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Abstract-As a result of recent dewvelopments in fuel cell
technology, serious consideration is given to direct alcohol fuel
cells in which alcohal is used directly as the fuel. Methanol and
ethanol are the most promising fuels for transportation
applications. To assess the environmental benefits of these fuel
choices over petroleum, it is important to analyze their energy
uses and emissions during the entire fuel cycle. A direct alcohol
fuel cell model was developed with a software simulation, and a
data analysis was conducted based on the simulation results.
Energy consumption and emissions were calculated throughout
the entire cycle from well-to-wheels (WTW). It was observed
that the direct methanol fuel cell (DMFC) reduces energy
consumption and emissions, and that when ethanol, a
renewable energy source, is used in fuel cells, it will
significantly cut emissions from fuel cells. However, ethanol
uses more energy throughout the entire cycle.
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I. INTRODUCTION

Considerable alternative energy source research to
supplement oil as the main energy source for road vehicle
energy has resulted from the growing demand for
transportation fuels, the rising public concerns for
environmental problems, and the increasing use of existing
fossil fuels. In recent years, fuel cells have attracted interest
due to their low degree of pollution, high efficiency, and
capability to use alternative and renewable fuels. Hydrogen
is the most commonly used fuel in proton exchange
membrane fuel cells (PEMFC). Direct alcohol/air PEMFC is
a developing technology and is promising for application in
electric vehicles. Among the different alcohols, methanol
and ethanol are the most promising because of their
advantages in comparison to hydrogen. These advantages
include high aqueous electrolyte solubility, low liquid fuel
cost, easy handling, easy transportation and storage, and
high energy density 2.

A few research groups have demonstrated the use of
direct alcohol fuel cells in electric vehicles . In addition,
the energy conversion efficiencies in direct alcohol fuel cells
have been studied by using various electrolyte membranes 6.
. However, previous research has focused on vehicle
operation stage. Although alternative fuels tend to generate
lower emissions and achieve higher fuel efficiencies than
conventional fuels, it is necessary to analyze the energy use
and the emissions during the entire well-to-wheels (WTW)
fuel cycle. However, a WTW analysis of using alcohol as a
fuel was not found in the literature. In this paper, we present
a detailed WTW analysis of alternative fuel (such as ethanol
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and methanol) energy efficiencies and emissions to
understand their environmental advantages. This study
provides an objective efficiency and emission comparison
among the selected fuels and attempts to discover the most
effective method for alternative fuel use.

Il. METHODOLOGY

A. Principles of Direct Alcohol Fuel Cells

A fuel cell is an energy conversion device that converts
chemical energy into electricity by a chemical reaction
between oxygen and a fuel. Hydrogen is the most common
fuel. The hydrogen reactions involved in the anode and
cathode are given in Equations (1) and (2).

Anode:  H, — 2H" +2¢ @)
Cathode: (1/2)O, + 2H" + 2¢” — H,0 )

Due to the safety concerns and storage and distribution
difficulties associated with hydrogen, other hydrocarbon
fuels, such as alcohols (i.e., methanol and ethanol), are
studied as fuel cell alternatives. Methanol and ethanol
overcome the storage and infrastructure challenges of
hydrogen use. In vehicle applications, hydrogen is typically
reformed on-board before being fed into fuel cells. However,
this method results in an energy loss. Furthermore, high
temperatures are required during the reforming process.
Direct methanol fuel cells (DMFCs) and direct ethanol fuel
cells (DEFCs) directly convert liquid methanol and ethanol
into electric energy without reforming. To create power in a
DMFC or DEFC, a mixture of water and methanol or
ethanol is introduced into the fuel cell. Methanol is
converted into carbon dioxide at the anode and water is
formed at the cathode by using the oxygen from air. These
reactions are shown in Equations (3) and (4).

Anode: CH3;OH + H,0 — CO, + 6H" + 6e” (3)
Cathode: (3/2)0, + 6"+ 6H" — 3H,0 4)

The direct electrochemical oxidation of ethanol occurs at
the anode and the electroreduction of oxygen occurs at the
cathode as shown in Equations (5) and (6), respectively.
Anode: CyHsOH + 3H,0 — 2CO, + 12H" + 12¢°  (5)

Cathode: 30, +12H" + 12¢" — 6H,0 (6)

B. Efficiency of Fuel Cells

Currently, one technology deficiency of these fuel cells
is that some methanol or ethanol passes through the polymer
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memb rane without producing electricity during the chemical
reactions. This phenomenon is referred to as methanol or
ethanol permeation (cross-over). Thus, the DMFC and
DEFC efficiencies are generally lower than those of
hydrogen PEM FCs 1.

The theoretical open circuit voltages (Eg) can be
calculated by dividing the Gibbs free energy of reaction (4G)
by the number (n) of electrons transferred during the
reaction and the Faraday constant (F) (Equation 7).

E, - AG @)
nxF

This reaction results in a voltage (Eo) of 1.21 V for
methanol and 1.145 V for ethanol /.

During normal operation, the cell potential tends
towards lower voltages. This tendency is caused by ohmic
losses, over voltages at the electrodes and the formation of a
mixed potential at the cathode . At 0.5 V and 97% fuel
utilization, the overall conversion efficiencies of methanol
and ethanol to electricity are approximately 40% and 42%,
respectively.

When a DMFC or a DEFC is used for transportation
applications, it needs auxiliary components to ensure that
the stack works in its optimal condition. In addition to the
stack, the system consists of at least a fuel tank, a heat
exchanger, a pump, a compressor, sensors and actuators.
The energy loss in the system is a combination of the fuel
cell energy use and the auxiliary energy consumption.
Accordingly, the system efficiency is lower than the fuel
cell conversion efficiency. Direct alcohol fuel cell efficiency
information from vehicles has not been determined
previously. A stand-alone DMFC study showed that the
system efficiency ranged from between 25% and 30% and
had a fuel utilization of 90% ©°!. The current density and cell
potential characteristics of a DEFC are similar to the density
of a DMFC .. Thus, for simplicity, we assumed that the
efficiency of an ethanol fuel cell was similar to the
efficiency ofa DMFC.

C. Well-to-Wheels Simulation

The well-to-wheels analysis is a systematic approach for
assessing the energy consumption and greenhouse gas
(GHG) emissions from different fuels and vehicle
propulsion configurations. The entire WTW cycle is
comprised of two independent stages that are shown in Fig.
1. These stages consist of a well-to-pump (WTP) stage (I)
and a pump-to-wheels (PTW) stage (11). Stage | includes the
recovery or production of the feedstock for the fuel, the
transportation and storage of the energy source through
feedstock conversion to fuel and the subsequent fuel
transportation, storage, and distribution to the vehicle. Stage
Il refers to the vehicle operation activities throughout its
lifetime . The GREET software was used to study the full
energy cycle, energy use and the GHG emissions. This
software consists of multidimensional worksheets that were
developed to address analytical issues associated with
various fuels.
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Vehicle Operation:
Wehicle Refueling,
Fuel Conversion,
Fuel Combustion,
Fuel Evaporation,

and Subsystem Losses.

L Well4to-Pump Stage J IPump-tn-Wheel StagF_T

Fig. 1 Energy cycle stages used inthis analysis

Feedstock: Fuel:
Production, Production,
Processing, ::}Transpnrtaticun. —)
Transportation, Distribution,
and Storage. and Storage.

I1l. RESULTS AND DISCUSSION

As an alternative to fossil fuels, methanol and ethanol
have been widely used in transportation since the invention
of the internal combustion engine (ICE). When mixed with
gasoline, methanol and ethanol can be used in combustion
engines as high-level blended fuels. In the U.S., M90 and
E85 refer to 90% methanol and 85% ethanol blends,
respectively. Another exciting application of alcohol is its
use in fuel cells. There are two different types of alcohol
fuel cells in use, the hydrogen fuel cell with reformers or the
DMFC/DEFC. Fig. 2 shows the alcohol fuels that are used
for transportation.

Gazoline
Mixture * Engine
Methanal/ N
Ethanl —-l Reformer Hydrogen FC
Hydrogen DMFCIDEFC

Fig. 2 Alcohol fuels used fortransportation

In this study, alcohol fuels that are used in different
energy conversion devices were simulated to evaluate the
full cycle energy consumption and GHG emissions. For
comparison, a conventional gasoline vehicle and a hydrogen
fuel cell were simulated. A summary of the simulations is
presented below.

= Conventional vehicle (CONV) with gasoline engine (SI)

= |ICE vehicle (ICEV) using a 90% methanol and 10%
gasoline (M 90) mixture

= Hydrogen fuel cell vehicle (H2FCV) with an on-board
liquid methanol (LM) reformer

= Vehicle powered by a direct methanol fuel cell (DM FC)

= ICEV using a 85% methanol and 15% gasoline (E85)
mixture

= Hydrogen fuel cell vehicle with an on-board liquid
ethanol (LE) reformer

= Vehicle powered by a direct ethanol fuel cell (DEFC)

= Gaseous hydrogen fuel vehicle (H2FCV)

A. Fuel Economy in the PTW Stage

The PTW vehicle economy is defined as the distance
travelled per unit volume of fuel used (in kilometers per liter
(km/1) or in miles per gallon (mpg)). Passenger vehicles
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account for over 60% of vehicles worldwide. Thus, a
conventional medium size passenger car that uses gasoline
was selected as the baseline vehicle. The fuel economy was
based on a combination of the urban and highway fuel
economies, with 55% urban driving and 45% highway.

A direct alcohol fuel cell model was developed in the
GREET software. The fuel economies and GHG emissions
of the DMFC and DEFC vehicles were modelled on the
basis of the hydrogen fuel cell vehicle models. The FCV
uses an electric motor and rechargeable batteries to drive the
system. The hydrogen FCV and DMFC/DEFC vehicles
were assumed to have the same configuration and
component efficiencies (for example, motor, batteries, gears,
vehicles, etc.) except for the fuel cells. Accordingly, the
vehicle fuel to wheel efficiency is proportional to the fuel
cell efficiency. The theoretical energy efficiency from
hydrogen to electricity of fuel cells is up to 83%. In fact, the
hydrogen fuel cell efficiencies are approximately 55%, and
range between 50% and 65% if the peripheral system
efficiencies (for example, the air and cooling systems) are
considered. The overall vehicle efficiency (excluding fuel
cells) was assumed to be approximately 82%. Thus, the fuel
to wheel efficiencies are between 41% and 54% and have a
mean value of 45% [ 2. The DMFC and DEFC
efficiencies are estimated to be 35% in the simulation. Thus,
the entire fuel to wheel efficiency is approximately 29%,
which results in a fuel economy of 15.7 km/l. The DMFC
and DEFC vehicle efficiency estimates are summarized in
Table I. Fig. 3 illustrates a comparison between the average
fuel economies of vehicles that use different technologies.

TABLE | DMFC AND DEFC FUEL ECONOMY EST IMATIONS

Fuel Type Hydrogen DMFC/DEFC
Fuel cell efficiency (%) 55 35
Other system efficiency (%) 82 82
Fuel to wheel efficiency (%) 45 29
PTW Fuel economy (km/) 24.6 15.7
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Fig. 3 Fuel economy comparisons (km/I) in the PTW stage

A. Energy Efficiency in the WTP Stage

These efficiencies were calculated from the energy
losses that occur along the pathway from the primary energy
feedstocks to the fuels that are available from the fuel
pumps at refuelling stations. The crude-to-gasoline pathway
has a high efficiency of 82.6%. The efficiency of crude oil
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recovery is approximately 98%, and the efficiency of
gasoline refinement is only 89%.

Methanol can be produced from a wide variety of
sources, including fossil fuels, such as natural gas, coal and
oil shale. However, methanol can also be produced from
agricultural products and municipal wastes, such as wood
and various types of biomass. Fossil fuels are the main
sources for making hydrogen from water and can be used to
produce hydrogen by electrolysis and thermolysis methods.
Currently, for large quantities of industry applications,
hydrogen and methanol are produced by natural gas steam
reforming. Natural gas recovery and processing are 97%
efficient. However, reforming is an inefficient method that
results in energy losses of more than 30%. Furthermore,
hydrogen must be compressed to be more energy dense for
transportation. This compression results in an additional
energy loss of 10% [**. Combined, these factors result in
low hydrogen WTP efficiency. One major advantage of
methanol over hydrogen is that methanol is easy to transport.
Methanol is a high energy-dense liquid under normal
conditions, which allows it to be easily stored, transported
and dispensed (much like gasoline).

Ethanol made from corn is classified as a renewable
energy source. Ethanol is produced from biomass through
industrial fermentation, chemical processing and distillation.
Corn is the main feedstock used for ethanol production in
the U.S. This ethanol is mainly used in blends of ethanol
and gasoline for automotive engines. Unlike other natural
fuel resources (such as petroleum and natural gas) that
already exist in the earth, corn is grown specifically for the
production of ethanol fuel. Corn farming and the production
of ethanol fuel are relatively energy intensive processes that
require the use of non-renewable energy. The efficiency
during the feedstock stage is normally less than 50%.
Furthermore, ethanol cannot be transported in pipelines
because it absorbs water from the inside of pipelines.
Ethanol must be delivered by truck, which is the least
energy-efficient transportation method for liquids. Therefore,
the energy efficiency of ethanol in the WTP stage is less
than 40%, which is much lower than the efficiency of other
fuel pathways. Fig. 4 shows the WTP efficiencies of the
different fuels. Here, it is assumed that the ethanol WTP
efficiency for the DEFC is the same as that of the ethanol
used in the hydrogen reformer fuel cells. A similar
assumption is made for methanol. Specifically, it is assumed
that the WTP efficiency of a DMFC vehicle equals that of a
methanol-using hydrogen reformer FCV.
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Fig. 4 WTP efficiency comparisons

B. WTW Energy Consumption and GHG Emissions

As previously determined, some fuels have higher fuel
economies in the PTW stage and others use less energy in
the WTP stage. The simulated energy uses of the different
technologies throughout the entire WTW cycle and their
quantities during each stage are shown in Fig. 5. Vehicles
that use E85 consume the most energy, while hydrogen
FCVs use the least. A DMFC vehicle uses less energy than a
conventional vehicle due to its higher PTW efficiency.
However, these vehicles cannot compete with the hydrogen
FCV because of the high energy efficiency of the hydrogen
fuel cell. For those using the same fuel (for example,
methanol or ethanol), the vehicles powered by fuel cells use

significantly less energy than those with combustion engines.
Thus, the development of fuel cell technologies is important.

It was previously assumed that the DMFC/DEFC fuel
usage is higher than that of a hydrogen fuel cell and a
methanol/ethanol reformer combination. More energy is
used in the WTP stage to process, transport and distribute
the fuels. Thus, the direct fuel cell energy consumption
during the entire fuel cycle is higher than that of a reformer-
based fuel cell, although the difference between them is
trivial. However, there are several disadvantages of
reforming fuel to create hydrogen for fuel cells. Onboard
reformers increase the complexity, cost, packaging and
maintenance demands of a fuel cell system. The carbon
monoxide produced during the reforming process can
damage the fuel cell performance if it reaches the fuel cell
anode 141,

7,000

6,000 ]
5,000

4,000 A

3,000 H

2,000 A

Energy Usage (kJ/km

1,000 -+

0

O Feedstock B Fuel

O PTW
Fig. 5 Various vehicle energy usages in each fuel stage

Ethanol fuels, including the DEFC, use a considerable
amount of energy in the entire fuel cycle because of the
energy that is required to grow, gather, process and
transform the corn to ethanol. For ethanol, the energy
consumed in the WTP stage accounts for more than 50% of
the total energy usage (Fig. 5). The amount of energy use in
only the vehicle cycle (>3000 kJ/km) is close to or higher
than the entire energy use of the other vehicles in the WTW
cycle. However, methanol and hydrogen are made from
natural gas, which is a fossil fuel, while ethanol is
renewable. Renewable energy is environmentally beneficial
because it produces zero or low GHG emissions.

-214 -

Oct. 2012, Vol. 2 Iss. 5, PP. 211-216

GHG emissions that are created in the WTW cycle are
another major factor that should be considered when
analyzing the benefits of alternative fuels. GHG emissions
are the fundamental cause of the global warming
phenomenon. The GHGs from the WTW cycle mainly
consist of carbon dioxide, nitrous oxide and methane. A
variety of emissions, including GHG emissions, are
produced by burning fuels for transportation. In the past few
decades, vehicle emissions have been reduced by
reformulating fuels to eliminate sulfur and metals by
improving combustion and by using post-combustion
scrubbing to  eliminate  unburned  hydrocarbons.
Unfortunately, emissions (such as CO2) cannot be
eliminated because of the existence of carbon in the fuels. In
addition, other GHGs are still released throughout the
energy life cycle. Fig. 6 shows the overall GHG emissions
(9/km) fromvarious fuels during each fuel stage.

400
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0
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-100

-200

O Feedstock @ Fuel o PTW

Fig. 6 Various vehicle GHG emissions in each fuel sage

Ethanol fuel produces negative GHGs in the feedstock
stage (Fig. 6). Corn production results in a CO, sink and
releases oxygen as a result of photosynthesis during corn
growth. These processes result in negative GHG emission
values in the fuel cycle. Although a large amount of GHG
emissions are produced during the process, transportation,
and distribution of ethanol fuel, the net GHG emissions
from corn-based ethanol fuels in the WTP stage are negative.
The total GHG emissions produced in each stage for each
fuel are presented in Table Il. Clearly, the use of ethanol as
a fuel appreciably reduced the GHG emissions in the
complete energy cycle.

TABLE II TOTAL GHGEMISSIONSIN THE ENTIRE FUEL CYCLE

Vehicle types GHG emissions (g/km)

CONV S| 274
ICEV M90 259
H2FCV LM 170
DMFC 184
ICEV E85 188
H2FCV LE 103
DEFC 108
H2FCV 134
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Among the different technologies that are compared in
Fig. 6 and in Table IlI, the conventional gasoline vehicle
emits the highest amount of GHGs and the hydrogen FCV
emits the least. Although the hydrogen FCV does not
release any pollution during the PTW stage, it produces
emissions during the production, transportation, storage and
distribution of gaseous hydrogen (the WTP stage). It has
been claimed that a hydrogen FCV has zero emissions,
which is only correct in the vehicle operation stage.

The methanol-based vehicles resulted in a slight
reduction in GHG emissions when compared to a
conventional vehicle across the entire fuel cycle. The main
GHG contribution of methanol-based vehicles results from
their higher PTW fuel economy and the lower carbon
intensity of methanol relative to gasoline ™. The DMFC
produces slightly higher emissions than the ethanol reformer
fuel cell because of its higher energy consumption in the
PTW stage.

IV. DIRECT ALCOHOL FUEL CELL EFFICIENCY
SENSITIVITY ANALYSIS

Previous analyses assumed that the DMFC and the
DEFC have 35% efficiencies. These technologies are
relatively new and are still developing. The recently
reported efficiencies are not consistent due to the use of
different power ratings, electrodes, electrolyte membranes,
and peripheral systems 2 & 31 To fairly assess the
environmental impacts of the DMFC and the DEFC, the
WTW simulation was performed with DMFC and DEFC
efficiencies of between 25 and 45%. Fig. 7 shows the
energy consumption and GHG emission simulation results
with various DMFC and DEFC efficiencies.
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Fig.7 Energy consumption and GHG emissions with different DMFC and
DEFC efficiencies

As shown in Fig. 7, when the DMFC and DEFC
efficiencies increase, the release of greenhouse gases and
the use of energy decrease during the entire fuel cycle.
When the DMFC and the DEFC have the same efficiency, a
DMFC vehicle utilizes less energy but releases more
emissions than a DEFC vehicle. When the DMFC reaches
an efficiency of 45%, it can compete with a hydrogen fuel
cell with an efficiency of 55%, with respect to energy use
and emissions during the WTW cycle. A DEFC vehicle
normally generates fewer GHG emissions because of the
absorption of CO, during corn growth. However, a DEFC
vehicle uses much more energy during the entire cycle

Oct. 2012, Vol. 2 Iss. 5, PP. 211-216

because of the large amount of energy needed during the
WTP stage. Even if a DEFC vehicle has a high (45%)
efficiency, the DEFC WTW energy use is approximately
equal to that of a DMFC vehicle with an efficiency of 27%
and is higher than that of the baseline vehicle. Therefore,
switching to a renewable fuel likely achieves the goals of
significantly lowering fossil fuel [15] and GHG emissions.
However, more energy is used throughout the entire fuel
cycle.

V. CONCLUSIONS

The hydrogen fuel cell is considered as an ultimate
future fuel for powering vehicles. However, due to safety
concerns and the lack of infrastructure, direct alcohols (such
as methanol and ethanol) have been studied as an alternative
to using hydrogen in fuel cells. Methanol and ethanol
overcome the storage and distribution challenges of
hydrogen. DMFCs and DEFCs directly convert liquid
methanol and ethanol into electric energy without reforming.
Thus, their energy efficiency is high. However, the
environmental impacts of these alternative fuels should be
analyzed for the entire fuel cycle.

A life cycle assessment of alcohol as fuel for medium
size passenger cars was conducted using the GREET
simu lation software. A direct alcohol fuel cell model was
developed, and the environmental impacts of the fuels were
evaluated. Methanol, synthesized from natural gas, is an
alternative fuel for vehicles. The environmental benefits of
using DMFCs are distinct when compared to a standard
gasoline vehicle. The DMFC significantly reduces both
energy consumption and GHG emissions by 30% in the
WTW cycle when the DMFC efficiency is 35%. This
improvement is attributed to the high PTW efficiency of the
DMFC relative to the low efficiency of the combustion
engine. If the reaction efficiency of a DMFC is improved,
the energy use and emissions will be reduced throughout the
entire cycle.

Ethanol is widely recognized as a feasible alternative
fuel and is currently being promoted in the transportation
sector. As a renewable energy source, the use of ethanol
significantly reduces the dependency on fossil fuels for an
energy source. This simulation demonstrates that using
ethanol reduces fossil fuel usage and increases the total
energy consumption when the entire WTW analysis is
accounted for. This increased energy consumption is caused
by the additional energy used from renewab le feedstocks. In
contrast, ethanol substantially reduces greenhouse gas
emissions by 60% when compared to the baseline (mainly
because of the photosynthesis that occurs during corn
growth).

The low operating temperature, the high potential
efficiencies, the convenience of using liquid fuels, and the
absence of a fuel reformer make direct alcohol fuel cells an
excellent candidate for transportation applications. In
addition, the WTW analysis showed environmental
advantages for using methanol and ethanol throughout the
entire energy cycle. Direct alcohol fuel cells can compete
with the efficiency of fuel cells that have reforming
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technologies. However, direct alcohol fuel cells avoid the
use of a bulky and expensive reformer.
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