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TECHNICAL NOTE

Energy analysis of ethanol steam reforming for hybrid
electric vehicle
L. Tartakovsky* T, A. Mosyak and Y. Zvirin

Faculty of Mechanical Engineering, Technion-Israel Institute of Technology, 32000, Technion City, Haifa, Israel

SUMMARY

Thermodynamic equilibrium of ethanol steam reforming is studied using the Gibbs free energy minimization method. The
reaction paths of ethanol steam reforming are simulated using Chem-CAD software. Appropriate optimization of reactants
ratio and reaction conditions is performed, to achieve the composition of ethanol steam reforming products, which will be
favorable as an internal combustion engine (ICE) fuel. The effects of process variables, such as temperature and water: eth-
anol molar ratio are discussed. Numerical investigations are conducted to analyze energy performance of steam reforming
of ethanol for ICE. Realization of ethanol steam reforming at high temperature leads to an increase in efficiency of the pro-
cess. The optimal conditions are obtained as follows: 1100K, water:ethanol molar ratio of 1.2. Copyright © 2011 John

Wiley & Sons, Ltd.
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1. INTRODUCTION

The internal combustion engine (ICE) is the main power
plant in most modern transportation systems. As such, it is
responsible for a substantial part of petroleum fuel consump-
tion as well as environmental pollution. This fact provides a
powerful incentive to design more fuel-efficient engines, to
economize on depleting petroleum. The risk of economic de-
pendence on expensive oil has strengthened the support for
the development of renewable fuel technologies. Biofuels,
for example, represented 49% of the growth in non-OPEC
oil supply in 2007 and are expected to rise at a later time [1].

It is well known that one of the best ways to improve fuel
efficiency of ICE is to increase its compression ratio. This pa-
rameter is, nevertheless, bounded from above by the so-
called knock limit. Until recently, this drawback in the way
of increasing compression ratio was solved by the use of a
fuel additive called tetraethyl lead (TEL), which is supposed
to act as a self-ignition inhibitor by adsorbing at the surface
of its molecules the active radicals in front of the flame front,
thus effectively preventing knock. Unfortunately, because of
its high molecular stability, TEL exhausted into the atmo-
sphere turned out to be a dangerous pollutant. In the last dec-
ades, because of increased public awareness to air pollution
problems, TEL was practically banned from use in most of
the industrialized nations. An alternative way to prevent

Copyright © 2011 John Wiley & Sons, Ltd.

knock without using TEL is to add a modest amount of meth-
anol to gasoline [2], but it is not yet an economically viable
alternative to gasoline [3]. One of the main drawbacks of
methanol is relatively high toxicity and corrosivity. Its pro-
duction is essentially based on reforming of non-renewable
fossil fuels, mostly natural gas. Therefore, its use will real-
ize fossil carbon into the atmosphere.

Ethanol appears as an attractive alternative to methanol
because it is much less toxic and corrosive [4] and is al-
ready used as versatile fuel that offers a high octane num-
ber and low photochemical reactivity. Moreover, bio-
ethanol can be produced in large quantities from biomass
fermentation and, therefore, can be considered as a renew-
able energy source [5,6].

A significant advantage of this alcohol over fossil fuel-
based systems is that it is CO, neutral. Carbon dioxide
released into the atmosphere during ethanol combustion
is absorbed during the growth of the biomass. Thus, etha-
nol appears as one of the best candidates that can be used
for hydrogen generation. However, previous studies have
focused on hydrogen generation for fuel cells [7,8]. Com-
pared with the strict requirement for high-purity hydrogen
for fuel cells, ICE is much more flexible and can effec-
tively burn different mixtures of hydrogen, carbon monox-
ide, and other gases. This characteristic greatly reduces the
cost of energy obtained from renewable fuels.
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The main goal of this study is to optimize reaction con-
ditions of steam reforming of ethanol (SRE) to achieve the
composition of SRE products, which will be favorable as
an ICE fuel.

2. SYSTEM DESCRIPTION

The schematic layout of a typical onboard alcohol steam
reforming system is known and based on the previous
studies [9] that considered the concept of ICE fueled by
methanol decomposition products (MDPs). The typical
scheme is shown in Figure 1. According to this scheme,
the exhaust heat that would have been wasted is used for
heating and decomposition of liquid methanol. It was
shown that the MDP fuel has about 20 and 14% higher
heating value than liquid methanol and methanol vapor, re-
spectively [9]. Unfortunately, an onboard reformer cannot
work efficiently in a wide range of engine operation
regimes typical for a conventional road vehicle, especially
at transient modes and cold-start conditions. In case of a
hybrid propulsion system, which always has an additional
energy source, these shortcomings can be easily overcome.

Tartakovsky and Zvirin [10] presented a hybrid propul-
sion system based on an ICE fueled by ethanol decomposi-
tion products. The hybrid concept is a known series
scheme: a vehicle is driven by an electric motor(s) powered
by a storage system of energy, supplied by charging from
an electricity network or/and by an ICE through a genera-
tor. The ICE runs in an on—off mode, at optimal operation
point, and is fed by products of ethanol decomposition,
SRE, (mainly hydrogen and carbon monoxide) emerging
from the onboard catalytic reformer. Using the SRE pro-
ducts as a fuel for ICE makes possible to eliminate the
known problems of onboard hydrogen storage and to re-
duce expenses substantially compared with the use of fuel
cells. Using the scheme of series hybrid (Figure 2) allows
the engine to be operated in an on—off mode at constant,
optimal regime. Excess energy produced by the engine at
lower load driving conditions is accumulated by the energy
storage system of the hybrid. The engine is automatically
switched off, and only electric propulsion is used in the
case of a full-charge state of the energy storage system. En-
gine operation at the constant optimal regime contributes
to an additional significant rise in efficiency and reduction
in pollutants emission.

Ethanol steam reforming for hybrid vehicle

Table I includes the results of a qualitative comparison
of the proposed hybrid concept and some other fuel-vehi-
cle propulsion systems. Performance parameters of a hy-
brid vehicle with a gasoline engine are taken as base
values for this comparison. Some options have multiples
of ‘+’ or ‘-’ to distinguish between various levels of change
in parameter value for more than three considered cases.
The applied signs mean the following: ‘+ + +’—the best,
‘+ +’—significantly better, ‘+'—better, ‘0 +'—close or
slightly better, ‘0’—taken as a base value or close to it,
‘~’—worse, ‘— ——significantly worse, and ‘— — ——the
worst.

For example, energy consumption (EC) of ethanol ICE
is better than gasoline counterpart—one ‘+° designated;
EC of hydrogen ICE is better than ethanol counterpart
(and significantly better than gasoline ICE)—two ‘+’ des-
ignated; for SRE ICE for motor vehicle, the similar level
of EC is estimated because a significant improvement be-
cause of SRE is partially diminished by the need of addi-
tion of liquid ethanol to make possible engine’s operation
at cold starts and transient regimes; SRE ICE for hybrid ve-
hicle allows the best EC between the considered cases—
three ‘+” designated.

Simultaneous use of ‘+” and ‘-’ is used for ‘tailpipe
emissions’ parameter, to mention reduction in emission
of some pollutants together with increase in emission of
others. For example, using the liquid ethanol as a fuel
enables the reduction of benzene, 1,3 butadiene, and or-
ganic matter hydrocarbon equivalent emissions together
with a lower photochemical reactivity of emitted pollutants
[11]. However, it leads to increase in non-methane organic
gases and aldehyde emissions. Therefore, ‘“+ —* was desig-
nated to the ethanol ICE case.

As can be seen from Table I, the main advantages of
using liquid ethanol as an alternative fuel are the possibil-
ities to improve engine efficiency, to reduce emissions of
some pollutants and, of course, to contribute to the solution
of the problem of energy supply security. Improvement in
engine performance can be achieved with ethanol because
of its excellent antiknock performance (allowing an in-
crease of the engine’s thermal efficiency), lower flame tem-
perature and luminosity (leading to lower heat losses), and
high latent heat of vaporization, which makes the achieve-
ment of higher volumetric efficiency possible. If hydrogen
is considered as a fuel for ICE, its storage onboard a vehi-
cle and cost of its production, as well as absence of fueling
infrastructure, remain major technological challenges.

EXHAUST GAS
EXHAUST GAS EXHAUST GAS
CH30H CH30H _|CATALYTIC| _MDP
——— ! VAPORIZER |—— ENGINE
LIQUID VAPOUR | REFORMER
AIR

Figure 1. Scheme of onboard methanol decomposition system.
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Figure 2. Scheme of the series hybrid propulsion system with onboard ethanol decomposition.

Using the SRE as an automotive fuel allows, as mentioned
above, consolidation of the benefits of liquid ethanol cost
and onboard storage with engine feeding by a gaseous
non-corrosive hydrogen-enriched fuel. A comparison
about engine durability in Table I relates to the issue of
the engine durability worsening in case of using alcohol
fuels because of their high corrosivity and washing away
of lubricant film during cold start, [11]. SRE application
makes possible use of renewable and easy-to-storage on-
board liquid alcohol together with engine feeding by gas-
eous mixture and therefore preventing durability
worsening. However, implementation of SRE in a conven-
tional motor vehicle with multi-regime engine places the
appropriate requirements on fuel and control systems. A
catalytic reformer is needed to operate efficiently in a wide
range of ethanol flow rates and exhaust gases temperatures
(as a result of engine load and speed changes). There is a
requirement and a serious problem to ensure engine cold
start and warm-up because, at low temperatures, the cata-
lytic reformer will not operate efficiently. The requirement
to address any momentary change in engine load leads to a
serious complication of the fuel and control systems. To
enable satisfactory engine operation in the whole range of
working regimes, different amounts of ethanol should be
added to the SRE fuel, thus reintroducing the drawbacks
of liquid ethanol fuel.

The proposed system opens new possibilities to achieve
great advantages of the known idea of onboard ethanol de-
composition, by combining it with the hybrid vehicle con-
cept. The benefits follow from the availability of an energy
storage device and the operation of the ICE at optimal

steady-state regime and may lead to the elimination of cur-
rent shortcomings of multi-regime fuel systems with ethanol
decomposition. Among the problems that may be eliminated,
or at least minimized, are the following: undesirable chemi-
cal reactions in the catalytic reformer, which usually lead to
the reduction of hydrogen yield and rise of soot formation
with subsequent increase of radiation heat losses; cold start
and warm-up problems (the reformer may be electrically pre-
heated from an energy storage device); and problems that
follow from the requirement to address any momentary
change of needed fuel amount, taking into account the resi-
dence time of the fuel in the catalytic reactor. As a result of
these advantages, the fuel and control systems can be made
much simpler, effective, and less expensive, and of course,
better fuel economy may be achieved.

3. THERMODYNAMIC
CONSIDERATIONS

3.1. Modeling and simulation methodology

Ethanol can be converted into gas containing hydrogen
through steam reforming (SRE). The thermodynamics of
ethanol SRE has been widely discussed in the literature
[12—-15]. The possible reaction pathways of SRE can be de-
scribed by 20 equations [15]. The most important of them
are presented below. The equilibrium calculations employ-
ing the minimization of total Gibbs free energy were car-
ried out using the Chem-CAD software package.

Table I. Qualitative assessment of various fuel vehicle systems.

Gasoline ICE for Ethanol ICE for

Hydrogen ICE for

SRE ICE for motor SRE ICE for hybrid

Parameter hybrid vehicle hybrid vehicle hybrid vehicle vehicle vehicle
Tailpipe emissions 0 + + 4+ + + + + +
Energy consumption 0 + + + + + + 4+
Cold startability 0 - + - 0+
Engine durability 0 - 0 - 0
Onboard fuel 0 0 -——- 0 0
storage

Fuel cost 0 0+ - 0+ 0+

Int. J. Energy Res. 2013; 37:259-267 © 2011 John Wiley & Sons, Ltd.
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The sufficient steam supply reaction, Equation (1), is
strongly endothermic and produces only hydrogen and car-
bon dioxide, if ethanol reacts in the most desirable way. It
is an ideal pathway by which the highest hydrogen yield
may be achieved.

CH5OH + 3H,0 — 2C0; + 6H, (AHa05 = 174 kI mol ™) (1)

Hydrogen in lower amounts, CO, and undesirable pro-
ducts are formed during insufficient steam supply reactions,
Equations (2)—(5):

CoHsOH + H,O — 2CO + 4H, (AHpes = 256 kI mol™') (2)

C;HsOH + 2H; — 2CH, + HyO(AHgos = —157 kI mol™")  (3)

Ethanol can dehydrate to ethylene according to Equa-
tion (4):

C,HsOH — CoHy + HyO(AHaos = 45k mol ™) (4)

A possible route of carbon formation is ethylene poly-
merization, Equation (5):

C,Hs — polymers — 2C + 2H, (5)

The lack of detailed kinetic data (reaction rates, resi-
dence time, known intermediate species, etc.) has deter-
mined a modeling of the steam reforming. Therefore, the
simulation has been run with a Gibbs reactor that simulates
a chemical reactor by solving the heat and mass balances
on minimizing the free energy of the components that
can be produced during a reforming process. The minimi-
zation of total Gibbs free energy is a suitable method to
calculate the equilibrium compositions of any reacting sys-
tem. The method of minimizing the Gibbs free energy is
normally preferred in the fuel reforming analysis [15].

The total Gibbs free energy of a system is given by the
sum of i species:

F NS 0 N h
G = Zn,-G,. +RTZni1nJE )
i=1 i=1 i

where G' is the total Gibbs free energy, the G?standard
Gibbs free energy of species i, R the molar gas constant, 7'
the temperature of the system, f; the fugacity in the system,
£? the standard-state fugacity, and n; the mole of species i.
For reaction equilibrium in gas phase, G? = AGJ(% is
assumed.

When solid carbon (graphite) is involved in the system,
the minimization function of Gibbs energy is as follows:

N-1
;. P )
Zn,- <AG2 + RTlnylé)(; + ZAW;‘k) + <nCAGj(’)C(‘r)) =0
i=1
@)

where y;, is the gas phase mole fraction, ¢; is the fugac-
ity coefficient of species i, P is the pressure of system, P is
the standard-state pressure of 101.3kPa, 4, is the Lagrange
multiplier, a;; is the number of atoms of the k element pres-
ent in each molecule of species, n¢ is the moles of carbon,
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and AG;?C(.\‘) is the standard Gibbs function of formation of

solid carbon.

The equilibrium calculations employing the Gibbs en-
ergy minimization were performed with the Chem-CAD
professional software package. The programs are capable
of simulating single-phase or multi-components in equilib-
rium. Equilibrium constants, K,,, of Equations (3)—(5) ver-
sus temperature were determined from the Van’t Hoff
reaction [15].

High equilibrium constants of Equations (3), (4), In(K, )
~ 30-40 mean complete conversion of ethanol in the tem-
perature range of 800—2000K.

The caloric equation of state is

T
H;=H,, + / C,dT (8)
To
which describes the relation between the species’
enthalpies and their specific heat capacities C,,.

3.2. Results

Previous numerical calculations were focused on thermo-
dynamic analysis of hydrogen production from ethanol
with respect to fuel cell applications, and the effect of op-
erating parameters on hydrogen yield has been examined,
[4,8,12]. Previous numerical calculations were focused on
thermodynamic analysis of hydrogen production from eth-
anol with respect to fuel cell applications, and the effect of
operating parameters on hydrogen yield has been calcu-
lated [4,8,12]. In the present study, the effect of operating
parameters on enthalpy of H,, CO, CO,, CHy, and H,O
was examined with relation to using as fuel for ICE.

Mol fractions, M; (moles of given product, i, to total
moles of products, M,) of ethanol decomposition products
in steam reformer at atmospheric pressure, various water:
ethanol (W/E) ratios, and different reaction temperatures
are shown in Figure 3. At given W/E, the yield of hydro-
gen first increases sharply with rise of temperature and then
practically stabilizes in the range of T=1000-1200K.
These results agree with those reported in [14,15]. Carbon
monoxide yield approaches to 0% when the temperature is
500K. It increases with increasing temperature depending
on W/E ratio. For example, in the range T=1100-1200K
at W/E=1.2Mco~ 30%, and at W/E=3.0 CO yield drops
down to Mco~ 20%. Decrease in equilibrium yield of car-
bon monoxide from SRE with increase of W/E also was
reported in [15].

In the range of T=1000-1200K, Mo, can be kept low
and changes from about 0-5% with rise of W/E from 0.6 to
3.0. In the range T=1000-1200K, Mcp4 drops down from
about 11 to 0% with increase of W/E from 0.6 to 3.0. The
same trend was observed by Wang and Wang [15].

Equations (1) and (2) are dominant at temperatures above
800K, [16]. This result is very important because accord-
ing to Equation (5), existence of C,H, in steam reforming
products leads to carbon formation. When fuels, such as
hydrocarbons, ethanol, and methanol, are used, there is a

Int. J. Energy Res. 2013; 37:2569-267 © 2011 John Wiley & Sons, Ltd.
DOI: 10.1002/er
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Figure 3. Composition of SRE products at various W/E ratios depending on temperature: (a) W/E=0.6; (b) W/E=1.2; (c) W/E=1.8; and
(d) W/E=3.

risk of carbon deposition [17]. It was shown in the study
[15] that the carbon (graphite) is absent in the temperature
range 600-2000K and the W/E range of 3-20.

Figure 4 shows enthalpy of combustion of SRE pro-
ducts (megajoules per kilogram of ethanol) at different
WEIE ratios and temperatures. Increase of SRE products en-
thalpy is observed with an enhancement of temperature
and steam:ethanol molar ratio (W/E). At T>1100K and
W/E> 1.2, enthalpy of SRE products is about 21% higher
than that of dehydrated ethanol. On the other hand, an in-
crease of this parameter is associated with an increase in
so-called heat duty (H,) to heat the reactor to a temperature
necessary for achievement of high ethanol conversion. The
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Figure 4. Enthalpy of combustion of SRE at different W/E ratios

and temperatures.
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heat duty is the sum of the heat of reaction, latent heat, and
sensible heat. Increase in W/E leads to an increase of the
heat required for water evaporation. Figure 5 shows heat
duty (megajoules per kilogram of ethanol) required to
heat primary water /ethanol proportions (W/E) to the disso-
ciation point (T).

As was shown above, the SRE for hydrogen and CO
production involves a complex multiple reaction system,
and the dissociation products are affected by many unde-
sirable side reactions. Therefore, the total enthalpy of com-
bustion of dissociated products depends in a complex
manner on the process variables. To analyze efficiency of
the steam reforming process, it is necessary to know the
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Figure 5. Heat duty dependence on temperature and W/E ratio.
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effect of these variables on total enthalpy of combustion
and heat duty. The energy efficiency is a very important
system parameter [18]. This efficiency is defined as the ra-
tio of the difference between enthalpy of combustion of
SRE products, Heomp, and enthalpy of primary reactants,
H;,, to the heat duty (enthalpy), Hg.

n= (Hcomb - Hin)/Hd )

Figure 6 shows the energy efficiency of SRE as a func-
tion of the W/E ratio in the reformer at the temperature
range of 800-1200K.

It was found that 7 reaches the maximum value of about
0.59 at temperature T=1100K and W/E=1.2.

4. DISCUSSION

4.1. Economic and environmental indicators
for fuel cell and motor vehicles

Chemical storage of hydrogen in liquid fuels is considered
to be one of the most advantageous for the fuel cell appli-
cations [7-9]. Fuel cells produce electric power through an
electrochemical process, in which hydrogen energy is con-
verted to electricity. Several different liquid and solid me-
dia can be used to facilitate the fuel cell electrochemical
reactions. These media are phosphoric acid, molten car-
bonate, solid oxide, and polymer electrolyte membrane
(PEM). Each medium consists of a distinct fuel cell tech-
nology and unique performance characteristics. The over-
all efficiency of fuel cells is impacted by the ratio of the
parasitic power consumed by the auxiliary components to
the stack power. For example, the electrical efficiencies
of PEM fuel cells are in the range of 23-40% [19].
However, there are more losses to be considered. Typi-
cally, automotive PEM fuel cells consume more of the
rated stack power output to provide power to pumps,
blowers, controllers, and so on. Depending on the chosen
drive train technology, the DC power is converted to
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Figure 6. Energy efficiency of the SRE as a function of temper-
ature and WJE ratio.
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frequency modulated AC or to voltage adjusted DC, before
motors can provide motion for wheels. Energy is always
lost in the electric system between fuel cell and wheels.
The overall electric efficiency of the electric drive train
can hardly be better than 90%. Fuel cells need hydrogen
of high purity, which is always a challenge, if SRE is used
for onboard hydrogen production. Together with hydro-
gen, normally, other components, such as CO, and CO,,
are produced (see Figure 3). Their yields are changed
depending on W/E ratio and temperature, as was discussed
above. Because CO also is a fuel, it may be used directly
for the ICE feeding. However, carbon monoxide is known
as the poison for fuel cells. Therefore, a route for removing
carbon monoxide in case of fuel cell use is necessary,
which complicates the system and reduces its overall effi-
ciency [20]. Fuel cells today are much more expensive than
an equivalently sized ICE.

Moore et al. [21] present results of an energy analysis
for load following versus battery hybrid direct hydrogen
fuel cell vehicles. Hybridizing is generally assumed to be
a viable technique for improving the vehicle efficiency—
largely based on the ability to recover and reuse regenera-
tive braking energy. Simulation results showed that for hy-
brid vehicles, the increase in efficiency is about 1% for
federal highway cycle (HIWAY, US) and about 4% for
federal urban driving schedule (FUDS, US). Calculated ve-
hicle efficiency is about 38 and 25% for HIWAY, US, and
FUDS, US, respectively.

Hybridizing the ICE is generally assumed to be a viable
technique for improving the vehicle energy use and effi-
ciency—Ilargely based on the ability to recover and reuse
regenerative braking energy. However, there also are neg-
ative aspects of hybridization, including additional com-
plexity, additional packaging constrains, and potentially
higher cost—especially when the hybrid design is config-
ured for maximum recovery and reuse of regenerative
braking energy. Balancing these negative attributes are po-
tential benefits of hybridization, for example, improvement
in start-up performance, efficiency improvement for the
system, and use of renewable fuels produced from biomass
fermentation. The overall environmental impact of vehicle
use also should be taken into account. The battery-hybrid
designs may be selected for hybrid propulsion system. Uti-
lization of the series hybrid scheme together with a benefit
of ICE operation at the optimal regime will require an ap-
propriate dimensioning of the battery pack and usually
requires the use of larger battery compared with the paral-
lel hybrid scheme.

The most important parameters of the battery pack are
as follows: good power performance and energy density,
high charge and discharge efficiency, and excellent
cyclability. Currently, Li-ion phosphate batteries present
the most favorable combination of the above parameters
and also the most adequate safety features. There is an op-
tion in the selection of the configuration of power source.
Essentially, the issue is as follows: to implement a pack
composed of a smaller amount of high capacity cells or
to implement a battery pack composed of a substantial

Int. J. Energy Res. 2013; 37:2569-267 © 2011 John Wiley & Sons, Ltd.
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amount of considerably small cells. There are several
points in favor of the latter power source configuration. A
battery pack composed of a large number of small cells
has an advantage over a battery pack with a small number
of big cells from the safety point of view—in the case of
such a power source configuration, an internal short or ex-
ternal damage of a few cells are local events and do not re-
sult in the thermal runaway of the pack (or its substantial
part) as a whole. It is reasonable to expect a normal battery
pack of SOkWh (one-charge travel is about 200km). The
overall dimensions may be estimated as close to 58 x
58 x65cm [22].

The very important issue is power source temperature
sustainability. Whereas many brands of the Li-ion batteries
are workable at the temperatures as high as 50, 65, and
even 75°C, the Li-ion cell life span substantially reduces
at the operating temperatures of 45°C and above. This
point brings up the understanding of the necessity of a bat-
tery pack thermal control system for keeping the battery
below 40—-45°C in all operating conditions.

Economic and environmental comparison of conven-
tional (ICE powered) hybrid and fuel cell vehicles was per-
formed by Granovskii et al. [23]. The following criteria
were taken to be key economic characteristics of vehicles:
vehicle price (including the price for changing batteries for
hybrid and electric vehicles), fuel costs (which are related
to vehicle lifetime), and driving range (which defines the
number of refueling stations required). According to this
comparison, the hydrogen fuel cell vehicles are not benefi-
cial over conventional and hybrid vehicles. ICE-powered
vehicles offer low initial cost, easy start-up, proven reli-
ability, and good part-load characteristics and recovery po-
tential. The emissions of ICE can be controlled by exhaust
catalysts and through better control of the combustion
process.

4.2. Distinct features of steam reforming of
ethanol for internal combustion engines

The aim of SRE for fuel cell applications is to reach max-
imum pure hydrogen production together with prevention
of other product formation. It has been shown that an en-
hancement of the reaction temperature leads to an increase
in the obtained H, yields. High temperatures and high W/E
ratios are needed to obtain the highest H, production from
ethanol. Thermodynamic analysis shows that ethanol
steam reforming at T>650K, atmospheric pressure, and
W/E up to 10 are required to maximize H, production
and minimize the formation of CO and carbon deposition
[12—-15]. In the viewpoint of thermodynamics, the favor-
able condition of SRE for fuel cells is to obtain theoretical
molar ratio of ethanol feed and hydrogen produced (6 x
ME, in) Where Mg 1y is the molar rate of ethanol at reformer
inlet.

The aim of SRE for ICE feeding is to reach maximal en-
ergy efficiency 7 by way of appropriate optimization of the
reaction temperature and W/E ratio. Here, it is assumed
that the products formed in SRE reformer are directly used

Int. J. Energy Res. 2013; 37:259-267 © 2011 John Wiley & Sons, Ltd.
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in ICE. Therefore, the SRE reforming temperature and
temperature of the gaseous fuel at the engine inlet are the
same, which is actually not true because of the heat losses.
Figure 6 shows that 7 increases with temperature change
from 900 to 1100K and reaches the maximum value at
the temperature T=1100K and W/E=1.2. As can be seen
from the SRE product composition calculations for differ-
ent temperatures and W/E (see Figure 3), the mol fractions
of CH; and CO, at T=1100K and W/E=1.2 reach their
minimum and increase with further rise of W/E. For fuel
cell applications, the optimum W/E ratio is recommended
to be 3-6 [13,24]. Therefore, initial amounts of water re-
quired onboard for ICE SRE can be greatly reduced com-
pared with SRE for fuel cell applications. Taking into
account that an increase of W/E leads to the rise of energy
required for water evaporation, a conclusion about addi-
tional energy saving compared with fuel cell vehicle can
be made.

4.3. Comparison of engine fueled by liquid
ethanol with reformed ethanol engine

The experimental results obtained recently by Fubing ef al.
[25] indicate that it is feasible that the reformed ethanol is
supplied to the engine. However, operating parameters and
the performance of steam reactor were not given in this pa-
per. It should be stressed that the waste heat from the ex-
haust can be recovered and used as energy source for
ethanol and water evaporating and subsequent ethanol
steam reforming. However, the efficiency of the engine
can be improved by feeding it with SRE fuel only under
certain conditions, as it is shown in Figures 4-6.

It was shown in this study that the SRE products under op-
timized reforming conditions may contain about 60% H, (see
Figure 3). The properties of hydrogen contribute to more
efficient combustion of SRE fuel in the engine. Table II
compares selected combustion-related properties of H,
with those of ethanol as were compiled from standard
chemical engineering reference works and material safety
data sheets [26]. Hydrogen has a wide flammability range
in comparison with ethanol, which makes it easier to start
an engine. As a result, a hydrogen-rich mixture can be
combusted in an ICE over a wide range of fuel-air mix-
tures. The hydrogen flame speed is much higher than that
of ethanol. This means that hydrogen-rich engines can
more closely approach the thermodynamically ideal engine
cycle.

Composition of the SRE products for the optimal
reforming conditions T=1100K and W/E=1.2 and their
auto-ignition temperatures are given in Table III. All main

Table Il. Comparative properties of ethanol and hydrogen.

Property Ethanol H,

Flammability limits (volume %) LFL 3, UFL 19 LFL 4, UFL 75
Auto ignition temperature (°C) 365 574
Laminar flame speed (ms™) 0.25-0.4 1.9-2.7
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Table lll. Composition of the SRE products (M; %) and their
auto-ignition temperatures (°C) at T=1100K, W/E=1.2.

Product Ho CO CH4
Concentration 65 30 ~5
Auto-ignition temp. 574 609 580

SRE products have relatively high auto-ignition tempera-
tures (574-609°C), which are much higher than that of eth-
anol (365°C). This has important implications, when a
hydrogen—CO-air mixture is compressed. The high auto-
ignition temperature allows higher compression ratios to
be used in an engine fed by the SRE fuel with an appropri-
ate gain in the engine’s thermal efficiency.

5. CONCLUSIONS

Ethanol as a fuel presents clear advantages as an alternative
to the fossil fuels used in the transportation sector: renew-
able production, economical benefits for agriculture and
rural areas, and improvement of energy supply security.
At the same time, the logistics for its distribution is the
same as for fossil fuels, so it does not need an expensive
new infrastructure. A major concern with onboard ethanol
reforming for fuel cell applications is that the gas fed to the
fuel cell stack is no longer pure hydrogen but rather a mix-
ture of H,, CO, CO, and some others. Compared with a
fuel cell case, this gaseous mixture could be an excellent
fuel for ICE, especially taking into account a possibility
of utilization of exhaust gases energy for undertaking the
endothermic reaction of ethanol steam reforming. Unfortu-
nately, onboard reformer cannot work efficiently at a wide
range of engine operation regimes typical for road vehicle,
especially at transient modes and cold-start conditions. In
case of a hybrid propulsion system, which always has an
additional energy source, these shortcomings can be easily
overcome.

A numerical study has been conducted to analyze the
energy aspects of ethanol steam reforming for ICE. The re-
action paths of ethanol steam reforming were simulated us-
ing Chem-CAD software. Appropriate optimization of
reactants ratio and reaction conditions have been per-
formed, to achieve the composition of SRE products,
which will be favorable as an ICE fuel. It was found that
the optimal energy efficiency of SRE together with the
highest hydrogen yield is achieved at the following reform-
ing conditions: T=1100K and W/E=1.2.

NOMENCLATURE

AC = alternating current

C, = specific heat capacity Jkg'K™")

DC = direct current

E = molar flow rate of ethanol at inlet (mols™)
FUDS, US = federal urban driving schedule, US
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H = enthalpy (MJkg™)

HIWAY,US = federal highway cycle, US

ICE = internal combustion engine

LFL = lower flammability limit

M = mol fraction

MC = molten carbonate

MDP = methanol decomposition products

NMOG = non-methane organic gases

OMHCE = organic matter hydrocarbon equivalent
PA = phosphoric acid

PEM = polymer electrolyte membrane

SO = solid oxide

SRE = steam reforming of ethanol

T = temperature (K, ‘0)

TEL = tetraethyl lead

UFL = upper flammability limit

w = molar flow rate of water at inlet (mols™)

Greek symbols

AH>5og = heat of reaction at the temperature of
298K and pressure 101.3kPa (kJmol 1

n = efficiency

Subscripts

CH,4 = methane

CcO = carbon monoxide

CO, = carbon dioxide

comb = combustion

d = heat duty

E = ethanol

i = given product

in = inlet
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