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a b s t r a c t

Biofuel substitution for fossil fuels has been recommended in the literature and promoted

in many countries; however, there are concerns about its economic viability. In this paper

we focus on the cost-effectiveness of fuels, i.e., we compare the social costs of biofuels and

fossil fuels for a functional unit defined as 1 km of vehicle transportation. We base our

empirical results on a case study in Vietnam and compare two biofuels and their alter-

native fossil fuels: ethanol and gasoline, and biodiesel and diesel with a focus on the blends

of E5 and E10 for ethanol, and B5 and B10 for biodiesel. At the discount rate of 4%, ethanol

substitution for gasoline in form of E5 or E10 saves 33% of the social cost of gasoline if the

fuel consumption of E5 and E10 is the same as gasoline. The ethanol substitution will be

cost-effective if the fuel consumption of E5 and E10, in terms of L km�1, is not exceeding

the consumption of gasoline by more than 1.7% and 3.5% for E5 and E10 respectively. The

biodiesel substitution would be cost-effective if the fuel consumption of B5 and B10, in

terms of L km�1 compared to diesel, would decrease by more than 1.4% and 2.8% for B5 and

B10 respectively at the discount rate of 4%.

ª 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The global transportation sector is relying on fossil fuels,

which contributed 96.3% of the sector’s energy consumption

in 2009 [1]. Fossil fuel related CO2 emissions from the global

transportation accounted for 23% of total CO2 emissions from

fuel combustion in 2009 [2]. The interest in biofuels as sub-

stitutes for fossil fuels has increased worldwide for three

reasons. Firstly, biofuels potentially substitute for fossil fuels

in the context of an increase in energy price due to an increase

in energy demand and insecurity of supply [3e6]. Secondly,

biofuels are suggested as a solution for climate change miti-

gation [2,5e8]. Thirdly, biofuel production has the potential to

foster rural economic development [3,4].

Biofuel substitution has been recommended in the litera-

ture and promoted in many countries; however, there are

concerns about its economic viability [7e13]. Tomake biofuels

competitive with fossil fuels, subsidies have been imple-

mented in many countries [10e12]. Nevertheless, a compari-

son of cost-effectiveness between biofuels and fossil fuels has

not yet been conducted properly in many studies [12e15]. In

previous studies a functional unit (FU) in terms of MJ or L has

been used, but this would be appropriate if biofuels were

utilised in form of heating energy or pure fuels [16], but not in

form of blends for transportation because the fuel efficiency

should be considered. The use of substitution ratios between

fossil fuels and biofuels based on the fuel efficiency of fossil

fuels and blends (not pure biofuels) is also not appropriate
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[16e18]. In addition, the external costs and benefits of biofuel

production and utilization have often not been considered in

previous studies (see e.g Refs. [12e15].), with the exception of

e.g. Kovacevic and Wesseler [9]. The GHG emissions associ-

ated with the effects of land use change and managed soils in

biofuel feedstock plantation are either considered in terms of

physical units or overlooked in comparison with fossil fuels

[19]. In Le et al. [20] the energy and greenhouse gas balances of

ethanol were reported.

In this paper we aim to compare the social costs (i.e. the

sum of private and external costs) of biofuels and fossil fuels

for an FU which we define as 1 km of vehicle transportation.

This FU embodies the fuel efficiency, and it is proper for the

comparison of biofuels and fossil fuels in transportation. Our

study contributes to the existing literature on the cost com-

parison of biofuels and fossil fuels by considering both private

and non-private costs.We base our empirical results on a case

study in Vietnam, where cassava-based ethanol and jatropha-

based biodiesel are most promising [21e25]. Our study com-

pares two biofuels and their alternative fossil fuels: ethanol

and gasoline, and biodiesel and diesel with a focus on the

blends of E5 and E10 for ethanol and B5 and B10 for biodiesel.

The blend of E5 is a 5% ethanol (E100) blended with 95% gas-

oline in volume, and B5 is a 5% biodiesel (B100) blended with

95% diesel. E10 and B10 are 10% biofuels blended with 90%

fossil fuels in volume.

The structure of the paper is as follows. Section 2 presents

the methodology for establishing the cost-effectiveness

analysis. Section 3 describes the case study in Vietnam. The

results of the social costs of fuels and the cost-effectiveness

comparison between fossil fuels and biofuels are presented

in Section 4. Section 5 contains our conclusions.

2. Methodology

2.1. Description of the systems

The life-cycle assessment is used in this study to estimate the

GHG and non-GHG emissions from the production and utili-

zation of biofuels, which are then expressed inmonetary term

as an external cost. Fig. 1 shows the life-cycle systems of

production and utilization of biofuels.

2.2. Functional unit and sensitivity analysis

Following the suggestion by Gnansounou et al. [16], this study

applies the FU of travelling 1 km using biofuels or fossil fuels

as energy for road vehicles. The efficiencies in terms of

MJ km�1 of biofuel components in blends are separated from

the efficiencies of the fossil fuel components and those of the

blends. We assume that the efficiencies of gasoline and diesel

components in the blends are the same as their own standard

efficiencies, and that the efficiencies of ethanol and biodiesel

are explained by their contributions to the blends after

deducting those of the gasoline and diesel components

respectively [16].

Table 1 provides the properties of fuels as a base to convert

from fuel consumption (L km�1) to fuel efficiency (MJ km�1).

Table 2 presents the fuel consumption of blends with respect

to (w.r.t) gasoline and diesel. Accordingly, it is argued that the

lower low heating values (LHVs) of ethanol blends cause

higher fuel consumption, while their higher octane values and

compression ratios improve the thermodynamic properties

and may reduce the fuel consumption [16,18,26e31]. The

higher fuel consumption of biodiesel blends is explained by

their lower LHVs and higher viscosity causing lower atomi-

zation and combustion properties [32e38]. In reality, the fuel

efficiency is affected by not only fuel properties but also other

factors such as vehicle speed and gear, vehicle models, and

road conditions.

For this reason, a sensitivity analysis is conducted in this

study to evaluate the effects of different blends of biofuels and

their fuel consumption. On the basis of the testing results, the

percentage change in fuel consumption of ethanol blends

w.r.t gasoline is considered at three levels, formulating six

scenarios: S1, S2, and S3 are the cases of E5with 5%higher, the

same, and 5% lower levels of fuel consumption per kilometer

respectively; S4, S5, and S6 are the cases of E10with 5%higher,

the same, and 5% lower levels of fuel consumption per kilo-

meter respectively. The testing results show that the per-

centage changes in fuel consumption of the blends of B5 and

B10 w.r.t diesel range between 0 and 5%. We therefore

formulate four scenarios for biodiesel: S7 and S8 are the cases

of B5 with the same and 5% higher levels of fuel consumption

compared to diesel respectively; S9 and S10 are the cases of

B10 with the same and 5% higher levels of fuel consumption

respectively. The efficiencies of biofuel components in blends

are separated in Table 3. Accordingly, we compare the social

costs of the fuels in terms of US Dollar for a functional unit of

1 km ($ km�1) in Section 2.3.

2.3. Cost-effectiveness analysis

In this study, the cost-effectiveness analysis aims to compare

alternative fuels (ethanol with gasoline, and biodiesel with

diesel) in terms of their social costs of production and utili-

zation for an FU. To calculate the social cost for an FU, the

social cost of 1 GJ of fuel ($ GJ�1) is first calculated and then

multiplied by the amount of GJ needed for an FU (GJ km�1) in

each scenario in Table 3.

2.3.1. Break-even price calculation
The social costs of fuels are calculated as the break-even price

which is identified by setting the net present values of fuel

projects equal to zero at a given discount rate. These break-

even prices are the average costs for every GJ of fuels pro-

duced and utilised. This study followsKovacevic andWesseler

[9] by considering both private and non-private costs and

benefits in the social cost calculation.

The net present value (NPV) can be calculated as follows:

NPV ¼
XT
t¼0

pFðtÞ
qt

�
 XT

t¼0

CðtÞ � BðtÞ
qt

!
;

or

NPV ¼ p
XT
t¼0

FðtÞ
qt

�
 XT

t¼0

CðtÞ � BðtÞ
qt

!

because p is constant.
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By setting NPV equal to zero we obtain.

p ¼

�PT
t¼0

CðtÞ � BðtÞ
qt

!

PT
t¼0

FðtÞ
qt

;where p is the break-even price or

the average cost for 1 GJ of fuels produced and utilised; C(t) is

annual cost of biofuel production at year t; B(t) is annual

benefit of by-products; F(t) is annual fuel production in terms

of GJ; q�t is discount factor with q ¼ 1 þ i, and i is the discount

rate; and T is time frame of the project.

2.3.2. Private production costs and benefits of fuels
The gas station prices in 2010 exclusive of tariffs, taxes, and

fees represent the private costs of gasoline and diesel. The

private costs are calculated as the sum of the import cost

(including cost, insurance and freight) and the transportation

cost from the dock-warehouse to gas stations using the

average national transport distance of 50 km [39,40].

For biofuels, private production costs incur in the three

phases of feedstock production, biofuel processing, distribu-

tion and blending (Fig. 1). The feedstock production phase

a The land use change effect could cause an increase in emissions or an emission saving depending on the change in C stock 
before and after feedstock plantation. 
b This is a GHG emission saving.

Biofuel production

Biodiesel processing

Or ethanol conversion

Fuel combustion

Distribution and blending

Feedstock production in the fields

Use of fertilizer and pesticide 
Urea application

Diesel for operating tractors and 
transportation

Burning of jatropha residue
Managed soils (Nitrogen use, crop 

residue)
C stock change caused by land-use 

change 

Emission inputs 

Diesel  

Diesel  

Diesel  

Fertilizers (N, 

P2O5, K2O)

Pesticides

Diesel  

Changes in land 

use and soil 

management

Chemicals 

Electricity from 

the grids

Coal (for ethanol 

production)

Electricity from 

the grids

Transportation of feedstock

Transportation of biofuels 

Transportation of biofuels

GHG and non-GHG emissions

CO
2
e emissions from use of fertilizer and 

pesticide 
CO

2 
emissions from urea application

CO
2
e emissions from diesel combustion

CH
4
, N

2
O emissions from residue burning

N
2
O emissions from managed soils

CO
2 
emissions (or emission saving) from C

stock change
a

Non-GHG emissions from production and 
distribution of fertilisers, pesticides, and 
diesel

CO
2
e emissions from chemical use

CO
2
e emissions from electricity consumption 

CO
2
e emissions from digester, coal combustion 

(for ethanol production) 

CO
2 
collected

b 
(for ethanol production)

Non-GHG emissions from production and 
distribution of coal and electricity

CO
2
e emission from electricity consumption 

Non-GHG emissions from production and 
distribution of electricity  

Zero GHG emissions from biofuel combustion
Non-GHG emissions from biofuel combustion

CO
2
e emissions from diesel combustion

Non-GHG emissions from production and 
distribution of diesel

CO
2
e emission from diesel combustion

Non-GHG emissions from production and 
distribution of diesel

CO
2
e emissions from diesel combustion

Non-GHG emissions from production and 
distribution of diesel  

Fig. 1 e Life-cycle system of biofuel production and utilization.
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incurs the costs of land rental, seedlings, fertilisers, pesticides,

diesel for tractors andwater pumpingmachine, maintenance,

labour, and seed transportation. The inputs in this phase are

collected per hectare and then converted to inputs per GJ of

biofuel output using the projected average yields (t ha�1), the

processing ratios (kg L�1), and the LHVs of biofuels (GJ L�1). For

the biofuel processing phase, cost items include capital,

electricity, coal, labour, water, and chemicals. The revenue of

glycerine and compost are considered as private benefits of

biodiesel production. The private benefits of ethanol produc-

tion include the revenues of by-products of cassava stillage,

CO2 from fermentation sold for further utilization and fixation

as an alternative for long term storage of CO2, and the certified

emission reductions (CERs) which the ethanol plants have

earned from the Clean Development Mechanism project. For

the processing, distribution and blending phases, the inputs

are calculated for 1 L on the basis of the production capacity of

108 L y�1 and converted to inputs per GJ of output using the

LHVs of biofuels. For the distribution and blending phase, the

cost of electricity equals its average price in 2010multiplied by

the quantity on the basis of the pumping capacity of 10,884 L

kW h�1, which is collected from the survey (see Section 3.1 for

details on the survey).

The transportation costs are calculated from transportation

distances, truck capacity, and diesel consumption. The three

stages of transportation include transporting 1) feedstock to

biofuel plants; 2) biofuels from processing plants to blending

stations; and 3) blends fromblending stations to gas stations. To

calculate the diesel consumption for transportation, we need

national transportation distances for feedstock, biofuels, and

blends, truck capacities, and diesel consumption. Each national

distance is the average of three regional distances with the

weights of corresponding capacities.

2.3.3. External costs and benefits of fuels
Three externalities are considered in the calculation of

external costs and benefits: 1) GHG emissions from fuel pro-

duction, distribution, and combustion, 2) non-GHG emissions

from fuel production, distribution, and combustion, and 3)

security of supply of fossil fuels.

2.4. GHG emissions

The GHGs consisting of carbon dioxide (CO2), methane (CH4),

and nitrous oxide (N2O) are aggregated into the CO2 equivalent

(CO2e) using the global warming potential (GWP) factors of 1

for CO2, 25 for CH4, and 298 for N2O [41,42]. The external cost of

GHG emissions is calculated by multiplying the CO2e emis-

sions by the global external cost of CO2e emissions of

33.2 $ t�1, which represents the avoidance costs of climate

change and was estimated for the year 2010 on the basis of

cost-effectiveness analysis to determine the least-cost option

to achieve the emission reduction target set under the Kyoto

protocol [43]. For gasoline and diesel, the GHG emissions from

the production and combustion in terms of CO2e are

83.8 g MJ�1 [41,44]. For biofuels, the GHG emission from biofuel

combustion is zero according to the Renewable Energy

Directive (RED) [44]. The GHG emissions from biofuel produc-

tion are calculated using the guidelines from the IPCC, RED,

and the Biograce project (Fig. 1) [41,42,44,45]. The GHG emis-

sions from plant construction, production of equipment and

vehicles for transportation are not taken into account under

Table 1 e Properties of fuels and blends.

Properties Unit Gasoline Ethanol E5a E10a Diesel Biodiesel B5a B10a

Density g L�1 743.0 790.0 745.4 747.7 832.0 879.0 834.4 836.7

LHV MJ L�1 32.2 21.1 31.6 31.1 35.9 32.6 35.7 35.6

a The properties of blends are calculated from those of gasoline and ethanol for E5 and E10 and from diesel and biodiesel for B5 and B10 ac-

cording to the volume shares [16].

Source: Ref. [1].

Table 2 e Percentage changes in fuel consumption of
ethanol blends (E5 and E10) w.r.t gasoline and of biodiesel
blends (B5 and B10) w.r.t diesel.

Blends E5 E10 Source

Fuel
consumption
indicators

L
km�1

g kW
h�1

L
km�1

g kW
h�1

Vehicle

- Ford Laser

Ghia 1.8

�5.2a �4.2 [26]

- Honda Super

Dream 100 cc

�6.4 �5.4 [26]

- 1.4i SI engine 5.2b 2.8e0.2c 5.5b 3.6e1.5c [27,28]

- Ford Focus �1.2d [16]

- Renault Megane �0.6 [29]

- Various car

models

�5.6d [16,30]

- Toyota 1.6 L/2000 1.1 [18]

- XU7JP/L3 engine 5.1 [31]

Vehicle B5 B10

- 6-cylinder MAN

diesel engine

2.5 [34]

- Mitsubishi-6D14 0.4 [35]

- Perkins D3.152 2.7 [36]

- Various trucks 0 [37]

- Ford Focus 1.8

Tddi 90 VC

0.3 0.6 [17]

- Renault Laguna

1.9 dCi

passenger car

1.0 [38]

- Mitsubishi-6D14 0.7 [35]

a A minus sign means the lower fuel consumption of ethanol

blends w.r.t gasoline.

b Ref. [27].

c Ref. [28].These two values are measured at the vehicle speeds of

80 km h�1 and 100 km h�1 respectively.

d These are averaged from the figures in Ref. [16].
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the cut-off criteria suggested in Refs. [41,44,45]. A detailed

explanation for the calculation of GHG emissions from biofuel

production are presented in the Supplementary information 1.

2.5. Non-GHG emissions

The four non-GHG emissions of HC, NOx, PM, and SO2 are

considered in this study. The external costs equal the

amounts of non-GHG emissions from fuel production, distri-

bution, and combustion multiplied by the unit damage costs

of non-GHG emissions, which will be detailed in Section 3.2

(see Fig. 1).

2.6. Security of supply

The security of supply of fossil fuels is a motivation for biofuel

production in most countries [2e5,43,46]. It is defined as the

supply reliability at affordable prices [3]. The external costs of

security of supply were formulated in various aspects and

estimated ranging from 0.03 to 0.19 $ L�1 at the 2010 price

(Table 5).

3. Case study in Vietnam

3.1. Data collection

The primary data for the case study are collected through two

surveys in the harvesting seasons of cassava and jatropha in

Vietnam from January to June in 2011. For the ethanol survey,

we selected four of the top-ten cassava producing provinces:

Binh Phuoc, Tay Ninh, Dong Nai and DakNong with the

presence of four among the total eight ethanol plants. For the

biodiesel survey, we chose three jatropha producing provinces

Table 3 e Fuel efficiencies of ethanol and biodiesel components in blends.

a Fuel efficiency of ethanol component in blends

Indicator Blend Gasoline component Ethanol component

Fuel
consumption

Fuel
efficiency

Percentage of
gasoline energy
in blend (%)

Fuel
efficiency
(km MJ�1)

Percentage of
ethanol energy
in blend (%)

Fuel
efficiency

(L km�1) (MJ km�1) (km MJ�1) (km MJ�1) (MJ km�1)

(1) (2) (3) ¼ 1:(2) (4) (5) ¼ (3)
for gasoline

(6) (7) ¼ ((3) � 100
� (4) � (5)):(6)

(8) ¼ 1:(7)

Gasoline 0.080b 2.56a 0.39 100 0.39

Ethanol

- S1 (E5, þ5%) 0.084c 2.65 0.38 96.66 0.39 3.34 0.03 35.32

- S2 (E5, 0%) 0.080d 2.52 0.40 96.66 0.39 3.34 0.59 1.68

- S3 (E5, �5%) 0.076e 2.39 0.42 96.66 0.39 3.34 1.22 0.82

- S4 (E10, þ5%) 0.084c 2.60 0.38 93.21 0.39 6.79 0.31 3.21

- S5 (E10, 0%) 0.080d 2.48 0.40 93.21 0.39 6.79 0.59 1.68

- S6 (E10, �5%) 0.076e 2.35 0.43 93.21 0.39 6.79 0.91 1.10

b Fuel efficiency of biodiesel component in blends

Indicator Blend Diesel component Biodiesel component

Fuel
consumption

Fuel
efficiency

Percentage of
diesel energy
in blend (%)

Fuel
efficiency
(km MJ�1)

Percentage of
biodiesel energy

in blend (%)

Fuel
efficiency

(L km�1) (MJ km�1) (km MJ�1) (km MJ�1) (MJ km�1)

(9) (10) (11) ¼ 1:(10) (12) (13) ¼ (11)
for diesel

(14) (15) ¼ ((11) � 100
� (12) � (13)):(14)

(16) ¼ 1:(15)

Diesel 0.054f 1.94g 0.52 100 0.52

Biodiesel

- S7 (B5, 0%) 0.054h 1.93 0.52 95.43 0.52 4.57 0.57 1.76

- S8 (B5, þ5%) 0.057i 2.02 0.49 95.43 0.52 4.57 0.03j 37.01

- S9 (B10, 0%) 0.054h 1.92 0.52 90.82 0.52 9.18 0.57 1.76

- S10 (B10, þ5%) 0.057i 2.02 0.50 90.82 0.52 9.18 0.30 3.36

a Ref. [16].

b This figure is calculated from 2.56 MJ km�1 and the LHV of gasoline.

c These figures equal the consumption of gasoline multiplied by 1.05.

d These figures equal the consumption of gasoline multiplied by 1.

e These figures equal the consumption of gasoline multiplied by 0.95.

f Ref. [17].

g This figure is calculated from 0.054 L km�1 and the LHV of diesel.

h These figures equal the consumption of diesel multiplied by 1.

i These figures equal the consumption of diesel multiplied by 1.05.

j S8 appears a very low contribution of biodiesel to the blend B5.
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of Binh Thuan, Ninh Thuan, and Dong Nai with the presence

of two jatropha-based biodiesel plants. We interviewed

farmers, managers in biofuel plants, stakeholders including

agricultural input suppliers, labourers, transporters, and key

informants to obtain data on 1) farm inputs, 2) on-site con-

version ratios in processing, 3) biofuel processing inputs, 4)

LUC estimation, and other information.

3.2. Biofuel industry in Vietnam

Biofuel production has rapidly developed under the govern-

ment policies. Up to 2010, eight ethanol plants had started

with the total annual capacity of 680 million liters. Seven of

eight plants are located in the Central Highlands, South Cen-

tral Coastal, and Southeast regions, which contributed 72% of

total cassava output in the period from 2006 to 2010 [47].

Jatropha has been plantedmostly in unused barren land in the

North and Coastal regions in compliance with the direction of

the Ministry of Agriculture and Rural Development [48e50].

3.3. Private production costs and external costs for GHG
emissions

We calculate the private production costs and the external

costs based on the production structure for ethanol and bio-

diesel production in Vietnam (Supplementary information 2)

and report these calculations in Section 4. A detailed

description of the calculations for energy and GHG emissions

for ethanol is given in Le et al. [20].

3.4. External costs of non-GHG emissions

Firstly, for the production and distribution phases of fossil

fuels the amounts of non-GHG emissions per GJ are collected

from GREET database [51]. For the production and distribution

phases of biofuels, the amounts of non-GHG emissions are

calculated by multiplying the emission factors from GREET

database [51] and the amounts of production inputs including

fertilisers, pesticide, electricity, coal, and diesel.We ignore the

chemical inputs due to their expected insignificant amounts

and the lack of data on their emission factors. Secondly, for

the fuel combustion phase the amounts of non-GHG emis-

sions are derived from the official emission standards in

Vietnam that are based on European emission standards for

vehicles [52e56]. The external costs equal the non-GHG

emissions from fuel combustion multiplied by the unit dam-

age costs of non-GHG emissions. The non-GHG emissions

from fossil fuel combustion follow the “Euro 2 and Euro 3

standards” (see Refs. [52,53,56]) for motorbikes for the periods

of 2010e2016 and 2017e2025 respectively; the “Euro 2, Euro 4,

and Euro 5 standards” for cars for the periods from 2010 to

2016, from 2017 to 2021, and from 2022 to 2025 respectively

[52e56]. While diesel is used by cars, gasoline is used by both

cars and motorbikes in Vietnam. Therefore, the shares of

gasoline consumption are estimated at 80% and 20% for the

period of 2017e2021 and at 65% and 35% for the period of

2022e2025, for motorbikes and cars respectively using the

numbers of motorbikes and cars, the ratios of gasoline and

diesel engines, ratios of diesel and gasoline consumption for

transportation [1,57]. The non-GHG emissions from biofuel

combustion are calculated using the non-GHG emissions from

fossil fuel combustion and the relative change of non-GHG

emissions from combustion of biofuels compared to fossil

fuels (�15% HC, �10% NOx, �20% PM, �80% SO2 for ethanol

compared to gasoline; and �67% HC, þ10% NOx, �47% PM,

�100% SO2 for biodiesel compared to diesel) [58,59].

Due to the lack of data on the external damage costs of

non-GHG emissions in Vietnam, we need to use proxies for

these costs.We therefore adjust the external damage costs for

EU countries reported by the European Commission [60] for

Vietnam. The scaled unit damage costs at the 2010 price are

obtained from Ref. [60] for the period of 2010e2025 and

adjusted to reflect the differences between Vietnam and the

EU countries concerning the willingness-to-pay and the

physical damage scale per ton of pollutants [63]. Assuming

that the willingness-to-pay and the physical damage scale per

ton of pollutants are proportional to the gross domestic

product (GDP) per capita and the population density respec-

tively, these two adjusting factors are measured by the ratios

of GDPs (Purchasing Power Parity) per capita and population

densities of EU and Vietnam [63] (Table 4).

3.5. External costs of security of supply

Due to the lack of data on the external costs related to the se-

curity of supply of fossil fuels for Vietnam, this study considers

the external cost of security of supply from the literature and

applies the lowest estimation of 0.03 $ L�1 in the calculation.

Table 4 e Converting external damage costs of non-GHG emissions for EU to scaled external damage costs for Vietnam.

Pollutants Damage costs for EU (V t�1) Adjusting factorsa Damage costs for Vietnam ($ t�1)b

2010 2025 GDP per
capita ratio

Population
density ratio

2010 2025

HC 1148 564 0.09 2.24 314 154

NOx 7793 7350 0.09 2.24 2135 2014

PM 29,006 23,454 0.09 2.24 7948 6427

SO2 7501 6718 0.09 2.24 2055 1841

a Population densities are 116.0 and 260.3 persons per square kilometer; and GDPs (PPP) per capita are 33,729 $ and 3104 $ respectively for EU

and Vietnam in 2010.

b The costs in Euro currency are multiplied by the average exchange rate in 2010 from the European state bank (1.33 $ V�1).

Source: Ref. [60e62].
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It is worth noting that, in the absence of data on the

external costs of non-GHG emissions and fossil fuel security of

supply for Vietnam, our empirical analysis is based on the

adjustment results from estimation for EU countries for the

former and on the lowest estimation that we found in litera-

ture for the latter. The readers should be aware of the uncer-

tainty about these two estimates.

4. Results and discussion

In this section we present the cost-effectiveness of the bio-

fuels in comparison with the fossil fuels. We first show the

private, external and social costs of production and utilization

in terms of $ GJ�1, we then focus on the costs per functional

unit, i.e., the costs in US Dollar per kilometer ($ km�1). Three

discount rates of 4%, 8%, and 10% are used to investigate the

impact of discount rates on the results. The detailed calcula-

tion is presented in the Supplementary information 2.

4.1. Cost-effectiveness of cassava-based ethanol and
gasoline

At the discount rate of 4%, the private cost of ethanol is

18.6 $ GJ�1 (Table 6), of which the cassava production cost

amounts to 57.9%, the conversion cost accounts for 39.5%, and

the cost of distribution and blending contributes to 2.6%. The

private cost of ethanol is 17.7% higher than that of gasoline,

but its external cost is 60.3% lower than that of gasoline. The

social cost of ethanol is 20.2 $ GJ�1, which is 1.6% higher than

that of gasoline at the discount rate of 4%.

Table 6 shows that the social cost per GJ of ethanol is higher

than that of gasoline due to its higher private cost component.

The higher external costs related to emissions and the secu-

rity of supply lead to the higher external cost for gasoline;

however, the social cost of ethanol is eventually higher than

that of gasoline. These findings hold for the three discount

rates and the differences are even larger at the higher dis-

count rate. For instance, the social cost of ethanol is 13.9%

higher than that of gasoline at the discount rate of 10%.

Regarding the external costs of ethanol production, the

non-GHG emissions are mostly caused by the ethanol con-

version, particularly coal combustion and electricity use

(Supplementary information 3) [20]. This finding encourages

the ethanol plants to make the best use of by-product biogas

or use the environmental friendly substitutes for coal and

electricity together with the agricultural practices suggested

in Ref. [20] so as to reduce the external cost. The contribu-

tions of the external costs of non-GHG emissions to the social

costs are less than 3.0% for all fuels. These small contribu-

tions result in a relatively insignificant effect on the overall

results.

If we take into account the fuel efficiency in transportation,

we obtain the costs per functional unit, i.e., in terms of $ km�1.

The social costs in terms of $ GJ�1 are multiplied by the fuel

efficiency (GJ km�1) to obtain the cost-effectiveness ($ km�1).

In terms of a functional unit, the ethanol substitution for

gasoline is cost-effective for scenarios S2, S3, S5, and S6, but

not for the scenarios S1 and S4 (Table 7). At the discount rate

of 4%, the ethanol substitution for gasoline in form of E5

would save 0.02 $ km�1 or 33.4% of the social cost per func-

tional unit compared to gasoline (see columns 5 and 6 in Table

7) for scenario S2. The saving performance also holds for

scenarios S3, S5, and S6. For scenarios S1 and S4 the cost

differences are positive, meaning that the ethanol substitu-

tion for gasoline is not cost-effective. Seeking for break-even

points, the zero cost difference is found at 1.7% and 3.5%

higher fuel consumption of E5 and E10 compared to gasoline

respectively at the discount rate of 4%, provided that other

factors are constant. This means that the ethanol substitution

for gasoline in form of E5 or E10will be cost-effective if the fuel

consumption of E5 and E10, in terms of L km�1, is not

exceeding the consumption of gasoline bymore than 1.7% and

3.5% for E5 and E10 respectively at the discount rate of 4%.

The similar results are found at the discount rates of 8%

and 10%. The ethanol substitution for gasoline is also cost-

effective for scenarios S2, S3, S5, and S6, but not for S1 and

S4. In view of the break-even points, the higher discount rate

requires the lower fuel consumption of ethanol blends in

terms of L km�1 to achieve the cost-effectiveness of the

ethanol substitution for gasoline. For instance, the fuel con-

sumption of E5 and E10 compared to gasoline is allowed to

increase up to 1.7% and 3.5% respectively at the discount rate

of 4%; these figures are respectively 1.3% and 2.6% at discount

rate of 10%.

Table 6 e Costs of production and utilization of ethanol
and gasoline ($ GJL1).

Cost items Ethanol Gasoline

Discount rate Discount rate

4% 8% 10% 4% 8% 10%

Private cost 18.57 20.13 20.93 15.78 15.78 15.79

- Cassava production 10.76 11.24 11.48

- Ethanol conversion 7.33 8.37 8.91

- Distribution and

blending

0.48 0.52 0.53

External cost 1.63 1.70 1.74 4.11 4.12 4.13

- GHG emissions 1.22 1.29 1.33 2.76 2.76 2.76

- Non-GHG emissions 0.40 0.41 0.41 0.25 0.26 0.26

- Security of supply NAa NAa NAa 1.10 1.10 1.10

Social cost 20.20 21.83 22.67 19.89 19.90 19.91

a Not applied.

Table 5 e External costs of fossil fuel security of supply.

External cost formulation External costs
in 2010
($ L�1)

Source

Incremental benefits of the import

reduction to society

0.03 [64]

Costs of keeping stocks for a period

needed to start up

biofuel program without subsidy

0.16e0.19 [5]

Direct economic costs of the transfer

of wealth from the US. to oil

producing countries, GDP losses

due to the oil price higher than its

competitive level,

and macroeconomic adjustment

0.19 [65]
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4.2. Cost-effectiveness of jatropha-based biodiesel and
diesel

At the discount rate of 4%, the private cost of biodiesel is

29.2 $ GJ�1 (Table 8), of which the jatropha production cost

amounts to 97.3%, the processing cost accounts for 1.7%, and

the cost of distribution and blending contributes to 1.0%. The

private cost of biodiesel is 95.8% higher than that of diesel.

Biodiesel could produce an external benefit of 2.19 $ GJ�1,

while diesel incurs an external cost of 4.2 $ GJ�1. The social

cost of biodiesel is 27.0 $ GJ�1, which is 41.3% higher than that

of diesel at the discount rate of 4%.

Table 8 shows that the social cost per GJ of biodiesel is

much higher than that of diesel due to its higher private cost

component. The higher external costs related to emissions

and the security of supply lead to the higher external cost for

diesel, while the positive effect of land use change due to

jatropha plantation achieves an emission saving or an

external benefit for biodiesel. Even with this external benefit,

the social cost of biodiesel is much higher than that of diesel.

These findings hold for the three discount rates and the dif-

ferences are larger at the higher discount rates. For instance,

the social cost of biodiesel per GJ is 52.0% higher than that of

diesel at the discount rate of 10%.

Regarding the external costs of biodiesel production, the

non-GHG emissions are mostly caused by the use of chemical

fertilizers and diesel for seed transportation (Supplementary

information 3). For the external cost reduction, this finding

encourages farmers to minimize their use of chemical

Table 8 e Costs of production and utilization of biodiesel
and diesel ($ GJL1).

Cost items Biodiesel Diesel

Discount rate Discount rate

4% 8% 10% 4% 8% 10%

Private cost 29.20 30.64 31.40 14.91 14.91 14.91

-Jatropha production 28.41 28.86 29.11

- Biodiesel processing 0.50 1.47 1.96

- Distribution and

blending

0.29 0.31 0.32

External cost �2.19 �2.24 �2.26 4.21 4.24 4.26

- GHG emissions �2.58 �2.65 �2.69 2.76 2.76 2.76

- Non-GHG emissions 0.40 0.42 0.43 0.46 0.49 0.50

- Security of supply NAa NAa NAa 0.99 0.99 0.99

Social cost 27.02 28.41 29.14 19.12 19.15 19.17

a Not applied.

Table 7 e Cost-effectiveness of ethanol and gasoline.

Scenarios Social cost Fuel efficiency Social cost ($ km�1) Cost difference

($ GJ�1) (GJ km�1) Ethanol Gasoline ($ km�1) (%)

(1) (2)a (3) ¼ (1) � (2)
for ethanol

(4) ¼ (1) � (2)
for gasoline

(5) ¼ (3) � (4) (6) ¼ (5) � 100:(4)

At the discount rate of 4%

Gasoline 19.89 0.0026 0.05

Ethanol

- S1 (E5, 5%) 20.20 0.0353 0.71 0.05 0.66 1298.53

- S2 (E5, 0%) 20.20 0.0017 0.03 0.05 �0.02b �33.40

- S3 (E5, �5%) 20.20 0.0008 0.02 0.05 �0.03 �67.56

- S4 (E10, 5%) 20.20 0.0032 0.06 0.05 0.01 27.14

- S5 (E10, 0%) 20.20 0.0017 0.03 0.05 �0.02 �33.40

- S6 (E10, �5%) 20.20 0.0011 0.02 0.05 �0.03 �56.37

At the discount rate of 8%

Gasoline 19.90 0.0026 0.05

Ethanol

- S1 (E5, 5%) 21.83 0.0353 0.77 0.05 0.72 1410.55

- S2 (E5, 0%) 21.83 0.0017 0.04 0.05 �0.01 �28.07

- S3 (E5, �5%) 21.83 0.0008 0.02 0.05 �0.03 �64.96

- S4 (E10, 5%) 21.83 0.0032 0.07 0.05 0.02 37.32

- S5 (E10, 0%) 21.83 0.0017 0.04 0.05 �0.01 �28.07

- S6 (E10, �5%) 21.83 0.0011 0.02 0.05 �0.03 �52.87

At the discount rate of 10%

Gasoline 19.91 0.0026 0.05

Ethanol

- S1 (E5, 5%) 22.67 0.0353 0.80 0.05 0.75 1468.30

- S2 (E5, 0%) 22.67 0.0017 0.04 0.05 �0.01 �25.32

- S3 (E5, �5%) 22.67 0.0008 0.02 0.05 �0.03 �63.62

- S4 (E10, 5%) 22.67 0.0032 0.07 0.05 0.02 42.57

- S5 (E10, 0%) 22.67 0.0017 0.04 0.05 �0.01 �25.32

- S6 (E10, �5%) 22.67 0.0011 0.02 0.05 �0.03 �51.07

a These are the figures in the column 8 in Table 3 divided by 1000.

b A minus sign means cost-effectiveness.
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fertilisers and the biodiesel plants to better locate sur-

rounding the feedstock areas so as to shorten the transport

distance and thus the amount of diesel use for transporting

dried seed.

In terms of a functional unit, the biodiesel substitution for

diesel is not cost-effective for all scenarios (Table 9). At the

discount rate of 4%, the biodiesel substitution for diesel in

form of B5would increase social cost of 0.01 $ km�1 or 28.6% of

the social cost per functional unit compared to diesel (see

columns 5 and 6 in Table 9) for scenario S7. Seeking for break-

even points, the zero cost difference is found at 1.4% and 2.8%

lower fuel consumption of B5 and B10 compared to diesel

respectively at the discount rate of 4%, provided that other

factors are constant. This means that the biodiesel substitu-

tion for diesel in form of B5 or B10 would be cost-effective if

the fuel consumption of B5 and B10, in terms of L&nbsp;km�1

compared to diesel, would decrease by more than 1.4% and

2.8% for B5 and B10 respectively at the discount rate of 4%.

Similar results are found at the discount rates of 8% and

10%. The biodiesel substitution for diesel is not cost-effective

for all scenarios. In view of the break-even points, the higher

discount rate requires lower fuel consumption of biodiesel

blends in terms of L km�1 to achieve the cost-effectiveness of

the biodiesel substitution for diesel. For instance, the fuel

consumption of B5 and B10 compared to diesel would

decrease more than 1.4% and 2.8% compared to diesel

respectively at the discount rate of 4%; these figures are

respectively 1.9% and 3.7% at discount rate of 10%. However,

these fuel consumption levels of biodiesel blends have not

been achieved in reality.

5. Conclusions

In this paper we have compared the social costs of biofuels

and fossil fuels: ethanol and gasoline, and biodiesel and diesel

for an FU of 1 km of vehicle transportation with a focus on the

blends of E5 and E10 for ethanol and B5 and B10 for biodiesel in

Vietnam.

In terms of per MJ, the social costs of biofuels are higher

than those of their alternative fossil fuels due to higher private

cost components. With the consideration of fuel efficiency in

transportation, different results are obtained. The ethanol

substitution for gasoline in form of E5 and E10 saves

0.02 $ km�1 or 33.4% of social cost per km of vehicle trans-

portation compared to gasoline if the fuel consumption of E5

and E10, in terms of L km�1 is equal to the fuel consumption of

gasoline at the discount rate of 4%. The lower fuel consump-

tion of E5 and E10 compared to gasoline, the higher achieve-

ment of this saving. The biodiesel substitution for diesel in

form of B5 or B10 remains not cost-effective if the fuel con-

sumption of B5 and B10 remains the same or 5% higher

compared to diesel.

Examining the cost-effectiveness of biofuels under effi-

ciency levels of blends, we identify the required fuel con-

sumption of blends tomake biofuel cost-effective compared to

fossil fuels. For the ethanol to be cost-effective, the fuel con-

sumption of E5 and E10, in terms of L km�1 compared to gas-

oline, is not exceeding by more than 1.7% and 3.5% for E5 and

E10 respectively at the discount rate of 4%. For the cost-

effectiveness of biodiesel, the fuel consumption of B5 and

Table 9 e Cost-effectiveness of biodiesel and diesel.

Scenarios Social cost Fuel efficiency Social cost ($ km�1) Cost difference

($ GJ�1) (GJ km�1) Biodiesel Diesel ($ km�1) (%)

(1) (2)a (3) ¼ (1) � (2) (4) ¼ (1) � (2) (5) ¼ (3) � (4) (6) ¼ (5) � 100:(4)

At the discount rate of 4%

Diesel 19.12 0.0019 0.04

Biodiesel

- S7 (B5, 0%) 27.02 0.0018 0.05 0.04 0.01b 28.58

- S8 (B5, þ5%) 27.02 0.0370 1.00 0.04 0.96c 2600.22

- S9 (B10,0%) 27.02 0.0018 0.05 0.04 0.01 28.58

- S10 (B10, þ5%) 27.02 0.0034 0.09 0.04 0.05 145.47

At the discount rate of 8%

Diesel 19.15 0.0019 0.04

Biodiesel

- S7 (B5, 0%) 28.41 0.0018 0.05 0.04 0.01 34.98

- S8 (B5, þ5%) 28.41 0.0370 1.05 0.04 1.01 2734.64

- S9 (B10,0%) 28.41 0.0018 0.05 0.04 0.01 34.98

- S10 (B10, þ5%) 28.41 0.0034 0.10 0.04 0.06 157.69

At the discount rate of 10%

Diesel 19.17 0.0019 0.04

Biodiesel

- S7 (B5, 0%) 29.14 0.0018 0.05 0.04 0.01 38.31

- S8 (B5, þ5%) 29.14 0.0370 1.08 0.04 1.04 2804.43

- S9 (B10, 0%) 29.14 0.0018 0.05 0.04 0.01 38.31

- S10 (B10, þ5%) 29.14 0.0034 0.10 0.04 0.06 164.04

a These are the figures in the column 8 in Table 3 divided by 1000.

b A plus sign means cost-ineffectiveness.

c The high cost-ineffectiveness in S8 due to low contribution of biodiesel to the blend B5.
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B10 compared to diesel would decrease bymore than 1.4% and

2.8% for B5 and B10 respectively at the discount rate of 4%.

We can conclude that the cost-effectiveness of using bio-

fuel in comparison to fossil fuel depends on the efficiency of

biofuel production and blended fuel combustion. For a sus-

tainable biofuel market in Vietnam, further investments will

be needed for both, improving the efficiency of biofuel pro-

duction and blended fuel combustion.
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