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Abstract 
 
The limited availability of fossil fuels, as well as the already proven effects of global warming, highlight the need for alternative, 
environmentally-friendly energy generation. Consideration of primary energy inputs from new and renewable energy resources and 
technologies represent a major scientific challenge, and a major innovation if realized. This will open up new opportunities for 
benefit and realized value, in the form of lower costs of energy supply, through the utilization of indigenous energy resources, with 
reduced carbon emissions. This work applied the Life Cycle Assessment (LCA) methodology to quantify the carbon footprint 
associated with electricity generation, comparing two different fuels utilized in an experimental generator group. The first fuel was 
diesel, which was fed to an internal combustion engine attached to a synchronous generator. The second fuel was biomass (woody 
residues), which was gasified and then utilized in the same combustion engine (after ottolization conversion). The functional unit 
considered herein was the production of 100 kWh of electricity. Diesel fuel presented unsatisfactory results, emitting higher levels 
of greenhouse gases (1.092 kg CO2-eq/kWh). Woody biomass helped produce electricity more sustainably (0.269 kg CO2-eq/kWh), 
evidencing a possibility of mitigating climate change, with overall avoided emissions of 0.823 kg CO2-eq/kWh with fuel 
substitution. 
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1. Introduction 

 
The current world energy scenario still 

indicates a high dependence on fossil fuels; according 
to the International Energy Agency (IEA), in 2017 
fossil fuels (e.g., mineral coal, petroleum, and natural 
gas) represented 80.9% of the world’s primary energy 
offer (IEA, 2017). 

The diesel engine is part of modern society, 
powering transportation, generating electricity, and is 
utilized in several farming, construction, and 
industrial activities. However, diesel fuel utilization is 
associated with several forms of pollution, and 
environmental concerns now include human health 
and well-being, as well as damage to ecosystems 
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(Lloyd and Cackette, 2001; Novelli et al., 2017). The 
environmental impacts associated with diesel fuel 
atmospheric emissions are mainly related to the sulfur 
and polycyclic aromatic hydrocarbons. Incomplete 
burning also emits pollutants such as particulate 
material, carbon monoxide, and non-burned fractions 
of hydrocarbons (Nel, 2005). Brazilian diesel is still a 
very pollutant fuel and presents low quality when 
compared to international standards, due to its high 
sulfur content (Botelho, 2012). In the international and 
Brazilian markets, biomass has been considered as one 
of the main alternatives to diversify the energy matrix 
and decrease the use of fossil fuels. In Brazil, the 
availability of biomass is mainly associated with wood 
industry residues and the sugar and alcohol sector; 
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woody residues and sugarcane bagasse present the 
greatest potential for use in the short and medium 
terms, but other residues (rice straw and husk, wood 
bark) can also represent other promising sources of 
biomass (Delgado et al., 2018).  

The most important use for locally-available 
biomass can be its use in modern combustion 
technologies. Gasification is a thermal conversion 
process that produces a gaseous fuel referred to as 
synthesis gas (or syngas). Biomass-originated syngas 
(from now on referred to as biomass syngas) can be 
used in steam generators, ceramic dryers, and in 
internal (Diesel and Otto) and external (Stirling) 
combustion engines, gas turbines, and even fuel cells. 

The limited availability of fossil fuels, as well 
as the already proven effects of global warming, 
highlight the need for alternative, environmentally-
friendly energy. The potential contribution of biomass 
to the sustainable energy development was discussed 
by Demirbas et al. (2009) and was considered to 
present the highest potential to contribute to the 
energy needs of modern society.  

There is scientific consensus that Life Cycle 
Assessment (LCA) is one of the best methodologies 
for the evaluation of the environmental burdens 
associated with different activities, by identifying 
energy and materials utilized and also the waste and 
emissions produced, enabling the identification of 
opportunities for environmental improvement 
(Cherubini et al., 2009). Already in 2001, the 
environmental impacts of electricity generation 
systems were quantified by LCA, highlighting the 
growing environmental concerns associated with 
meeting the energy demands of modern society 
(Gagnon et al., 2002). Recent trends in the study of 
energy supply systems include environmental aspects 
(Bravo et al., 2012, 2014; Carvalho et al., 2011, 2012a, 
2012b; Carvalho and Delgado, 2017; Lozano et al., 
2014; Silva et al., 2017) even including biomass as an 
energy utility (Araújo et al., 2018; Carvalho et al., 
2017; Carvalho and Millar, 2012; Delgado et al., 2016; 
Delgado et al., 2018). 

The objective of this manuscript was to 
quantify and compare the carbon footprints associated 
with electricity production, in an experimental 
generator driven by diesel and biomass syngas, and 
verify the potential for climate change mitigation in 
fuel substitution. 
 
2. Materials and methods 
 
2.1. Life Cycle Assessment 
 

LCA studies have been expanding and 
extending, especially after standardization by 
International Organization for Standardization (ISO 
14040, 2006; ISO 14044, 2006). In Brazil, 
international standards have been translated and 
published by the BATS (2014a; 2014b). In Brazil, the 
first LCA studies were carried out in the 2000s, and 
nowadays, there are several initiatives to disseminate 
life cycle thinking (Willers and Rodrigues, 2014). 

LCA is an internationally validated and 
consolidated methodology to assess material and 
energy flows and consequential environmental 
impacts of a system throughout its life cycle. The term 
“life cycle” includes the extraction of raw materials, 
manufacture, packaging, transportation, utilization, 
maintenance, and final disposal (Guinée, 2001; 2002). 
LCA can be applied to products, processes, activities, 
and even services. 

The LCA process is a systematic approach 
composed by four components: definition of goals and 
scope; inventory construction; impact analysis; and 
interpretation of results (Guinée, 2001, 2002; ISO 
14040, 2006; ISO 14044, 2006). Goal and scope 
definition defines and describes the product, process 
or activity, establishing the context of the evaluation 
and identifying the limits and environmental effects to 
be included in the assessment. The construction of the 
inventory identifies and quantifies the use of energy, 
water and materials, and the environmental discharges 
(e.g., air emissions, deposition of solid residues, 
discharges of liquid effluents) associated with the 
functional unit of the study (to which all inputs and 
outputs relate to). Impact analysis required the 
selection of an impact assessment method, which 
analyzes the effects of the utilization of energy, water, 
materials, and the environmental discharges identified 
in the inventory. The interpretation step evaluates the 
results from the inventory analysis and application of 
the environmental impact evaluation method. The 
conclusions and recommendations for decision-
making can be obtained from these results. More 
details can be found in Guinée (2001, 2002). 
 
2.1.1. Software, database, and method for evaluation 
of environmental impacts 

The software utilized to carry out LCA herein 
was SimaPro® 8.2.0.0, developed by (PréConsultants, 
2015). This software follows the ISO standards (ISO 
14040, 2006; ISO 14044, 2006). The database selected 
for building the inventory was (EcoInvent, 2015). 

Due to the current concerns regarding climate 
change, the method for environmental impact 
evaluation selected was IPCC GWP 100y (IPCC, 
2013), which expresses the environmental impact in 
kg CO2-equivalent (kg CO2-eq) in a time horizon of 
100 years. Emission metrics, such as Global Warming 
Potential (GWP), are used to quantify and 
communicate the relative and absolute contributions 
to climate change of emissions of different substances, 
and emissions from regions/countries or 
sources/sectors (Myhre et al., 2013).  

The GWP of a gas, as established by the 
Intergovernmental Panel on Climate Change (IPCC, 
2013), measures of how much energy the emissions of 
1 kg of gas will absorb over a given time horizon, 
relative to the emissions of 1 kg of carbon dioxide 
(USEPA, 2016). The result of the effect is expressed 
in greenhouse gas (GHG) emissions, kg CO2-eq 
(IPCC, 2013), which is a common unit of measure that 
enables the addition of emissions of different gases 
and allows for the comparison of opportunities to 
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reduce emissions across sectors and gases (US EPA, 
2016). Long time horizons (100 and 500 years) are 
used for cumulative effect, while short horizons of 
time (20 years) translate an indication of the short time 
effects of the emissions (IPCC, 2013). 
 
2.2. Case study 
 

The generator group studied was built at the 
Innovation Laboratory, at the Federal University of 
Paraiba (Northeast Brazil). The generator group is 
constituted by one 4-cylinder internal combustion 
engine (MWM reference 229), one Bambozzi 36 KVA 
generator and one resistor load bank, which simulates 
the system load (Fig. 1). 

 

 
 

Fig. 1. Generator group 
 

The structural changes implemented in the 
engine for biomass syngas operation were minimal 
and therefore not included in the LCA. The functional 
unit of the LCA, to which all inputs and outputs of the 
system were related to, was the production of 100 kWh 
of electricity. Diesel fuel and biomass syngas were 
utilized, at maximum (26 kW) and minimum (13 kW) 
powers.  

The process selected for diesel fuel included 
the extraction of crude oil, production of diesel (all 
flows of materials and energy were accounted for, due 
to throughput of 1 kg of crude oil in the refinery. The 
multi-output process delivered the co-products petrol, 
unleaded, bitumen, diesel, light fuel oil, heavy fuel oil, 
kerosene, naphta, propane/butane, refinery gas, 
secondary sulphur, and electricity. The impacts of 
processing were allocated to the different products), 
and transportation of diesel from the refinery to the 
point of sale. Also included were the operation of 
storage tanks and petrol stations, along with emissions 
from evaporation and treatment of effluents.  

Due to the location of the experimental setup 
(Paraíba state, Northeast Brazil), the most abundant 
available local biomass include woody residues and 
sugarcane bagasse. Availability of these for the 
gasification process is not an issue (Delgado et al., 
2018). A disadvantage that should be mentioned is, 
obviously, the lower heating value of biomass in 
comparison with diesel fuel (approximately three 
times lower), resulting in the need of increased storage 
volumes. Sugarcane bagasse availability depends on 

the production schedules of the sugar and ethanol 
industry, and is usually utilized by the industries 
themselves in cogeneration schemes, displacing the 
utilization of fossil fuels. In cogeneration schemes, 
sugarcane bagasse can be used to produce heat and 
power that can be consumed locally or exported into 
the electric grid, depending on the legal requirements. 

The idea supporting the utilization of wood 
chips (woody residues) is the availability of this 
indigenous resource in Northeast Brazil. Woody 
residues will be considered herein, following Delgado 
et al. (2018) and Araújo et al. (2018). 

The process selected for woody biomass 
included the wood chips (mixed logs) and the 
conversion into synthetic gas. It includes drying 
(down to 10-15% moisture) and further comminution 
of wood chips (down to a size of 30x30x30 mm), 
fixed-bed gasification of the wood chips and treatment 
of the resulting syngas to remove impurities and 
contaminants. 

A transportation distance of 10 km was 
considered for the diesel and biomass fuels, from 
point-of-sale to the laboratory. Table 1 shows diesel 
and biomass syngas consumption data at low and high 
powers, for the production of 100 kWh of electricity. 
For diesel consumption, data shown in Table 1 
corresponded to 35.38 L/100kWh at minimum power 
and 35 L/100kWh at maximum power). For syngas, 
consumption corresponded to 508 m3/100kWh at 
minimum power and 367 m3/100kWh at maximum 
power). 

For diesel, density was 0.85 kg/L, with 41.29 
MJ/kg. Composition (% mol.) of the resulting syngas 
was 28.4% H2, 40.6% CO, 23.6% CO2, 5.9% CH4 and 
1.5% CnHm (mol.) on a nitrogen and water free basis 
(EcoInvent, 2015). Density of syngas was 1.15 
kg/Nm3, with lower heating value 5.2 MJ/Nm3, and 
net gas yield 1.922 Nm3/kg of wood (EcoInvent, 
2015).  

 
Table 1. Diesel and biomass syngas consumption data for 

the generation of 100 kWh electricity 
 

 
Diesel 

consumption 
(MJ) 

Syngas 
consumption 

(MJ)
Minimum 

power (13 kW)
1241.59 2641.60 

Maximum 
power (26 kW)

1228.38 1908.40 

 
According to Table 1 data, the processes were 

implemented in Simapro® for analysis and 
comparison of fuels for the production of electricity. 
 

3. Results and discussions 
 

Due to concerns on climate change, this work 
has focused on GHG emissions. The damage caused 
by increasing GHG emissions includes (Allen et al., 
2009; Christiansen, 2016; Lashof and Ahuja, 1990):  
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 elevation of the average global temperature, 
from 1.4ºC (optimistic) to 5.8ºC (pessimistic), for the 
period 1990-2100;  

 increase in precipitation, especially in 
intermediate and high latitudes, simultaneously with a 
decrease in precipitation on low latitudes;  

 possibility of reducing the arctic ice due to 
melting;  

 possibility of the elevation of the average sea 
levels, from 0.09 m (optimistic) to 2.0 m (pessimistic), 
between 1990 and 2100, due to the melting of polar 
caps and continental icefields as well as thermal 
expansion caused by the increase in average global 
temperature.  

Also, variations in precipitation and 
evapotranspiration affect water distribution differently 
across the globe, where some regions will experience 
increased water volumes and intensification of 
phenomena such as torrential rain followed by floods.  

Global warming is a threat for human 
wellbeing and the world economy (Baylis et al., 2017; 
Beck, 2016; Fehr-Duda and Fehr, 2016; Gough, 2015; 
McMichael, 2013), and the Paris agreement is a 
milestone in the international negotiations of this 
century. The Paris agreement establishes that 
countries must reduce GHG emissions after 2020 
(Rogeli et al., 2016; Savaresi, 2016; United Nations, 
2015). Brazil has been taking a leading role in the 
Climate Convention negotiations, especially after 
2009, when the country presents its National Policy on 
Climate Change (Brazilian law 12187/2009) and then 
the National Plan on Climate Change (Decree 
7390/2010) (EULER, 2016). These regulation 
frameworks defined the Brazilian strategy of 
voluntary reduction of GHG (between 36.1% and 
38.9% concerning emissions projected until 2020), 
and sector-specific action plans to reach such goals 
(EULER, 2016). Within the Paris agreement, Brazil 
indicates an even more ambitious commitment to 
reduce absolute emissions and eliminate illegal 
deforestation by 2030 (Azevedo et al., 2017; Gurgel 
and Paltsev, 2014). Table 2 presents information on 
the electricity production using diesel, demonstrating 
numerically the negative carbon footprint associated 
with the high emissions of CO2-eq to the environment. 

The main contributor to the final emissions was 
the use of diesel itself. Transportation of fuel to the 
generation site was expressed in tonne*kilometers: 
tkm, but this step presented a minimal contribution to 
the overall emissions, less than 0.15%. The majority 
of emissions (84%) were associated with the 
combustion of diesel; these operational emissions are 

a mixture of gases and fine particles; the primary 
pollutants are particulate matter, carbon monoxide, 
nitrogen oxides, hydrocarbons, and volatile organic 
compounds (Lloyd and Cackette, 2001). Table 3 
shows data for the electricity production process, 
using biomass syngas as fuel. The transportation step 
of biomass was responsible for 2.7-4% of the final 
overall carbon footprint. When diesel was substituted 
by biomass syngas to produce 100 kWh of electricity, 
the carbon footprint was dramatically reduced, 
avoiding the emissions of 82.29 kg of CO2-eq at 
minimum power and 88.42 kg of CO2-eq at maximum 
power. Fig. 2 shows the carbon footprints for the four 
cases herein analyzed, normalized to the highest 
carbon footprint (diesel generation, low power). Fig. 2 
shows that the overall carbon footprint associated with 
electricity generation could be reduced to less than 
25% when biomass syngas is utilized. 

Several studies have focused on the 
substitution of diesel: Figueiredo et al. (2012) 
obtained good performance of the generator set using 
syngas, without distortions in the quality of the 
generated energy. Udaeta et al. (2004) presented a 
comparison between diesel and biodiesel, concluding 
that diesel is favorable from technical-economic and 
political analyses, while biodiesel presented 
environmental and social benefits. Heller et al. (2004) 
demonstrated that electricity generation with willow 
energy crops led to significant reductions in 
emissions, compared to coal-based electricity 
production in the U.S.A. The emissions associated 
with electricity production with biomass energy crops 
were similar to using woody residues (and almost 
carbon neutral) and that the pollution prevented was 
comparable to other renewable energy sources (solar 
and wind) (Heller et al., 2004). Table 4 presents a 
comparison of the available results presented in the 
scientific literature. The use of biomass proved to be 
an alternative fuel with attractive characteristics for its 
use, avoiding emissions of approximately 88 kg CO2-

eq due to the substitution of diesel, per 100 kWh 
produced. Considering a lifetime of 25 years, and 
daily production of 260 kW, the substitution of diesel 
by biomass syngas can achieve avoided emissions 
(negative emissions) of 208.78 106 kg CO2-eq. 
Following Araújo et al. (2018), the municipality of 
João Pessoa collected 20,000 tonnes of urban pruning 
residues in 2015, which means that approximately 
7.56 GWh could be generated at minimum power, or 
10.47 GWh at maximum power, with the experimental 
setup herein studied. 

 
Table 2. Carbon footprint associated with the production of electricity with diesel 

 
  per 100 kWh  

 Process Amount 
Emissions 
kg CO2-eq 

TOTAL 
kg CO2-eq 

 
kg CO2-eq/kWh 

Minimum power 
(13 kW) 

Diesel 1241.59 MJ 109  
109.16 

 
1.0916 Transportation 0.3 tkm 0.156 

Maximum power 
(26 kW) 

Diesel 1228.38 MJ 108  
108.15 

 
1.0815 Transportation 0.29 tkm 0.151 
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Table 3. Carbon footprint associated with the production of electricity with biomass syngas 
 

  per 100 kWh  

 Process Amount 
Emissions 
kg CO2-eq 

TOTAL 
kg CO2-eq 

kg CO2-eq/kWh 
 

Minimum power 
(13 kW) 

Syngas 2641.60 MJ 25.80  
26.87 

 
0.2687 Transportation 2.10 tkm 1.07 

Maximum power 
(26 kW) 

Syngas 1908.40 MJ 19.20  
19.73 

 
0.1973 Transportation 1.20 tkm 0.533 

 
Table 4. Comparison of scientific literature data for electricity generation from diesel and biomass 

 
  Carbon footprint, kg CO2-eq./kWhelec 

  This study 
Heller et al. 

(2004) 
Cherubini et al. 

(2009) 
Turconi et al. 

(2013) 
Varun and 

Prakash (2009) 

Electricity 
generation 

Diesel 1.0916 / 1.0815 Not applicable 0.72 – 1.08 0.530-0.900 Not applicable 

Biomass 
syngas 

0.2687 / 0.1973 
0.040–0.050 

(Willow biomass 
energy crops) 

0.055-0.230 
0.0085-0.130 
(Unspecified 

biomass) 
0.078 

 

 
 

Fig. 2. Comparison of electricity generation carbon footprint, according to the utilized fuel. 
 
4. Conclusions 
 

The Life Cycle Assessment (LCA) 
methodology enabled the quantification of the carbon 
footprint associated with the utilization of two 
different fuels, diesel and biomass syngas, for the 
generation of electricity in an experimental generator. 

Diesel fuel presented unsatisfactory results, 
emitting higher levels of greenhouse gases (1.092 kg 
CO2-eq/kWh). Biomass syngas helped produce 
electricity more sustainably (0.269 kg CO2-eq/kWh), 
evidencing a possibility of mitigating climate change, 
with overall avoided emissions of 0.823 kg CO2-
eq/kWh with fuel substitution. The utilization of 
biomass syngas as an energy resource can help 
contribute to the mitigation of climate change and can 
be used in Brazil to help fulfill its voluntary actions of 
reducing greenhouse gas emissions.  

Mitigation of climate change was the primary 
concern investigated here in, although effects on 

human health could also have been selected and could 
have provided different results.  
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