.16E-10 9.0 1.13E-12 1.4 
#8, Fuel cell 9.55E-08 2.1 5.41E-08 1.2 6.66E-11 2.8 7.57E-13 0.9 
#9, Batteries 2.09E-07 4.5 1.70E-08 0.4 1.67E-10 7.0 1.78E-12 2.1 

Operational phase 1.56E-06 33.7 3.94E-06 90.5 7.37E-10 30.7 7.25E-11 87.2 

#10, Electricity consumption 1.50E-06 32.5 3.93E-06 90.3 7.11E-10 29.7 7.24E-11 87.1 
#11, Water consumption 5.48E-08 1.2 5.51E-09 0.1 2.59E-11 1.1 1.07E-13 0.1 

Implementation + Operational phases 4.61E-06 100.0 4.35E-06 100.0 2.40E-09 100.0 8.32E-11 100.0  

a Calculation details in Supplementary Material E. 
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impact (between 1.6% and 9.8% for the four LCA impact categories) 
compared to all other items; it is important to remember that disposal is 
excluded from this study. Although fuel cells and batteries are known as 
very impacting items in relative terms, the lower demand in mass units 
for them results in lower absolute influence on total LCA impacts. 

For a comparative analysis, Table 6 shows LCA’s impact category 
performance for different energy sources. Comparing the obtained re
sults for H2-based buses in this work with H2 data as available in the 
literature, with the exception of embodied fossil energy impact category 
that showed no impact according to literature, for all other impact 
categories, the studied Brazilian system showed better performance. 
Closer performance values were expected when comparing H2 systems, 
but recognizing that the scientific paper used as reference was peer- 
reviewed and published in an important journal, we understand that 
existing differences can be related to LCA’s assumptions, coefficient 
factors and LCA methods used, as well to the existing differences in the 
hydrogen production and use projects assessed. A deeper analysis of 
these potential differences was not possible at this moment due to the 
information available, which would elucidate the different results 
obtained. 

Focusing on the impact categories among the different energy 
sources, the assessed H2-based buses achieved the best performance for 
global warming, acidification potential, and particulate matter while 
obtaining the worst performance for embodied fossil energy. That 
important finding claims attention that considering H2 as an energy 
option to break our addiction to fossil energy would be misleading, and 
all projects must be assessed with care before generalizing conclusions. 
The perceived differences would raise doubts about the obtained results, 
which is why all raw data used in this work is provided as supplementary 
materials for checking consistencies. From a general view and compar
atively speaking, Table 6 shows that the assessed H2-based bus project 
evaluated in this work has better LCA environmental performance than 
using diesel, electricity, LPG, and biodiesel as energy sources by 
considering that all impact categories have the same weight or 
importance. 

3.3. Systemic approach for environmental performance 

Although important, discussing emergy and LCA performances in a 
separated way would lose the systemic evidence of the overall envi
ronmental impact of energy alternatives in urban buses. Emergy and 
LCA are seen as complementary tools, as presented in Fig. 2 because 
while one focuses on certain aspects of system performance, the other 
tool complements the evaluation by providing indicators from a 
different perspective and scale of analysis. In this way, misleading in
terpretations would be avoided, and more precise conclusions would be 
provided about the overall systems’ environmental performance. While 
LCA studies on energy alternatives are easily found in the scientific 

literature, emergy studies are more restricted and thus acts as limiting 
factor for comparison analysis. This implies that a systemic comparison 
among alternative energy sources in this work is restricted to hydrogen, 
diesel, and biodiesel since, at our knowledge, no emergy assessment of 
LPG and electricity as energy sources for urban buses are available in the 
scientific literature. Notwithstanding, the published reference consid
ered for comparison in this work for LCA studies (Sharma and Strezov, 
2017) provides different orders of magnitude for the impact categories 
values, however, they were assumed consistent and comparable. 

Fig. 4 shows the radar diagram containing eight environmental 
performance indicators, four from the LCA and four from emergy syn
thesis. Since a larger area means higher overall performance, the radar 
diagram presents H2 as the best option as an energy source for public 
transportation in urban buses. With the exception of embodied fossil 
energy and emergy yield ratio indicators, H2 has shown better perfor
mance for all other six indicators, making it the option to be chosen 
under environmental focus. It is interesting to note that diesel and bio
diesel showed similar overall performance (e.g., a similar area in Fig. 4) 
with slightly better performance for biodiesel; while diesel releases 
lower amount of SO2eq., particulate matter and demands lower amount 
of fossil energy, the biodiesel option has higher renewability, environ
mental loading ratio, and sustainability. This behavior is an example of 
the importance of considering a larger window for analysis because 
while one option for energy source has lower environmental impacts at 
upstream, the other option causes a lower load at downstream. 

3.4. Limitations and suggestions for future efforts 

This study has some limitations that must be clarified, to propitiate a 
better understanding of its potential scope. Precisely, three main limi
tations are identified regarding (i) the system’s spatial boundaries 
defined for the analysis, (ii) available data for comparisons, and (iii) the 
use of a method to combine all calculated performance indicators. 
Regarding (i), the post-lifespan disposal of equipment is not considered 
in this study. As argued in the main text, the approach used is the so- 
called ‘well-to-wheel’; thus the technically appropriated disposal of 
materials such as batteries and others are not considered. This could 
potentially affect the performance of emergy and LCA indicators as 
calculated, since an appropriate management process would demand a 
certain amount of materials and energy. Regarding (ii), the lack of sci
entific and peer-reviewed data available in the literature is a limiting 
aspect that prevents deeper discussions from taking place. As previously 
argued, most data on LCA of energy sources for public transportation are 
scarce and when available, they are calculated under very different 
approaches (assumptions, LCA methods, scales, allocations, etc.) when 
compared to the ones used in this present study. These differences make 
direct comparisons difficult and mostly inconsistent with the LCA 
method applied. For emergy synthesis, the scenario is even worse as, 
according to the literature review performed, there are very few studies 
assessing energy sources for public transportation available. Regarding 
(iii), although the radar diagram (Fig. 4) considered in the present study 
to assess the overall performance for H2, diesel and biodiesel options can 
be considered a good alternative, a multicriteria analysis technique 
could be used instead to allow for the calculation of a unique quanti
tative indicator by considering weights for the different LCA and emergy 
indicators calculated. 

One should view the results of this work should with caution by 
taking all these limitations into account. The disposal phase should be 
included in future works so that more robust results are obtained. With 
more related studies published, more data will be available, thus 
allowing for more detailed comparisons and discussions. Finally, besides 
their importance for the advancement of science in energy and trans
portation areas, the results obtained are important for decision makers 
that demand a more objective and easy-to-understand form of infor
mation, for which multicriteria approaches could be useful. 

Table 6 
Comparative analysis table for life cycle assessment impact categories of 
different energy sources for urban buses. Well to wheel boundaries. FU in km/ 
person. LPG, liquefied petroleum gas.  

Impact 
category 

This 
work a 

Adapted from Sharma and Strezov (2017) b 

H2 H2 Diesel Electric LPG Biodiesel 

MJeq./FU 4.61E- 
06 

0 2.45E- 
07 

2.47E- 
08 

8.20E- 
09 

2.23E- 
06 

kgCO2-eq./ 
FU 

4.35E- 
06 

7.27E- 
03 

5.31E- 
02 

2.38E- 
03 

6.52E- 
02 

2.70E- 
02 

kgSO2-eq./ 
FU 

2.40E- 
09 

4.32E- 
05 

8.84E- 
05 

1.24E- 
05 

2.50E- 
05 

9.30E- 
04 

kgPM2.5-10/ 
FU 

8.32E- 
11 

2.16E- 
05 

3.53E- 
05 

3.72E- 
06 

2.50E- 
05 

1.55E- 
04  

a From Table 5. 
b Original data was converted to FU in km/person for comparative purposes. 
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4. Conclusions 

In order to facilitate comprehension, conclusions are divided into (i) 
emergy synthesis, (ii) life cycle assessment (LCA), and (iii) the overall 
conclusion of the study:  

(i) From an emergy synthesis perspective, the operational phase 
corresponds to about 96% of total emergy (U = 2.32E+07 sej/km 
person), in which electricity and human labor are the biggest 
emergy contributors with 51 and 44% of the total, respectively. 
Surprisingly, the implementation phase corresponds to only 4% 
of the total emergy. Although water is largely used during the 
electrolysis process, its emergy was found to be insignificant 
(<0.1%) of total emergy, as well as for the equipment such as 
electrolyzer, batteries, and fuel cell. Comparatively, the hydrogen 
energy source showed higher renewability (41%), lower envi
ronmental loading ratio (1.40), and slightly higher emergy sus
tainability (0.71) than biodiesel and diesel options. Although 
biodiesel presented higher performance for emergy yield ratio 
(1.26), emergy results support that using hydrogen for the eval
uated case of urban transportation in buses is a better option than 
using biodiesel or diesel.  

(ii) From an LCA perspective, the implementation phase showed the 
most impact for embodied fossil energy (66% of the total, 3.06E- 
06 MJeq./km person) and acidification potential (69%, 1.66E-09 
kgSO2-eq./km person) impact categories, while the operational 
phase presents higher influence on global warming potential 
(90% of the total, 3.94E-6 kgCO2-eq./km person) and particulate 
matter (87% of the total, 7.25E-11 kgPM2.5-10/km person). 
Comparing energy source options for urban bus transportation, 
while the LPG showed better performance for embodied fossil 
energy (8.20E-09 MJeq./km person), the evaluated hydrogen 
option showed better performance for global warming potential 
(4.35E-06 kgCO2-eq./km person), acidification potential (2.40E- 
09 kgSO2-eq./km person) and particulate matter (8.32E-11 
kgPM2.5-10/km person) than diesel, electricity, liquefied petro
leum gas, and biodiesel.  

(iii) From an overall perspective including both emergy synthesis and 
LCA indicators as equally important for a decision, the initial 
research question supporting the development of this study is as 
follows: the evaluated scenario for urban bus transportation using 

hydrogen as energy source showed better performance than 
diesel and biodiesel, and it should be supported by public policies 
since the environmental concerns currently play an important 
role for societal development. 
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