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Introduction
The increase in global biofuel production is driven primarily by the 

energy policies that have been adopted in important energy markets to 
promote the production and use of biofuels [1-5]. The United States has 
adopted a Renewable Fuel Standard (RFS2) that mandates an increase 
in the use of renewable biofuels, an significant portion of which must 
be derived from lignocellulosic biofuels by 2022 [5,6]. In 2009, The 
European Union adopted the Renewable Energy Directive (RED), 
which promote the use of renewable energy sources and established a 
requirement that 10% of transport energy be based on renewable energy 
sources. In 2012 the European Commission (EC) proposed to limit the 
use of food-based biofuels to meet the 10% renewable energy target to 
5%, stimulating the development of alternatives, such as lignocellulosic 
biofuels. 

Thomassen et al. [7] point out that sustainability is a holistic concept 
consisting of three domains: economic, environmental, and social, also 
referred to as the three pillars: profit, planet, and people. The literature 
mentions that biofuel sustainability is associated to the generation 
of skilled labor, improvements in living conditions for workers, the 
socioeconomic development of rural areas in middle- and low-income 
countries, avoidance of competition between food and energy crops and 
social conflicts, nature preservation, and the reduction of greenhouse 
gas emissions [2,4,8,9].

Pires and Schechtman [5] and OECD/IEA [4] depict the 
environmental life cycle performance of bioethanol from different 
raw materials. These reports show that sugar cane and lignocellulosic-
derived ethanol are among the optimal biofuel technological strategies 
for reducing greenhouse gas emissions [10]. Thomassen et al. [7] 
define Life Cycle Assessment (LCA) as a tool used to evaluate the 
environmental impact of a product throughout its life cycle, of which it 
describes the microstructure of an ecological-economic system.

Bagasse is denoted as the potential feedstock for lignocellulosic-
derived ethanol production in Brazil. The primary advantage related 

to the use of sugar cane bagasse is the feasibility of integrating 
bagasse-derived ethanol plants into the existing sugar cane ethanol 
infrastructure, reducing infrastructure and logistic costs as well as the 
implementation and production cost [4,8,11]. Kadam [12] executed a 
Life Cycle Assessment (LCA) to assess the options of converting excess 
bagasse to ethanol versus discarding it as waste, where was compared 
the use of E10 fuel blend (containing 10% bioethanol by volume) with 
the gasoline for motor vehicle use in Mumbai. LCA studies charactering 
the potential bagasse-derived ethanol production in Brazil have been 
not found, as well as LCA studies integrating economic (beyond life 
cycle costing) and environmental impacts for identifying a path towards 
the sustainability of Brazilian ethanol sector.

Structural Path Analysis (SPA) is a method that can compute the 
economic and environmental impacts of any economic sector, from a 
macro LCA perspective. According to Lenzen and Murray [13], SPA 
is an input-output technique that is used to trace and scan an entire 
supply and sales chain web in order to extract and rank those structural 
paths (input chains) that are most important in terms of the economic 
and environmental contributions. The database used in a SPA is 
constructed from national accounts and covers a wider system than 
a conventional LCA, without suffering of errors caused by truncation 
due to system delimitations and non-representative data, especially 
for countries without life cycle database. Limitations of a SPA based 
on IO database are based on some assumptions: technical coefficient 
constants, liner production function, and supply perfectly elastic. In 
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addition, uncertainties increase in a SPA through use of average values 
of the set of industries, aggregation of products to sectors, monetary 
transitions between currencies and time, use of outdated data [14-16].

Acquaye et al. [1] use hybrid LCA to calculate the CO2 emissions of 
a typical biodiesel supply chain, and SPA to identify, quantify and rank 
high carbon emissions paths in the supply chain. Thus, by a consistent 
manner, structural path analysis can assist in tailoring and prioritizing 
sustainability efforts in an economy [17,18].

This study aims to characterize the economic and environmental 
performance of bagasse-derived ethanol over their life cycle, from 
a cradle-to-gate perspective, according to LCA terminology. This 
characterization is based on a macrostructure of the Brazilian 
economic system, and identifies, quantifies and ranks all input chains 
that contribute most to the sustainability of the Brazilian bagasse-
derived ethanol. This SPA uses the Brazilian 2005 Input-Output table as 
a database to compute the economic and environmental impacts. The 
economic factors, Gross Domestic Product (GDP) and employment 
(E), identify the economic contribution of the new sector in the 
economy. The environmental factors, CO2 emissions (CO2) and fuel 
consumption (TJ), evaluate bagasse ethanol as a technological strategy 
for reducing greenhouse gas emissions and energy consumption in the 
Brazilian economy

Methods
To characterize the economic and environmental performance 

of bagasse-derived ethanol over their life cycle, a SPA based on the 
generalized input-output model (IO) has been applied using the 
national economic accounts provided by the Brazilian Statistics Institute 
(IBGE) for 2005. According to Lenzen [19], IO is a top-down economic 
technique that uses sectoral economic transactions to account the 
interdependency of industries in modern economies. The core of an IO 
model is the inter industry requirements or technical coefficient matrix 
A=|aij|, where the columns of A represent the input technology for 
producing one unit of each economic sector [20,21]. Classical IO model 
quantifies the total production of the economic activities related to a 
final demand composed of household and government consumption 
and export. Hence, the total production (x) of an economy is, 

x= (A-I)-1f = (I+A+A2+…) f = Lf                (1)

Where I represent the identity matrix, f is the final demand vector 
and L is the Leontief inverse matrix known also as total requirements 
matrix. A generalized IO analysis goes beyond the traditional total 
production analysis, because it quantifies the output of different 
production factors (Gross Domestic Product-GDP, Labor-E, emissions-
CO2 and Energy-TJ) associated with final demand, as shown in equation 
(2). 

xb= b (A-I)-1f = b(I+A+A2+A3+A4+A5+A6+A7+A8+...+An)f = bLf   (2)

Where b is the matrix of production factor coefficients in specific 
unit per monetary unit.

In a further analysis of the global effect that is observed in a 
generalized IO analysis, the SPA unveils the Leontief inverse matrix (L) 
by considering the multitude of interactions among sectors by means of the 
respective technical coefficients, A= [aij] [16,17,22-24], and the use of the 
concept of path multiplier. This analysis contributes to our understanding 
of the mechanisms that induce changes in the analyzed sector and assists 
in identifying the level of integration of an economy [14]. Equation (1) and 
Equation (2) capture both direct and indirect influences of an economy and 
can be written as a Taylor expansion [20,25],

j j,k k
n+1 n+1 n+1 n+1 n+1 n+1 n+1 n+1 n+1 n+1

i j j,i j j, k k,i j j,k k,l l,ij=1 k=1 j=1 l=1 k=1 ,h h,lj=1 j=1 k=1 h=1 j= l i1 , ib a a a a +…)f(b + b a b a a + b a a a + )+∑ ∑ ∑ ∑ ∑ ∑ ∑ ∑ ∑ ∑

Where i, k, l, and j denote sectors. The second sum element of the 
right side represents a structural path that quantifies the contribution 
of the sector j when producing for fulfilling the demand of sector k 
associated with the final demand of sector i. Thus, xb,i is a sum over 
a direct influence of sector i (bi) and higher-order structural paths 
multiplied by the final demand of the analyzed sector i. According to 
Acquaye et al. [1], each element in (3) represents the contribution of an 
individual input path. Lenzen and Murray [13] point out that within 
SPA, the term “path” is used as a synonym for “chain”, and similarly, 
intermediate transactions in a chain are referred to as “nodes”. Finally, 
the number of intermediate actors (sectors j,k,l) in a chain is called the 
“order” of that path.

Thus, an input path consists of one or more consecutive nodes 
that are connected to the origin sector i, in which the exogenous 
shock occurs, to destination sector j, in which the change is provoked 
[17,18,26]. There are input paths of zero order, first order, second-order 
and up to the nth order. For example, in an economy with n sectors, 
there are nn-structural paths of the nth-order [13,27]. However, the 
result of summing those paths is a finite number because the value of 
an input path decreases with path length [13,18,19,22,23,27].

Database preparation

The alignment of monetary and physical data was necessary for 
two reasons: integrated environmental-economic accounts are not 
published by IBGE, and sectoral classification in the IO table differs 
from the sectoral classification that is used in physical data reports, 
the National Energetic Balance Report [28] and the Carbon Balance 
Report [29]. The Brazilian Use and Make tables, which serve as basis 
to construct IO database, are structured into 110 products and 55 
sectors that were aggregated into 18 sectors to enable the physical and 
economic data integration. The most updated IO and physical data 
officially published is for 2005. 

The main reason to use the IO and physical data is to obtain the 
technical coefficient matrix (A) and the production factor coefficient 
matrix (b) with the same base year. According to Miller and Blair [20], 
measures such as total economy-wide output associated with a specific 
vector of final demand, the error introduced by an outdated table 
may be not be large. Additionally, Miller and Blair [20] mention that 
some studies found that extrapolations from updating and projecting 
coefficient methods generated worse results than simply using the most 
recent coefficient table available. Thus, we presume that the technical 
coefficients used in this study reflect the actual economic dynamic. 

To study the hypothetical SGe sector was necessary to incorporate 
it into the original IO database. According to Miller and Blair [20], IO 
approach provides a framework within which to assess the impacts 
associated with the introduction of a new sector into an economy. IO 
literature discusses mainly two ways of introducing a new economic 
activity, through a new final-demand vector and through the addition 
of new elements into the technical coefficients matrix. For Chowdhury 
and Krikpatrick [30] the problem of introducing new activities is 
handled by adding new rows and columns with technical coefficients 
obtained either from engineering data or on the basis of statistical 
experience of similar activities already established in regions or in 
countries of comparable economic development [20].

The scenario of the hypothetical SG ethanol sector was based on 
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the GDP generated from the commerce-services sector, by means of 
SGe (SGe→Co), the chemical sector (SGe→Che→Co), and the enzyme 
sector (SGe→Oche→Co), FG ethanol has also an important intervention 
in GDP because its sugar cane bagasse production, raw material for SGe 
production. 

The employment generation has a direct influence estimated at 
25%. The indirect job creation comprises several important input 
paths, such as SGe→Co, SGe→Oche, SGe→Che→Co, SGe→Fb→Alf, 
SGe→Oche→Co. We identified that the aggregated share of commerce-
and-services sector is a relevant contributor in job creation along with 
the sectors of enzymes and agricultural production. In the current agro 
ethanol industry (agricultural and industrial activities), the agricultural 
phase (sugar cane production) is the main employment generator, 
typically characterized by low-skilled activities. On the other hand, 
the industrial phase is characterized by higher-skilled activities. In 
the hypothetical SGe sector modeled here with the same employment 
structure of the sugar cane ethanol sector, the industrial stage ranks first 
and agricultural stage and bagasse production are not part of the top-
ten structural paths. Thus, SGe industry has the potential of generating 
indirectly more skilled jobs than sugar cane ethanol. 

For both job and GDP generation, the chemical sector, the enzyme 

data from Walter and Ensinas [31], Dias et al. [11] and Ferreira-Leitão at 
al. [32] for technological structure of the potential plant, and from Fu et 
al. [33], Gonzales-García [34], Kadam [12]; Mac Lean and Sparati [35]; 
Spatari et al. [36] for “input technology”. The final demand projection 
was set according to annual sugar cane time series data from Brazilian 
Sugar cane Industry Association (UNICA) and forecast demand 
scenarios from Filho and Macedo [37]. According to Miller and Blair 
[20], when the level of new sector activity is specified in terms of sales 
to final demand rather than total production (x), no new principles are 
involved in assessing the impacts. 

To estimate the new coefficients, in first place were introduced the 
economic data into the Supply and Use Tables (SUTs) from national 
accounts [20,38]. Original SUTs were aggregated into five foreground 
sectors, FG Ethanol sector-FGe (Bagasse production), Chemical 
sector (lime, sulfur acid and DAP production), other chemical sector 
(enzymes production), and ISPU and hypothetical SGe sectors 
(bioelectricity sold), and into one background sector aggregating the 
rest of the economy. Thus, we used the aggregated SUTs for obtaining 
the new Anew=DB and fnew=De, where D is the market share matrix, B 
is the parallel of technical coefficient matrix from Use table, and e is the 
final demand for commodities [20]. We incorporate those coefficients 
of foreground sectors into the new column of A[19x19] that is completed 
by background coefficients associated to FGe input technology. These 
coefficients were assumed to be the same because future landscape of 
ethanol industry projects the feasibility of integrating bagasse-derived 
ethanol plants into the existing ethanol infrastructure; thus, both 
sectors potentially will share the same input technology from those 
background sectors. Similarly, it is assumed that direct coefficients 
associated to economic factors follow the same structure of FGe sector. 
And, those related to environmental factors are considered zero because 
in our hypothetical model non-direct energy consumption or external-
grid electricity is used in the hypothetical SGe sector; sources of CO2 
emissions and energy consumption in this study.

Results and Discussion
This study identified, quantified and ranked the input paths with 

the greatest contributions to the economic, environmental and energy 
performance of bagasse-derived ethanol on the basis of four factors: 
Gross Domestic Product (GDP), employment (E), CO2 emissions 
(CO2) and fuel consumption (TJ). Figures 1 and 2 depict the 10 highest 
ranked structural paths for economic, and environmental and energy 
factors, respectively. 

The hypothetical structure for GDP in the SGe sector has a direct 
influence of 46.5%, and the remaining 53.5% is distributed among more 
than 3000 input paths of different orders. In the assumed technology 
modeling, the important economic relation among the foreground 
sectors responsible for enzyme production (SGe→OChe) and chemical 
production (SGe→Che) is evident, ranking in second and third position 
in terms of total GDP influence, respectively. According to MacLean and 
Spatari [35], ethanol production through biochemical processes utilizes 
chemicals for pretreatment, hydrolysis, and fermentation. Chemicals 
required vary depending on the specific processes employed. Enzymes 
assist with liquefaction, saccharification, and fermentation and are 
also associated with other process benefits in ethanol production. 
Nowadays, the enzymes used in converting lignocellulose to ethanol 
are still in development and the prices of those in commercial stage are 
not as inexpensive as those used for corn-derived ethanol production. 

The sum of three first-order input paths and the direct GDP 
represents approximately 59% of the total GDP impact. In addition to 

 

 

Figure 1: Top-ranking Structural Paths in Terms of GDP and Employment (%). 
Sectors: SG; Ethanol: SGE Bagasse Ethanol; FG ethanol: FGe Sugar Cane 
Ethanol; OCHE: Others Chemicals; CHE: Chemical; CO: Commerce-and-
Services; FB: Food-Beverage; OS: Other Industrial Sectors; EN: Energy; TRA: 
Transport; ALF: Agricultural-Livestock-Fishing; SC: Sugar Cane.
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derived ethanol industry depends on direct actions in its industrial 
phase and in the production structure of chemicals, enzymes and 
commerce-and-services suppliers. Thus, a legal framework favorable 
to those sectors could influence positively the economic dynamics. 
The environmental panorama of this potential sector calls also for 
introducing cleaner energy sources in transport services and chemical 
processes. Hence, political support towards technological innovation, 
and research and development on advanced biofuels will keep Brazilian 
ethanol industry competitive internationally, at the same time that 
brings economic and environmental benefits for the country.
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