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APRESENTACAO

Este e-book intitulado: “Desenvolvimento e Transferéncia de Tecnologia na
Engenharia Quimica 2” é composto por dezoito capitulos de livros que foram organizados
e divididos em trés areas tematicas: (/) minerais e materiais lignocelulésicos; (ii) aplicagbes
industriais e (i) aplicacéo de tecnologias avangadas de tratamento com destaque para os
processos oxidativos avancados (POAs).

A primeira tematica € constituida por oito trabalhos que apresentam estudos de
utilizacdo de residuos como matéria-prima na produgdo de materiais ceramicos e a
obtenc@o de materiais de elevado custo e aplicabilidade a partir de matéria-prima mais
abundante e economicamente mais acessivel. Alem disso, apresenta um trabalho que
descreve um procedimento experimental para a escolha mais adequada e viavel de uma
biomassa de origem vegetal que pode apresentar caracteristicas de um adsorvente e vir
a ser utilizado tanto na forma in natura quanto modificada quimicamente, objetivando-se
a remocao de compostos inorganicos e organicos em diferentes matrizes aquosas. Neste
sentido, trabalhos que investigaram a capacidade de remocgéo de poluentes utilizando
minerais (argila) e biomassas vegetais (ricas em celulose e/ou lignina) apresentaram
resultados satisfatorios em relagdo aos compostos-alvo de interesse, com destaque para a
remocao do metal cromo hexavalente (Cr¢*) e fésforo e nitrogénio amoniacal que provocam
a eutrofizacdo de corpos aquéticos e morte de toda a biota.

O segundo tema esta associado a aplicacdo dos conhecimentos de quimica e
engenharia em diferentes seguimentos: (i) alimentacdo e (i) processos industriais. No
setor de alimentos é apresentado um trabalho que trata da avaliagdo microbiolégica de
biscoitos e empanados processados com filé de carpa Hungara, bastante abundante no
estado de Santa Catarina. Ja em processos industriais € apresentado um estudo que avalia
o melhor dimensionamento de um condensador de amdnia que possui grandes aplicacbes
em diferentes seguimentos industriais; um estudo que avalia e compara os reatores CSTR
e PFR para a produgédo de combustivel proveniente de fontes renovaveis e por fim um
estudo de caso que avaliou a utilizag@o de biometano em frotas de 6nibus de seis cidades
do estado de Sao Paulo.

A Ultima temética trata da aplicagdo de diferentes POAs (Fenton e fotocatalise
heterogénea tanto com o triéxido de tungsténio dopado com prata (WO,-Ag) quanto o
diéxido de titanio (TiO,) para a degradacéo de diferentes CIEs (farmacos, microplasticos)
que vem sendo reportado em trabalhos realizados em todo o mundo. No Brasil a falta de
uma legislacdo mais restritiva associada a falta de fiscalizagcdo vem colaborando para a
maior detecgéo e quantificacéo de diferentes CIEs nos diferentes compartimentos aquaticos
afetando a qualidade e a sobrevivéncia dos diferentes organismos presentes nos inUmeros
ecossistemas brasileiros.



Neste sentido, a Atena Editora vem colaborando com pesquisadores de todas as
areas do conhecimento possibilitando a divulgagcéo de seus trabalhos e contribuindo com a
disseminacgéo destas informacdes de forma gratuita e acessivel em diferentes plataformas
digitais.

Cleiseano Emanuel da Silva Paniagua
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ABSTRACT: The current needs of sustainable
urban development are rising. As the urban
transport sector expands, emissions continue to
rise. Due to their negative impact on human health
and the environment, air quality requirements are
becoming more and more stringent. At the same
time, the amount of municipal solid waste is
increasing. This work discusses the potential use
of biomethane from MSW landfills to fuel urban
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transport buses in six cities from Administrative
Region of Campinas (ARC). Biomethane is
produced by removing impurities from biogas. The
ARC has approximately 6 million inhabitants in 92
cities, its GDP is around U$ 20,000/per capita. In
2016, the RAC was generated 5740 tons per day
of waste. Campinas, Jundiai, Piracicaba, Limeira,
Sumaré and Americana, they accounted for 40%
of the total population and 45.8% of the total daily
produced MSW. The availability of MSW landfills
in order to produce biomethane and the use in
urban bus fleets in six cities of the ARC would
make it possible to generate the quantity of fuel
necessary for the supply of 435 buses annually
with a significant reduction in the emission of
GHG.

KEYWORDS: Urban Transport, Landfil, MSW,
Biomethane, GHG.

11 INTRODUCTION

Biomethane is produced by removing
impurities from biogas. The term biogas usually
refers to a mixture of gases that are formed when
organic materials break down in the absence of
oxygen. Landfills and anaerobic digestion (AD)
are the main production routes for this fuel.
Biogas comprises methane, CO,, hydrogen,
sulphide and may also contain siloxanes and
moisture. Biogas can be used for power and
heat generation. In particular, it can be used
in generators and in combined heat and power
(CHP) systems. However, raw biogas cannot
be used in road vehicles without removing the
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non-methane components as these are not compatible with a modern engine and vehicle
exhaust after-treatment technologies (Ricardo-AEA, 2015). Hence, the need to process
biogas to remove these impurities, thereby producing biomethane.

The use of biomethane has a number of benefits when compared to natural gas (NG)
and Diesel oil in road vehicles. Producing and using biomethane as a fuel is a way to reduce
the vehicle emissions and can also be used to reduce the waste problem and increase the
environmental benefits. Biomethane is suitable for city fleets as it is normally available in
all cities from the municipal solid waste (MSW). A large variety of vehicles are available
including buses and cars.

In Europe using biomethane in a fleet means that no extensive fuelling infrastructure
is needed for cities with a NG grid used for vehicles, as it is convenient to inject the purified
biogas directly into the grid. Hence the use of biomethane in fleets has the potential to be
further spread in many countries but the concept needs more promotion and dissemination.
Examples of successful implementation of the concept are Svensk Biogas AB in Linkdping
(SE), Lille Metropole (FR), Gothenburg Green Gas (SE) and BiogasMax, (EU project) (Eltis,
2019).

In Brazil, metropolitan areas, such Administrative Regional of Campinas (ARC),
concentrate the generation of waste, most of the organic origin. Among these are solid wastes,
sewage sludge, green waste, etc. All these residues have two common characteristics: i)
as they are composed mostly of organic material, they have stored energy that can be
harnessed; and ii) contain nutrients which can be recycled. These wastes have polluting
potential depending on how they are discarded. On the other hand, harnessing the energy
and nutrients contained therein can bring economic and environmental benefits. The main
sources of biomethane in urban cities is landfill gas.

This work focussing the source of biogas from Municipal Solid Waste (MSW)
degradation in landfills, including future production potentials and opportunities, supply
urban buses in cities of the ARC, with large environmental benefits. Within the ARC 5740
tonnes per day of MSW were produced in 2018, with 48% being an organic waste. The ARC
has ninety-two cities. Campinas, Jundiai, Piracicaba, Limeira, Sumaré and Americana, they
accounted for 40.0% of the total population and 45.8% of the total daily produced MSW
(Table 1).

2|1 BIOMETHANE TECHNOLOGY

Upgrading biogas to biomethane is a relatively new technology, still expensive and,
in some cases, not well-known. Upgrading of landfill gas is defined as removal of carbon
dioxide from the gas. This will result in an increased energy density since the concentration
of biomethane is increased. Several technologies for biogas upgrading are commercially
available and others are at the pilot or demonstration plant level. Some of these main
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technologies (Peterson and Wellinge, 2018): i) Pressure Swing Adsorption (PSA); ii)
absorption; iii) Membranes. Dry membranes for biogas upgrading are made of materials
that are permeable to carbon dioxide, water and ammonia. Membrane separation is one of
the classical methods for landfill gas upgrading.

31 OVERVIEW THE PRODUCTION OF BIOMETHANE

In Europe countries it is important to remember that the best technology to choose
is based on specific parameters at the plant, such as the availability of cheap heat and
the electricity price. It should also be noted that it is often possible to lower the methane
loss, but at the expense of a higher energy consumption. Methane that is lost in the
upgrading process can be prevented from causing a methane slip to the atmosphere using
technologies reviewed under “removal of methane from the off-gas” In some countries such
Spain biomethane production is considered as a second, optional step, and production of
conventional biogas is still the primary aim. In countries where primary biogas production
is more diffuse such Austria, Germany, Switzerland, and Sweden on the other hand,
biomethane production is often advocated, but its market-outcomes may still be immature
for large-scale implementation (Capodaglio et al., 2016).

In Brazil, the buses are presently operated using conventional Diesel oil, biodiesel
and ethanol. For example, the Sdo Paulo Metropolitan Region, with its population of more
than 11 million and seven million vehicles cars, is among the world’s most polluted cities in
term of air quality The region is taking active steps to reverse this harmful trend. By 2018,
the region will ban the use of fossil fuels and the public transport operator SP Trans, with a
fleet of 15,000 buses, is planning for a fossil-free future according to data The Foundation
State System of Data Analysis (SEADE, 2019).

The main Brazilian experiences with the use of biomethane in buses have been
reported throughout the Itaipu Technological Park (ITP) by the bus fleet that offers internal
transport services introduced a vehicle driven by the fuel obtained from the purification of
biogas generated in the activities related to food production. The action is part of a joint
venture carried out by Itaipu Binacional, the ITP Foundation, Scania Brazil, Haacke Farm and
the International Centre for Renewable Energy (CIBiogas-ER). The aim is to demonstrate,
monitor and regulate the production of biogas converted into biomethane and make it an
alternative for urban and rural mobility. Biomethane used in the project is produced in the
Haacke Farm, located in the town of Santa Helena, Parana. The site has a herd of 80,000
laying hens and 750 cattle that produce a total of 960 m® of biomethane per day as a result
of the manure generated (Strémberg, 2018).

Currently in Sao Paulo State has two landfills that are being exploited for electricity
from biogas production (Ett et al., 2019): i) Sdo Jo&o landfill (in the East zone of S&do Paulo)
a capacity of production of around 200 thousand MWh per year, and ii) Bandeirantes landfill
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with a capacity of around 170 thousand MWh per year main importance used biomethane
in urban transport is energy security.

41 MATERIAL AND METHODS

The biogas production from MSW and the capacity to supply buses were estimated
using bibliography data. Methane and biomethane volume generated per unit weight of
organic material in the landfills were estimated. In the literature reviewed for this work, there
are a variety of different units used. In this work we used the value as given in the reference
documents, but for comparison and consistency adopt the unit of cubic meters and millions
of tonnes of oil equivalence (Mtoe) because this is the unit used in International Energy
Agency (IEA) publications. The conversion factors used are: i) biomethane: 1 PJ = 0.023885
Mtoe and 1.0 billion m® = 35.17 PJ = 0.840 Mtoe, and ii) biogas: 1.0 billion m® = 19 PJ =
0.454 Mtoe (IEA, 2016).

Data was calculated the daily per capita production of MSW in kg/inhabitant.day
(SEADE, 2019), for six cities focusing in ARC: Campinas, Jundiai, Piracicaba, Limeira,
Sumaré and Americana (Table 1). For calculation of the technical potential of the biogas
production, segregation and recycling of organic waste was not considered out landfills. The
total MSW production in the ARC of 5,740 tonnes per day was considered for the purpose
of the calculations ((Abrelpe, 2013), (SEADE, 2019), (Franco et al., 2016)). In recent work
we found an average MSW generation and it is estimated that 48,0 % of this amount, or
2,755 tonnes per day, consists of organic waste that can produce biogas in landfills (Franco
et al., 2016) (Table 1). The technical potential was calculated based on the ratio of 5,500 m?3
of biogas to every 100 tonnes of organic waste (55 m3/tonne) (EPE, 2016). We used that a
ton of green waste generates a quantity of biogas equivalent to an energy yield of 2,385 MJ,
while a ton of organic waste generates an energy yield of 2,649 MJ (Poeschl, 2012). One
tonne of green waste therefore generates 59 m?3 of biogas against 65 m?3 for an equivalent
quantity of organic waste. In this work, the average value of 55 m3 of biogas per tonne
organic waste is considered.

Biogas arises from the decomposition of biodegradable waste within the landfill
mass. It was considered that 50 % of the biogas produced can be captured to generate
biomethane for used urban buses in six cities from ARC. Technical potential production
biomethane is defined as the theoretical upper limit of conservation potential. It assumes
that plants adopt all feasible measures regardless of their cost. At the time of existing
equipment failure replace their equipment with the most efficient option available.
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Six

City | I M v v vio | S | ARc
Population
o) 1,080 | 3700 | 365.0 | 276.0 | 241.0 | 211.0 | 2,543 | 6,354
PrOdUCt'%r;y)'SW (ton/ 1 4 248 | 343.0 | 3420 | 257.0 | 233.0 | 203.0 | 2,626 | 5740
MSW
(/i) 116 | 093 | 094 | 093 | 097 | 096 | 1.03 | 090

Production organic

waste (ton/day) 599.0 | 164.6 | 164.2 | 123.4 111.8 97.4 1,26 2,75

Production of biogas
(mé/day)

Biogas captured
(m%¥day)

32,95 | 9,063 | 9,031 6,787 | 6,149 | 5357 | 69,32 | 151,56

16,473 | 4,527 | 4,515 | 3,394 | 3,074 | 2,678 | 34,66 | 75,76

Production biomethane

(m¥day) 10,510 | 2,888 | 2,881 2,165 | 1,961 1,709 | 22,11 48,34

Obs: | — Campinas, Il — Jundiai, Ill — Piracicaba, IV — Limeira, V — Sumaré, VI - Americana

Table 1: Technical potential estimate daily volume of methane, in m®/day, that can be obtained
from the MSW of six cities and ARC (base year, 2018).

As the landfill meets maturity in the methanogenic phase, gas levels is typical biogas
value (% v/v) comprised of approximately 63,8 % biomethane and 33,6 % carbon dioxide
(CO,), with trace levels of other compounds, including nitrogen, oxygen, hydrogen, and
non-methane organic compounds (NMOCs) such as ammonia and sulphides (EESI, 2018),
(Ricardo-AEA, 2015), Regatieri, 2009)).

51 REPLACING POTENTIAL OF DIESEL OIL BY BIOMETHANE BUS IN THE
SIX CITIES

We would like to begin by expressing when dealing with biomethane buses,
biomethane production in the same region is a key issue to consider. Actually, even if
biomethane is co, neutral from the combustion point of view, the move of waste by trucks to
the biomethane production and distribution center is clearly responsible for some emissions
that must be taken into account. The travels between all those sites should be reduced as
much as possible. This is the reason why we now try to evaluate the potential of biomethane
production in the only six cities ARC. Table 2 shows the potential substitution of biomethane
for Diesel oil in the urban bus fleets of the cities Campinas, Jundiai, Piracicaba, Limeira,
Sumaré and Americana.

In ARC, the maximum producible annual quantity of biomethane is therefore estimated
at 17,400,960 Nm? and is equivalent to 20,898,553 kg of biomethane. In this work, the
average value of density of biomethane is about 1.201 kg/Nm? is considered (Jalalzadeh-
Aza, 2019). In the European Union the report on good practice for the use of biomethane as
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a transportation fuel must have methane content above 96.65 % and the limit values for the
density between 0,555 and 1,295 kg/Nm? (EU, 2019). In ARC one the basis of a biomethane
consumption of about 48,28 kg per 100 km (NSCA, 2018) and a traveled distance of 45,000
km per year, this data would allow the bus operator to run 951 buses annually.

The current average specific consumption (ASC) of the buses running with Diesel oil
is 0,4 I/km, that costs in Sdo Paulo State. The price of Diesel oil is estimated at US$ 0,984
per liter. Daily average mileage of an inner city Diesel bus is about 125 km and the total
mileage per year is around 45,000 km ((ANTP, 2017), (ANP, 2018)).

Brazil offers various grades of Diesel oil that have different sulfur contents. Diesel
emissions are affected by the amount of sulfur in the Diesel as well as the emission reduction
technologies. CO emissions are low for Diesel engines. Total hydrocarbons emissions from
Diesel oil are generally non methane, and less of a concern for global warming. The major
concerns for diesel fuel are nitrogen oxides (NOXx) and particulate matter emissions (Nylund
et al., 2004). For the six cities focused on this work, we followed the same methodological

procedure to calculate the fleet that can be fed with biomethane (Table 2).

Six

City | Il ] v \ Vi cities

Available biomethane
(10° kg)

Number of buses that can be
fed with biomethane (a)

4,544 1,248 1,245 936.0 | 847.0 | 738.0 9,561

206.0 57.0 56.0 42.0 38.0 36.0 435.0

(1) Bus fleet consumption
Diesel oil (b)

Substitution ratio
(c) =I[(a)/(b)]*100
Diesel oil avoid
(10 8 liter/year)

Diesel oil cost avoid
(10°US$/ year)

967.0 260.0 223.0 145.0 | 127.0 111.0 | 1833.0

21,3 21,9 25,1 28,9 30,0 32,4 23,7

3,708.0 | 1,026.0 | 1,008.0 | 756.0 | 684.0 | 648.0 | 7,830.0

3,649.0 | 1,009.9 | 991.8 7440 | 673.0 | 637.6 | 7,705.0

Table 2 Substitution biomethane - Diesel oil in the urban bus fleets of six cities in ARC
Source: DATA Cities

Than one the basis this methodology to run 435 buses in six cities annually. This fleet
of buses would avoid the consumption of 7,830,000 liters per year of Diesel oil, bringing
environmental gains (Table 2). For example, with the total volume of diesel oil avoided in
the six cities there would have been an avoided emission of CO, per year in the order of
25 thousand tonnes. It follows that with the avoided cost (US$/year), it would allow the
acquisition of 58 buses type “padron” for the renewal of the fleet (ANTP/Volvo, 2016).
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61 BARRIERS AND ENVIRONMENT BENEFITS AND SUSTAINABILITY OF
BIOMETHANE

Unfortunately, regarding the use of the biomethane for urban transport, the situation
is not so clear, legal conditions are still undefined and new tools for the development of the
biogas as an alternative fuels must be developed regarding to: law, taxation, incentives,
excise reduction, fuel distribution and introduction into the grid from a local/regional to a
National regulation system, and special benefits for biomethane vehicles (i.e.: free parking,
exemption from city gate tolls, special lanes for biogas taxis, financial support for investment
in biogas vehicles, etc.). Regulators and lobbyists for the industry also need to be aware of
the cost structure of the biomethane industry.

As the treatment of waste streams is mandatory for industries and municipalities,
digestion, generation, and utilization of biogas obtained from those streams can reduce
both wastes and their environmental impact while producing clean energy. This can also
help reduce atmospheric GHG emissions, in line with the Brazil Nationally Determined
Contribution (NDC) objectives setting an ambitious GHGs 37% reduction target until 2025
and 43% until 2030, compared to 2005 levels. Observed the actual gain achieved when
replacing fossil fuels with biogas depends on the substrate used and other operational
factors but, according to current literature, it would be possible to reduce GHGs emissions
by at least 70% (Capodaglio ET AL., 2016).

71 CONCLUSIONS

We conclude the use of biomethane as fuel for buses has numerous environmental
impacts. Firstly, the local emissions when burning this gas are very low and lower than diesel
for instance. Secondly, it copes with the broken cycle of the fossil fuels since the emissions
of CO, are a part of the natural cycle. Biomethane works on a closed one. Finally, if we
compare it to another biofuel available on the market, ethanol, biomethane as seems clearly
cleaner. Indeed the gas is produced from organic wastes of the cities, which will anyway be
released into the natural system. It doesn’t compete with lands for food production or rain
forest as ethanol does. Furthermore the use of biomethane contributing to the global in two
ways: by deforestation and CO, emissions during the transportation.

In Brazil created its first law of solid waste which established the National Policy
on Solid Residues (NPSR). The NPSR has induced in Brazil a greater dynamization and
professionalization of waste management and landfill operation, which favors the expansion
of biogas generation potential in Brazil.
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