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Abstract
Many alternative fuel technologies have been studied for the transport sector to increase its sustainability while reducing costs,
greenhouse gases (GHG), and air pollution emissions. Nevertheless, conventional diesel is still the predominant fuel for heavy-
duty trucks. Road freight transport consumes 25% of the world’s energy and is responsible for emissions with local health
impacts and the global greenhouse effect. In this context, this paper reviewed items from 2015 to 2020 to analyze the technologies
available for the road freight transport regarding pollutant and GHG emissions. Results are presented in two parts: first quanti-
tatively, quantitative data was extracted from reviewed papers and statistically treated and, second, qualitatively through a
comparative chart, which shows the impact on air pollutants from the use of a different type of fuels. In general, papers are
mostly concerned with particulate matter (PM), carbon monoxide (CO), nitrogen oxides (NOx), and hydrocarbons (HC) emis-
sions due to its impact on public health, with a low number of papers covering GHG emissions. The trade-off between different
fuels and how this process can impact emissions, sometimes increasing or decreasing specific pollutants, is discussed. According
to the analyzed papers, the main characteristics that affect the pollutant emissions are, in general, the fuel oxygen content and the
combustion chamber temperature.
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Introduction

Road freight transport contributes significantly to the global
economy and directly affects national economies’ efficiency
(Nowakowska-grunt et al. 2019). Fossil fuels drive the sector,
and diesel oil is still the most used energy carrier in heavy-
duty trucks (Qu et al. 2016). Some advantages of this type of
transport compared with others (rail, air, water) include low
cost, reduced transit times, and increase reliability, while dis-
advantages cover traffic congestion and air pollutants (Lee
and Yoo 2016). According to IEA (2019), CO2 emissions
generated by trucks and buses have increased 2.2% yearly.
The combination of using fossil sources and high distances
traveled annually contribute to the increase of air pollution and
GHG emissions, directly impacting human health and the
environment.

To reduce emissions to meet standards, improve efficiency,
and find cheaper ways to transport goods, the heavy-duty trans-
port profile has been changing over the years (Alam et al. 2015;
Qu et al. 2016). To attain the Sustainable Development
Scenarios (SDS) and the Nationally Determined Contributions
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(NDC), many countries have been creating different policies to
support strategies in the transport sector (Brotherton et al. 2016;
Gallo 2016; Wu et al. 2016; Zhang et al. 2019).

For instance, India has established new fuel economy stan-
dards for trucks and buses in 2018. In 2019, monitoring and
reporting emissions and fuel consumption became mandatory
in the European Union. In the same year, China and Japan
updated the fuel efficiency standards and started to increase
trucks and buses’ efficiency. Brazil, Mexico, and South Korea
are also in different phases of heavy-duty vehicle emissions
standards (IEA 2019).

Similarly, the scientific community has been studying and
evaluating the use of different types of fuel technologies to be
used in road freight transport. Sustainability research on road
transport ranges from health impacts (Miller and Xu 2018;
Wong et al. 2019), fuels (Ammenberg et al. 2018;
Mulholland et al. 2018; Zhang et al. 2019; Wang et al. 2020;
Zhao et al. 2020), climate change (Colin et al. 2016; Campbell
et al. 2018; He et al. 2018, 2020), and the use of different
sources to improve economic feasibility (Nocera and
Cavallaro 2016; Connolly 2017; Sen et al. 2019).

Renewable fuels have been studied in several countries,
such as the case of biodiesel from different feedstock, i.e.,
sunflower oil, canola oil, waste cooking oil, cottonseed, and
pomegranate seed (Li et al. 2015; Thang et al. 2016; Qasim
et al. 2017; Nantha Gopal et al. 2018; Tüccar and Uludamar
2018). More alternative energy carriers such as hydrogen
(Hora and Agarwal 2015; Park et al. 2017), renewable diesel
(Singh et al. 2015b), biogas (Shafiei et al. 2015), and natural
gas (Mersky et al. 2016; Rudolph 2016; Xing et al. 2016;
Quiros et al. 2017; Song et al. 2017; da Silva et al. 2018) have
also been studied to evaluate pollutant emissions and impacts
on heavy-duty engine characteristics.

Nonetheless, the considerable number of studies shows
different results in terms, mainly, of emissions and energy
consumption even when considering the same fuel, imposing
a growing discussion on the need to explore more this issue in
the transportation sector. To summarize all the information in
the literature, reviews are made mostly focusing on one topic
from the wide range of options that deal with transport com-
plexity. In the last 5 years, however, there has not been a
review focused on fuels for heavy-duty road transport, one
of the motivations to start this paper. Table S1 shows a sum-
mary of these reviews.

Although recent reviews such as Osorio-Tejada et al.
(2017), Thiruvengadam et al. (2018), Chen et al. (2019), and
Kluschke et al. (2019) have focused on heavy-duty transport,
their objectives vary and are not as comprehensive as this
study. Osorio-Tejada et al. (2017), Thiruvengadam et al.
(2018), and Chen et al. (2019) aimed to summarize the bene-
fits and drawbacks of natural gas trucks with attention to ther-
mal efficiency, pollutant emissions (hydrocarbons, carbon
monoxide, particulate matter, and nitrogen oxide), technical,

environmental, economic aspects (Osorio-Tejada et al. 2017),
and engine technology (Thiruvengadam et al. 2018). Their
reviews, however, did not provide a thorough assemble of
available options, and since the authors only deal with natural
gas, their results do not necessarily present the best options for
the transport sector.

Moreover, Kluschke et al. (2019) draw essential find-
ings from their review, focusing on market diffusion stud-
ies of alternative fuels and powertrains in heavy-duty ve-
hicles. First, most studies forecast that alternative fuel
powertrains in heavy-duty will diffuse into the market to
a maximum of 30% by 2050, which implies that today’s
market environment is already fostering the transition to-
wards alternative options. In climate protection scenarios,
alternative fuel powertrains dominate the CO2 emission
reduction actions, with all studies forecasting a market dif-
fusion of more than 40%. The authors also highlight the
high technological uncertainty for the sector. They point
out differences concerning electric vehicles, with some
studies considering battery vehicles and other only fuel cell
vehicles, which result in distinct conclusions regarding the
most competitive technology since the infrastructure costs,
for example, are not considered in all studies.

During the literature review process, another focus ob-
served is the comparison of transport modal, as is done in
Fan et al. (2018), who highlight the importance of considering
air pollutants in optimization studies and evaluating air pollut-
ants’ source in sea and road transport. Ramani et al. (2019)
also compare modals in the Canadian transport sector, focus-
ing on land and marine transport. Both reviews bring essential
insights into the benefits of modal change and also its draw-
backs. Finally, a review related to passenger vehicles was
done by Hänggi et al. (2019). The authors used their review
as input for analysis to compare various synthetic fuels ap-
plied to passenger vehicles and the energy conversion steps in
the fuel’s life cycle of hydrogen, methane, methanol, dimethyl
ether, and diesel.

Ultimately, previous works have tackled different transport
sectors regarding GHG, pollutant emissions, economic fac-
tors, and vehicle/engine performance. However, considering
the sector and technologies for road freight transport, no other
study has coherently acquired information on GHG and pol-
lutant emissions for a comprehensive set of alternative fuels.
Thus, this review aimed at collecting GHG and pollutant
emission factors for the most studied alternative fuels in the
literature for internal combustion engines.

This paper is organized as follows. Section 2 shows the
methodology used to develop the review. Section 3 presents
the pieces of evidence found through this methodology.
Section 4 shows the results and discussions, and the limita-
tions of this review are presented in Section 5. Conclusions
and final remarks with crucial points are finally drawn in
Section 6.
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Methodology

Considering the need to diversify the energy matrix by increas-
ing alternative fuel participation in the transport sector, this
study proposes a review to identify and evaluate road freight
transport alternative fuel technologies. This section presents the
review methodology, which covers the scope, search strategy,
eligibility criteria used to select papers, and the methodology
used to extract data and analyze the review results.

This study’s scope is the analysis of engine performance
and pollutant/GHG emissions for different alternative fuel
technologies considering the operation phase. To address this
subject, the following research questions were proposed
below:

i. What is the current situation of fuels used in the road
freight transport sector in the world?

ii. What fuels have been used/studied around the world?
iii. What are their characteristics, advantages, and

disadvantages?
iv. Which fuels could have low emissions (pollutant/GHG)?

This review looked for relevant studies inside two data-
bases, Scopus and Web of Science, to answer the above ques-
tions. Different searches were performed using the following
keywords: alternative fuel, natural gas, hydrogen, heavy-duty
vehicle, truck, commercial vehicle, freight, air pollution, and
GHG emission. Searches were held on May 15, 2019. Only
papers published in English and the period from 2015 to 2020
were considered. Duplicates papers were removed.

Through the search performed using databases previously
mentioned, 2462 papers were identified. After duplicates re-
moval, the total decreased to 834, and the studies were
screened by titles and abstracts according to the scope of this
study. After a full-text review, 42 papers were used in this
study. According to the quality criterion applied to the
searched items, papers without introduction, methodology,
and results in the abstract were not considered.

This review focused only on scientific and peer-reviewed
journals. The eligibility criteria used to include or exclude
some paper are listed below:

& Papers published and fully available in previously cited
scientific databases were included.

& Recent works published from 2015 to 2020 on peer-
review journals were included, until de date the search
was conducted.

& Environmental issues regarding alternative fuels for the
freight transport sector were included.

& Review studies were excluded.
& Only quantitative studies were included (simulation or

experimental).
& Only tank-to-wheel (TTW) analysis was considered.

To normalize the emission units used in the papers, a gen-
eral conversion from ppm to g/kWh for heavy-duty vehicles
was used according to Pilusa et al. (2012). Figure 1 shows the
review steps.

Evidence found

Considering all papers selected by title/abstract and that could
be downloaded, 79% of the papers worked with alternative
fuels, 13% studied the impacts of emissions with a different
focus, 5% discussed sustainability and economic issues in the
transport sector, and 3% covered other areas beyond the scope
of this paper such as industry, construction, and policy.

Figure 2 shows the growth rate of the latest articles
researching alternative fuels for the analyzed period. Diesel
was included since many studies used it to compare the per-
formance and emissions to other fuels. It is possible to note
that natural gas and electricity most appeared in the studies,
representing around 45% of the papers published in the peri-
od. Another alternative fuel that has been studied is biodiesel
from plants and waste, which will be discussed below.

As previously shown in Fig. 1, 42 papers were selected and
included in this work after full-text review. General character-
ization of the evidence found from the review is shown in
Figure S1, S2, and S3 (displayed at the supplementary
material) with information on geographical scope, main key-
words found in papers, and types of fuels. Figure S1 presents
the geographical scope of the published papers selected
through the review. From the total of 42 selected papers, 6%
were made in Canada, 8% in Turkey, 11% in the USA, 10% in
India, and 13% in China. Other papers are divided among other
countries, with one found in South America and none in Africa.

The selected papers presented as the main discussion focus
the pollutants emissions. As is possible to see in Figure S2, by
counting words, “Natural gas vehicles,” “HCNG” (Hydrogen
enriched Compressive Natural Gas), Diesel engine, Diesel,
“Biodiesel,” “Emissions,” “Alternative fuels,” and
“Greenhouse gases” were the keywords that presented the
highest frequency. This result is aligned with the type of cor-
pus analyzed since all of them were about testing engine tech-
nologies, fuels, and checking emissions. Other keywords re-
late to fuel types (biodiesel sources, electricity, hydrogen, and
others) and types of used methodologies (life cycle analysis
and well-to-wheel).

Regarding the types of fuels analyzed in the selected body,
as it is possible to see in Figure S3 (left), most of the papers
were discussing biodiesel emissions (23,4%), followed by dif-
ferent kinds of fuel blends (22.1%), CNG with 20.8%, and
LNG with 10.4% of the total reviewed papers. Other fuels
appeared in the selected papers, such as hydrogen, electricity,
biomass to liquid, biogas, and ethanol. Nevertheless, it is es-
sential to note the broad range of feedstock in biodiesel
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production, such as waste, palm oil, and microalgae (see
Figure S3, right, for more examples). This clarification is nec-
essary because the resulting emission factor from each biodie-
sel type is considerably different due to some specific fuel
characteristics such as heating value and viscosity, as
discussed in the results section.

Results and discussions

Emission factor versus fuel technologies

From the literature review, it was observed two ways of ana-
lyzing pollutant emissions. The first one is based on primary
data collection through bench dynamometer and real-life con-
dition simulation experiments. The second way covers paper
with models that use pollutant emission factors as input data.
It is important to remember that this review’s data corresponds
only to the operation phase’s emissions.

Another critical point to mention is that each study found in
the review uses specific engines, which drive different emis-
sions. As previously mentioned, there is a wide range of re-
sults regarding pollutant emissions due to several reasons
discussed during this section.

In general, the literature corpus presented emissions of ni-
trogen oxides (NOx), hydrocarbon (HC), carbon monoxide
(CO), and carbon dioxide (CO2), which will be discussed
separately. However, particulate matter (PM) was also ana-
lyzed, but fewer publications and fewer options. Only four
studies were found evaluating PM in a general way since some
papers prioritize PM10 or PM2.5. Sulfur oxides (SOX) emis-
sions were not included since only one study covered this
issue. Table S3 shows the emission factors in this review,
considering all types of fuels and pollutants analyzed.

To evaluate the emission factor for each pollutant, a box
plot was created in Figs. 3, 4, 5, 6, and 7, which represents the
variation of observed data showing the maximum, minimum,
and median values; outliers; and upper and lower quartiles. In
the next topics, the results will be discussed for each pollutant.

Particulate matter (PM)

Figure 3 shows the results of PM emissions for the only five
fuels analyzed in the selected papers: diesel (D), biodiesel (B),
renewable diesel1 (RD), liquefied natural gas (LNG), and
compressive natural gas (CNG). Black points represent out-
liers. Considering an overview, renewable diesel and biodiesel
(from Jatropha curcas oil) presented the highest values, al-
though both have only one value from the same paper (Singh
et al. 2015b).

The results found from the systematic review were
presented in Fig. 3, which shows that, in a general
way, compared to diesel, the PM emission factor could
be higher by using biodiesel and renewable diesel and
lower using CNG and LNG. Although RD and biodiesel
presented the highest values on average, Singh et al.
(2015b) evaluated the use of both fuels in a compression
ignition engine and compared the results to conventional
diesel through an experimental bench test. All fuels were
used purely, without any kind of blend. The authors
found a reduction of PM emissions using both fuels
compared to diesel (0.077 g/kWh), but biodiesel (0.044
g/kWh) presented a reduction of around 43%. The au-
thors explained the reduction using biodiesel due to ox-
ygen content, contributing to better and more efficient
combustion.

On the other hand, renewable diesel presented a PM emis-
sion factor of 0.056 g/kWh. This reduction is due to the higher
cetane renewable diesel number2 than the conventional diesel,
contributing to a shorter ignition delay, resulting in better
combustion stability and hence less particulate matter.

Regarding LNG and CNG, information comes from tank-
to-wheel simulations. Yuan et al. (2018) used emission factors
to compare LNG with diesel fuels in different vehicle types,
including heavy-duty. Their life cycles were assessed based
on the Greenhouse Gases, Regulated Emissions, and Energy
Use in Transportation (GREET) model database for both fuels
and LNG emissions are lower than diesel around ten times.
Cai et al. (2017) assessed greenhouse gases and pollutant
emissions through life cycle assessment using EPA’s Motor
Vehicle Emission Simulator (MOVES) model, in which PM
emissions from CNG and LNGwere found to be around 17 to
34% lower than diesel, respectively. It is possible to note that,
in general, the PM emission factor from LNG corresponds to
the lowest value compared to diesel, CNG, RD, and biodiesel.
These results show that LNG and CNG can contribute to the
PM reductions, which impacts the air quality and human
health improvement. It is important to remember that the ex-
position to high particulate matter concentrations can cause
different health effects, which include respiratory, allergic,
and cardiovascular diseases (Saldiva et al. 1994; Miller and
Xu 2018; Kihal-Talantikite et al. 2019).

Although biodiesel and renewable diesel presented lower
results than conventional diesel, other studies showed PM
emission factors with different values. Stettler et al. (2016)
tested different configurations for dual fuel diesel and natural
gas heavy goods vehicles, and the values found for the vehi-
cles powering only by diesel were in the range from 0.006 to
0.015 g/kWh, which are lower than biodiesel and RD present-
ed by Singh et al. (2015b).

1 Renewable diesel: It can be developed from any type of triglyceride oil, and
the production is similar to the conventional diesel (Knothe 2010).

2 Cetane number is the fuel autoignition characteristics. High values corre-
spond to fast autoignition in the engine (John Heywood 2018).
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Nitrogen oxides (NOx)

Regarding nitrogen oxides (NOx) emissions from alternative
fuels, Fig. 4 presents the emission factor for each fuel. Ten
papers evaluated this pollutant in different types of fuel. NOx
formation mainly depends on the combustion temperature,
oxygen content, and residence time (Heywood 2018) and, in
general, temperatures above 1800 K favor NOx generation
(Cowart et al. 2008). On average, the use of CNG and hydro-
gen presented the highest emission factors.

Hora and Agarwal (2015) compared pure CNG with
hydrogen-enriched CNG and found that the introduction of
hydrogen, which has higher lower heating value than CNG
(Table S2 shows fuel properties), contributes to an increase in
the temperature, favoring a higher emission compared to the
pure CNG, as can be seen in Fig. 4.

Diesel-biodiesel-alcohol blends presented the NOx emis-
sion factor with the highest variability in the results. Emiroğlu
and Şen (2018) evaluated the effect of adding cottonseed bio-
diesel and different types of alcohol (ethanol, methanol, and
butanol) to diesel fuel and compared to pure diesel, consider-
ing emissions and performance in a compressive ignition en-
gine. NOx emissions were found for biodiesel-alcohol-diesel
blends, which were 7 to 18% higher than conventional diesel,
depending on the engine load.

The low cetane number and high oxygen contents on alco-
hols and biodiesel contribute to an increase in the combustion
temperature, which leads to a higher NOx emission factor in
all blends (John Heywood 2018). The same situation was
expected to the blends diesel-alcohol (Pan et al. 2015;
Muthaiyan and Gomathinayagam 2016) and diesel-biodiesel
(Baltacioglu et al. 2016; Liu et al. 2016; Al-lwayzy and Yusaf

Fig. 3 Particulate matter (PM) emission factor from different fuels

Fig. 4 NOx emission factor from different fuels
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2017; Çelebi et al. 2017; Qasim et al. 2017; Emiroğlu and Şen
2018; Yusop et al. 2018; Sathiyamoorthi et al. 2019).

However, in the study presented by Muthaiyan and
Gomathinayagam (2016), NOx emissions were reduced with
the addiction of propanol to diesel due to the higher heat of
vaporization of propanol, which is responsible for creating a
cooling effect, producing a lower combustion temperature
and, consequently, 8 to 15% lower NOx emissions with
propanol-diesel blend than conventional diesel, depending
on the propanol proportion. Yang et al. (2015) also found
NOx reductions for diesel-biodiesel-butanol blends by 15 to
32% compared to pure diesel. Butanol increases the heat of
vaporization, reducing the combustion temperatures and NOx
emissions, although this trend is especially pronounced for the
high concentration of biodiesel in blends from 20 to 40%. In
biodiesel-diesel blends without some type of alcohol, NOx
emissions increased in the range of 1.77 to 13.8%.

Other biomass-based pathways as biomass to liquid (BTL),
diesel-biodiesel-hydrogen blends, and biodiesel from waste
oil presented the lowest NOx emissions range, as shown in

Fig. 4. It is important to note that BTL is synthetic and a
second-generation biofuel, which can be produced from any
portion of biomass (Heracleou and Lappas 2011). On the oth-
er hand, Ogunkoya and Fang (2015) compared the use of
biodiesel from waste oil and biomass to liquid to conventional
diesel, where, except for higher engine loads, both alternative
fuels presented higher NOx emissions than diesel. Biodiesel
and biomass to liquid presented NOx emissions around 27%
and 33%, respectively, higher than conventional diesel on
average loads. Baltacioglu et al. (2016) evaluated the use of
hydrogen and hydroxy-enriched biodiesel, and both options
increase NOx emissions due to higher heating values. The
authors also pointed out the environmental problem of hydro-
gen, which increases NOx emissions when used in internal
combustion engines.

Yusop et al. (2018) also highlight the trade-off between
NOx and PM emissions since both depend on temperature.
PM emissions are formed at the diffusion flame boundary in
higher temperatures, and these temperature values favor NOx
formation. Thus, an increase in the temperature caused by a

Fig. 5 HC emission factor from different fuels

Fig. 6 CO emission factor from different fuels
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fuel additive, for example, can contribute to a decrease in PM
emissions and an increase in NOx emissions.

Hydrocarbon (HC)

Regarding HC emissions, some factors contribute to the in-
crease in emissions seen in Fig. 5: incomplete combustion,
low temperature in the chamber, loose sealing in the cylinder
and piston, and also due to lubricating oil in the combustion
phase (Paykani et al. 2015; Heywood 2018). Engines powered
by hydrogen-diesel and diesel-alcohol blends presented the
highest HC emission factor. Emiroğlu and Şen (2018) also
evaluated the addition of alcohols in biodiesel-diesel blends,
and the cooling effect promoted by alcohol (in this case, eth-
anol, methanol, and butanol), reducing the combustion cham-
ber temperature, which contributes to an increase HC emis-
sions. The authors found an increase of 7 to 13% in HC emis-
sions using biodiesel-diesel blends and around 18% using
biodiesel-alcohol-diesel blends. Pan et al. (2015) analyzed
the effects of methanol-diesel blends on emissions and perfor-
mance. According to the authors, HC emissions increase until
80% with methanol proportion in any intake temperature, be-
ing more visible in low temperatures (from 20 to 60°C),
representing the highest emissions compared to other fuels.
Factors such as the longer ignition delay and higher evapora-
tion heat due to hydrogen contribute to these HC emission
changes.

Hosseini and Ahmadi (2017) studied the impacts of the
replacement and addition of hydrogen to diesel in different
percentages. The replacement showed higher HC emissions
than the addition since the indicated efficiency is reduced, and
the absence of oxygen leads to incomplete combustion and

could increase 98% of HC emissions when 70% of diesel is
replaced by hydrogen.

Banerjee et al. (2016) also analyzed diesel/biodiesel/hydro-
gen blends, leading to an increase of 85% in HC emissions
compared to pure biodiesel and pure diesel. According to the
authors, the oxygen content is responsible for improving com-
bustion efficiency. Compared to pure diesel, pure biodiesel
can reduce HC emissions from 51.8 to 75.4%, depending on
the load. For biodiesel, the same emission behavior was found
in other studies using blends with biodiesel from seed oil and
waste (Ogunkoya and Fang 2015; Sathiyamoorthi et al. 2019).

Qasim et al. (2017) evaluated the use of biodiesel from
canola oil and diesel blends. HC emissions decreased for all
biodiesel blends, justified by the high oxygen content in bio-
diesel fuel. Contrastingly, biodiesel’s viscosity and density
from canola oil (Table S2) are higher than from cottonseed
oil presented by Emiroğlu and Şen (2018), which could lead to
the same situation with problems during the atomization fuel
and combustion phase. This situation was not raised or
discussed by Qasim et al. (2017).

Considering spark ignition engines, Yuan et al. (2018) pre-
sented one of the highest HC emission factors. Grigoratos
et al. (2016) also confirmed the increased HC emissions from
CNG compared to conventional diesel fuel. The authors tested
a prototype with a variable valve actuator for a heavy-duty
compressed gas engine under transient and real conditions
for bench and dynamometer analysis and suggested that more
CH4 escaped unburned in this type of engine.

Regarding CNG, the fuel enriched by hydrogen presented
lower emission factors than pure CNG. According to the ex-
perimental results obtained by Hora and Agarwal (2015), the
addition of hydrogen to CNG could reduce from 10 to 30% of
the HC emissions which contributes to improving the

Fig. 7 CO2 emission factor from different fuels
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combustion efficiency, reducing the quenching gap, and facil-
itating the combustion, also in the crevices where there is
trapped fuel.

Carbon monoxide (CO)

Considering the carbon monoxide (CO), it is formed main-
ly according to the air/fuel ratio, leading to a fuel-rich or
lean (Heywood 2018). Figure 6 shows the resulting CO
emission factors evaluated. Among the fuels studied, diesel
enriched by hydrogen presented the highest values for CO
emissions. The replacement of hydrogen leads to a lack of
oxygen, late start of combustion, decrease in the chamber
temperature, and, consequently, incomplete combustion.
The addition of hydrogen deteriorates the diesel diffusion
in the chamber and could increase around 90% of CO
emissions when the percentage of hydrogen corresponds
to 70% (Hosseini and Ahmadi 2017).

Other blends, however, cause a reduction of CO emissions.
For example, adding propanol improves the combustion due
to oxygen, reducing until 70% of CO emissions, depending on
the propanol concentrations and engine load (Muthaiyan and
Gomathinayagam 2016). On the other hand, CO emissions
could increase around 80 to 90% with methanol-diesel blends
depending on the methanol concentration and intake charge
temperature. This increase in CO emissions could be ex-
plained due to the reduced temperature caused by methanol,
given the low heating value (Pan et al. 2015).

Regarding biodiesel from seed oil, according to the studies
analyzed (Banerjee et al. 2016; Al-lwayzy and Yusaf 2017;
Çelebi et al. 2017; Qasim et al. 2017; Emiroğlu and Şen 2018;
Tüccar and Uludamar 2018), this fuel pure and blends with
diesel can cause, in general, a reduction around 60% of CO
emissions, depending on the engine load, compared to pure
diesel mainly due to the oxygen content. According to Yang
et al. (2015) and Sathiyamoorthi et al. (2019), CO formation is
inversely proportional to the percentual biodiesel used in the
mixtures. The addition of alcohols such as methanol and eth-
anol increases the blend’s oxygen content, contributing to
reductions in CO emissions (Yang et al. 2015; Banerjee
et al. 2016; Emiroğlu and Şen 2018).

Regarding CNG, the average found for CO emission factor
was less than 1 g/kWh. The study presented by Grigoratos
et al. (2016) found results from 0.05 to 1 g/kWh, depending
on the cycle, which is related to engine speed and oxygen
content in the combustion chamber. Hora and Agarwal
(2015) evaluated hydrogen-enriched compressed natural gas,
showing that due to low quenching distances, lower carbon-
to-hydrogen ratio, and flammability limits increased, hydro-
gen can promote better combustion, reducing CO emissions
around 30% depending on the hydrogen concentration and
engine load.

Carbon dioxide (CO2)

Concerning carbon dioxide (CO2), its formation is related to a
complete combustion process (John Heywood 2018). Higher
CO2 emissions than CO emissions in the engine exhaust indi-
cate quality and fuel efficiency combustion (Hora and
Agarwal 2015). Figure 7 shows different fuels and respective
CO2 emissions during the operation phase. On average, stud-
ies (Hora and Agarwal 2015; Grigoratos et al. 2016) showed
that CNG presented higher CO2 emissions than other fuels.

However, the emission factor range is still high, with
values from 171 to 1119 g/kWh. In the study presented by
Grigoratos et al. (2016), results from CO2 emissions for CNG
were from 585 to 1119 g/kWh, but the values depended on the
type of driving cycle used, which was considered urban, rural,
and motorway. Stettler et al. (2016) also tested heavy-duty
vehicles in different cycles, and the range found for CNG
was from 171 to 434 g/kWh. Cai et al. (2017) used emission
factors as input data for a life cycle assessment for both CNG
and LNG.

In overview, studies showed that biodiesel from seed oil
(Baltacioglu et al. 2016; Çelebi et al. 2017) and biodiesel from
different waste sources (Ogunkoya and Fang 2015; Adam
et al. 2017) could contribute to an increase in CO2 emissions
since there is a reduction of CO emissions in engine exhaust
due to the oxygen content, which contributes for better
combustion.

On the other hand, results by Al-lwayzy and Yusaf (2017)
showed different trends, and a reduction in both pollutants—CO
(14 to 38%) and CO2 (15 to 30%) depending on the concentra-
tion of biodiesel—was observedwith the use of puremicroalgae
biodiesel and blends, but this fact was not well explained.
Baltacioglu et al. (2016) also evaluated the introduction of hy-
drogen in a biodiesel-diesel blend, which resulted in a reduction
of around 22% of CO2 emissions. Biomass to liquid presented
lower CO and CO2 emissions (around 5%, depending on the
engine load) than pure diesel and pure biodiesel from waste
cooking oil.

Comparative chart

To summarize the results, Table 1 shows each paper, alterna-
tive fuels analyzed, and their impacts on pollutant emissions,
compared to the baseline fuel, which, in general, is the con-
ventional diesel. Furthermore, in their majority, the papers
analyzed proposed blending conventional diesel with another
alternative fuel to its environmental performance. Other emis-
sion reduction measures pointed out by the authors were the
use of filters (Adam et al. 2017), hybridization (Holmer and
Eriksson 2017a), hydrogen enrichment (Abbasian-Hosseini
et al. 2015; Hora and Agarwal 2015; Baltacioglu et al.
2016), and preheating of air intake (Pan et al. 2015)
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Table 1 Summary of impacts on emissions from different fuels

Reference Alternative fuel Emission reduction
measure

Based fuel Increased (+) or decreased (−)
emissions

CO2 GHG PM NOx HC CO

(Adam et al. 2017) TDF biodiesel PM filter Diesel + − + +

WPD biodiesel PM filter + − − +

UWCO biodiesel PM filter + − + +

(Holmer and Eriksson 2017a) Diesel (Hybrid) Hybridization Diesel −
(Yusop et al. 2018) Diesel 95/POME biodiesel Blend Diesel − +

Diesel 90/POME biodiesel 10 Blend − +

Diesel 80/POME biodiesel 20 Blend − +

POME Biodiesel Blend − +

(Qasim et al. 2017) Diesel 85/WCO biodiesel 15 Blend Diesel + − −
Diesel 80/WCO biodiesel 20 Blend + − −
Diesel 75/WCO biodiesel 25 Blend + − −

(Tsita and Pilavachi 2017) Gasoline Unspecified Diesel +

Biodiesel Unspecified +

Bioethanol Unspecified −
CNG Unspecified −
LPG Unspecified +

Biogas Unspecified +

(Al-lwayzy and Yusaf 2017) Microalgae biodiesel Blend Diesel − − −
Diesel 50/microalgae biodiesel 50 Blend − − −
Diesel 80/microalgae biodiesel 20 Blend − − −

(Çelebi et al. 2017) Diesel 80/sunflower biodiesel 20 Blend Diesel + + −
Diesel 80/sunflower biodiesel 40 Blend + + −
Diesel 80/canola biodiesel 20 Blend − + −
Diesel 80/canola biodiesel 40 Blend − + −

(Muthaiyan and
Gomathinayagam 2016)

Diesel 90/propanol 10 Blend Diesel − −
Diesel 85/propanol 15 Blend − −
Diesel 80/propanol 20 Blend − −
Diesel 75/propanol 25 Blend − −

(Emiroğlu and Şen 2018) Diesel 80/cottonseed biodiesel 20 Blend Diesel + + −
Diesel 70/cottonseed biodiesel

20/butanol 10
Blend + + −

Diesel 70/cottonseed biodiesel
20/ethanol 10

Blend + + −

Diesel 70/cottonseed biodiesel
20/methanol 10

Blend + + −

(Yang et al. 2015) Diesel 80/butanol 10/WCO
biodiesel 10

Blend Diesel − − +

Diesel 70/butanol 10/WCO
biodiesel 20

Blend − − +

Diesel 60/butanol 10/WCO
biodiesel 30

Blend − − −

Diesel 50/butanol 10/WCO
biodiesel 40

Blend − − −

Diesel 90/WCO biodiesel 10 Blend − + −
Diesel 80/WCO biodiesel 20 Blend − + −
Diesel 70/WCO biodiesel 30 Blend − + −
Diesel 60/WCO biodiesel 40 Blend − + −

(Tüccar and Uludamar 2018) Pomegranate seed biodiesel Blend Diesel + −
Blend + −
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It is important to note that there were a low number of
papers that covered GHG emissions. Papers such as
Hosseini and Ahmadi (2017) and Stettler et al. (2016) evaluate
GHG in experimental studies, but the first deals with CO2 and
not CO2 equivalent, which is the global unit for greenhouse
gases. This fact can cause some misunderstanding with

concepts and what was evaluated. On the other hand, Stettler
et al. (2016) showed the results for both (CO2 and CO2e) and
concluded that CNG contributes to increasing GHG emis-
sions, mainly because of methane emissions, which has a
higher global warming potential. Thus, sometimes, the fuel
can decrease other emissions and contribute to improving

Table 1 (continued)

Reference Alternative fuel Emission reduction
measure

Based fuel Increased (+) or decreased (−)
emissions

CO2 GHG PM NOx HC CO

Pomegranate seed
biodiesel/hydrogen

(Ogunkoya and Fang 2015) WCO biodiesel Unspecified Diesel + + + −
Biomass to liquid Unspecified − + − −

(Baltacioglu et al. 2016) Diesel 90/biodiesel 10 Blend Diesel + + −
Diesel 90/biodiesel 10/hydrogen Blend and Hydrogen

enrichment
− + −

Diesel 90/biodiesel 10/hydroxy Blend and Hydroxy
enrichment

− + −

(Sathiyamoorthi et al. 2019) Diesel 75/palmarosa biodiesel 25 Blend Diesel + − −
Diesel 50/palmarosa biodiesel 50 Blend + − −
Palmarosa biodiesel Blend + − −

(Hora and Agarwal 2015) Hydrogen enriched compressed
natural 10

Hydrogen enrichment CNG − + − −

Hydrogen enriched compressed
natural 20

Hydrogen enrichment − + − −

Hydrogen enriched compressed
natural 30

Hydrogen enrichment − + − −

(Nantha Gopal et al. 2018) Cottonseed biodiesel 90/ethanol 10 Blend and preheating of
intake air

Cottonseed
Biodiesel

+ − −

Cottonseed biodiesel 85/ethanol 15 Blend and preheating of
intake air

+ − −

(Banerjee et al. 2016) Biodiesel Blend and hydrogen
enrichment

Diesel − − −

Biodiesel 100/H2 Blend and preheating of
intake air

− − −

Biodiesel 80/ethanol 20 Blend and preheating of
intake air

− − −

Biodiesel 80/ethanol 20/H2 Blend and preheating of
intake air

− − −

(Smajla et al. 2019) LNG Unspecified Diesel −
LNG Unspecified − + + −

(Yuan et al. 2018) Gasoline Unspecified Diesel +

CNG Unspecified −
(Hosseini and Ahmadi 2017) Hydrogen Hydrogen enrichment Diesel − − + +

(Liu et al. 2016) Diesel 85/PODE 15 Blend Diesel − − −
Diesel 75/PODE 25 Blend − − −

(Pan et al. 2015) Methanol Blend and preheating of
intake air

Diesel − − + +

(Singh et al. 2015a) Microalgae biodiesel Unspecified Diesel − + − −
Jatropha curcas biodiesel Unspecified − + − −

(Singh et al. 2015b) RD Unspecified Diesel − + − −
Jatropha curcas biodiesel Unspecified − + − −

(Stettler et al. 2016) CNG Oxidation catalyst Diesel − + − +
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local air pollution, but fuels based on methane can elevate
CO2 equivalent in terms of global warming.

In general, studies analyzed biodiesel (from seed or waste
oil) impacts and found a decrease in hydrocarbon concomitant
with an increase in NOx emissions (Hora and Agarwal 2015;
Pan et al. 2015; Singh et al. 2015a; Holmer and Eriksson
2017b; Qasim et al. 2017; Yusop et al. 2018; Sathiyamoorthi
et al. 2019).

Some authors reported an increase (Adam et al. 2017;
Qasim et al. 2017) or decrease (Hora and Agarwal 2015;
Singh et al. 2015a; Sathiyamoorthi et al. 2019) in CO emis-
sions with the use of blends and pure biodiesel. Emiroğlu and
Şen (2018) found an increase in NOx, HC, and CO emissions
due to biodiesel’s introduction, which has a higher viscosity,
impacting the atomization process and the combustion pro-
cess. Regarding particulate matter emissions, a low number
of papers analyzed this pollutant. A decrease in PM emissions
using alcohol-biodiesel-diesel and biodiesel-diesel (Singh
et al. 2015a) blends was observed, mainly due to oxygen
content, which leads to better combustion, reducing soot
formation.

Several characteristics contribute to the pollutant formation
and were commented on bymany authors and are summarized
as follows: CO2 emissions are affected mainly due to engine
speed, temperature, and oxygen content (Adam et al. 2017;
Al-lwayzy and Yusaf 2017). An increase in the combustion
temperature leads to complete combustion and higher efficien-
cy, contributing to increasing CO2 emissions. On the other
hand, CO emissions result from incomplete combustion, af-
fected mainly by the oxygen content (Al-lwayzy and Yusaf
2017; Çelebi et al. 2017; Qasim et al. 2017). A rich-fuel mix-
ture has more fuel to burn, and the combustion can run out
before burning all the fuel, which contributes to an increase in
CO emissions.

Some author cited other characteristics that contribute to an
increase in carbon monoxide, such as temperature (Pan et al.
2015; Yang et al. 2015; Hosseini and Ahmadi 2017; Smajla
et al. 2019), engine speed (Adam et al. 2017; Al-lwayzy and
Yusaf 2017; Nantha Gopal et al. 2018), viscosity (Adam et al.
2017), lower heating value (Yang et al. 2015), and fuel pro-
portion (Nantha Gopal et al. 2018). HC emissions are impact-
ed mainly due to oxygen content (Liu et al. 2016; Nantha

CO HC

NOx PM

Fig. 8 Summary of characteristics that impact emissions considering four pollutants: CO, HC, NOx, and PM
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Gopal et al. 2018; Sathiyamoorthi et al. 2019), temperature
(Hosseini and Ahmadi 2017; Wang et al. 2019), fuel quality
(Singh et al. 2015a, b), lubrification oil layer in the cylinder
and piston (Hosseini and Ahmadi 2017), and ignition delay
(Pan et al. 2015). NOx emissions are directly associated with
combustion temperature, which is a characteristic of all
studies.

However, other characteristics such as the residence time
(Baltacioglu et al. 2016; Adam et al. 2017; Sathiyamoorthi
et al. 2019), ignition delay (Adam et al. 2017; Nantha Gopal
et al. 2018), and cetane number (Al-lwayzy and Yusaf 2017)
are not entirely explored and should have more attention. To
summarize the main issues highlighted in the studies, Fig. 8
was build according to the characteristics cited in the studies
as the responsible for the effects on the increase or decrease
emissions considering pollutant analyzed.

Limitations

During the review, some limitations were found for analyzing
all the results together. First, the number of papers regarding
the type of fuels, technologies, and emissions results is not the
same. It means that there are papers that evaluate CO, PM, and
NOx but do not analyze HC, for example. This situation
makes it difficult to compare different sources and their
impacts.

Second, there was a problem with the units used in the
papers; because of the lack of uniformity, there was a need
to convert them to enable the emission factor evaluation/com-
parison. In this regard, it is essential to note that these conver-
sions are approximations and can, sometimes, escape from
reality.

Third, although the principles of compression ignition en-
gine technologies are the same, each paper performed the
study in a different engine and always has different results.
This paper also considered different technologies such as
compression ignition and spark ignition engines, which have
different operating and specific results. Nevertheless, this pa-
per aims to analyze, in a general way, the emissions results
from different alternative fuel technologies and identify which
ones could be better to help reduce emissions in the transport
sector. Therefore, this comparison is feasible.

Conclusions and final remarks

The review enabled an overview of different fuel technologies
studied over the last 5 years in the academy and their impacts
on air pollution. For the internal combustion technologies
available, the review showed no best options to, concomitant-
ly, reduce GHG and pollutant emissions.

For CO2, one of the GHGs, the biomass options such as
BTL and seed oil biodiesel are the most capable of reduc-
ing emissions by around 60%, depending on the type of
fuel, engine load, and speed. However, on the pollutants
side, the trade-off between their emissions makes it diffi-
cult to pinpoint one single best. For example, LNG shows
the lowest PM emissions (34% lower than diesel), and
LNG is not the most applicable to reduce CO emissions.
This is also true for biodiesel, in which performance will
depend on the feedstock. While seed oil and residues bio-
diesel have similar HC emissions behavior, CO2 and CO
emissions from biodiesel from waste cooking oil are con-
siderably around 20% and 40% higher than biodiesel from
seed oil.

Nonetheless, the papers reviewed show that to guarantee
continuous improvements and focus on reducing pollutants,
future research on engines should tackle the temperature of the
engine and oxygen content of the fuels, which are the most
cited influential aspects of fuel combustion on emissions.
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