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This paper proposes amethodologydevoted tofinding and selectingmore accurate conditions for sustainable hy-
drogen production via autothermal reforming of bioethanol. This methodology implies entire hydrogen produc-
tion process design and simulation, energetic, exergetic and environmental life cycle assessment analysis studies
and parametric (intuitive and design of experiment based methods) investigations.
A base-case process operating under conditions recommended by simple investigation of chemical reactions was
thoroughly studied. The results show that this base case process suffers from low performance. This is because
the energetic, exergetic and environmental performances are comparatively lower than similar findings previ-
ously reported by other researchers for other reformates. The parametric investigation indicates that the process
performances could be ensured by a proper and rational combination of the reactor temperature and the steam-
to-carbon ratio. A key outcome of this research lies in establishing of second order mathematical models. These
models can rapidly estimate the process performances (energetic, exergetic and environmental) based on tem-
perature and the steam-to-carbon ratio.
This paper recommends a reforming a temperature of 800 °C and a steam-to-carbon ratio of 4 as the accurate
conditions for autothermal reforming of bioethanol. Such conditions ensure not only the lowest consumption
of energy to generate a given amount of hydrogen but also the best environmental performance of the entire
system.
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Introduction

Dependence on fossil hydrocarbon fuels as the main energy sources
has led to not only serious energy crisis but also environmental pollu-
tions. The only way to resolve these problems is to move towards alter-
native, renewable, efficient and cost-effective energy sources with less
environmental impacts. Hydrogen is, currently, considered as one of
the leading candidates in the search for an alternative to fossil fuels
(FF). Nevertheless, H2 is only an energy carrier like electricity and not
a primary energy source. H2 can be produced from awide variety of en-
ergy sources, such as natural gas, coal, biomass, solar (thermal and pho-
tovoltaic), etc. (Martinez-Frias, 2003). Despite all the effortmade, 96% of
the produced H2 in the world comes from FF, with a considerable
amount of CO2 produced emissions in these processes (Abánades
et al., 2013). FF-to-H2 system appears to have limited horizons, and
the development and implementation of new methods for eco-
friendly H2 production, especially from biorenewable feedstocks, are

absolutely required. Therefore, there has been, recently, a significant
amount of research going on to produce H2 efficiently at low cost and
minimum environmental impact from renewable sources.

Among various renewable feedstock alternatives for H2 production,
bioethanol has attracted much attention because of its relatively high
H2 content, availability, ease of storage, handling and safety, including
its low comparative toxicity (Hou et al., 2015). Moreover, bioethanol
can be produced renewably from several biomass sources such as
(i) sugar or starch crops (sugar beet, sugar cane, corn and wheat, etc.),
(ii) lignocellulosic biomass, and (iii) algae biomass (Lee and Kim,
2013). It should be noted that usingH2 from bioethanol ismore efficient
than bioethanol used directly in internal combustion engines and/or
blended with gasoline (Seelam et al., 2012). The upgrading of raw
bioethanol (crude bioethanol) requires various purification steps prior
to be blended with gasoline or supplied to an internal combustion en-
gine (Seelam et al., 2012). In fact, fuel grade bioethanol needs to be
water-free. Thus the purification requires distillation beyond the
azeotropic point, and this is one of the major production costs of fuel-
grade ethanol, consuming almost 3/4 of the energy used in the
bioethanol production process (Ni et al., 2007; Rass-Hansen et al.,
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2008; Mondal et al., 2015). Therefore, the use of raw bioethanol as a
feedstock in H2 production will minimize the heat consumption during
the distillation process.

Several catalytic processes have been developed in recent years to
convert bioethanol-to-H2 by different routes, such as catalytic steam
reforming (SR), partial oxidation (POX), autothermal reforming (ATR),
CO2 reforming, etc. Among these reforming processes, the ATR has re-
ceived much attention in research during the recent years as a viable
process for H2 generation for fuel cell systems (Divins et al., 2013).
ATR or, more generally denoted oxidative steam reforming, is a combi-
nation of SR and POX reactions. This combination is considered as one of
the most attractive options for the on-board reforming of complex hy-
drocarbons. ATR has been suggested to ameliorate the difficulties of
steam reforming. Specifically, autothermal reforming overcomes the
steamreforming limitations of high temperature operations and fast dy-
namic responses. Additionally, an autothermal reformer can reduce the
size, weight, start-up, shut-down, and other dynamic response times
(Ahmed and Krumpelt, 2001). For these reasons, many efforts have
been made to improve H2 productivity in the ATR of ethanol. However,
most of the efforts in this field have been focused on thermodynamic in-
vestigations of the bioethanol ATR reaction and/or researching catalysis
in this system, but little attention has been devoted to the energetic and
environmental performances of an entire system that includes all of the
steps involved in the production of H2 via ATR of bioethanol.

In recent decades, there has been an increasing interest in using both
energy and exergy analysis modeling techniques for energy-utilization
assessments. The energy analysis is the basicmethod of a process inves-
tigation. It is based on the first lawof thermodynamics, which expresses
the principle of the conservation of energy. Energy analysis has some in-
herent limitations, such as not accounting for degradation of the quality
of energy through dissipative processes, and does not characterize the
irreversibility of operations within the process (Wang et al., 2010).
The exergy analysis is a modern thermodynamic method used as an ad-
vanced tool for process evaluation (Szargut et al., 1998). Based on both
the first and the second laws of thermodynamics, exergy analysis com-
pensates for the inability of the energy analysis to reveal the losses of
energy due to its thermodynamic imperfections, and it plays unique
roles in revealing the reasons for, location of and direction of improve-
ment for losses. Therefore, exergy analysis has been widely used in re-
cent years in assessing the performance of various bioenergy
production processes. For example, Modarresi and colleagues
(Modarresi et al., 2010) applied exergy analysis to a novel process for bi-
ological production of H2 from biomass employing thermophilic and
photo-heterotrophic bacteria. The authors obtained a chemical
exergetic efficiency of 36–45% without considering any heat and pro-
cess integration. In another study, Li and co-workers (Li et al., 2015)
established a theoretical framework for the exergy analysis and advanced
exergy analysis of a real biomass boiler. They showed that the maximum
exergy destruction occurs in the combustion process, followed by the
waterwalls and radiant superheater and the low temperature superheat-
er. Most recently, Karellas and Braimakis (2015) have performed an
energy–exergy analysis and economic investigation of a cogeneration
and trigeneration organic Rankine cycle - vapor compression cycle hybrid
system utilizing biomass fuel and solar power. Their results showed that,
in the base case scenario, the net electric efficiency is 2.38%, with an elec-
tricity output equal to 1.42 kWe and a heating output of 53.5 kWth.

One of the most important criteria to inform decision-makers on the
most sustainable options for process design is the evaluation of the envi-
ronmental impacts. In this context, life cycle assessment (LCA)methodol-
ogy could be used in parallel with the process design for finding and
assessing technical solutions that could be adopted in the production pro-
cess for reducing the environmental impacts (Hajjaji, 2014). LCA is a ho-
listic method that assesses the impact of a product by considering all
stages of its life cycle. LCA is considered as a “cradle to grave”method of
assessing resource use and emissions to the environment from the ex-
traction of resources through manufacturing, transportation, operation

and recycling or final disposal (Guinée et al., 2002). LCA has been exten-
sively applied as a design-support tool for highlighting environmental
criticalities and improvement solutions in the life cycle of bio-based ener-
gy systems such as H2 (Hajjaji, 2014), bioethanol (Morales et al., 2015),
biogas (Tufvesson et al., 2013), biodiesel (Castanheira et al., 2015) and
second generation biofuels (Lindorfer et al., 2014).

Themain objective of this study is to provide accurate conditions for
sustainable H2 production via ATR of bioethanol. Indeed, for this pur-
pose, a comprehensive thermo-environmental study of an H2 produc-
tion system from bioethanol has been carried out based on energetic
and exergetic analyses and environmental assessment.

Materials and methods

In this study, various assessment tools are simultaneously applied to
investigate aH2 production systembyATR of bioethanol. These tools are
used to design and simulate the entire H2 production process. The sim-
ulation results are used to investigate the energetic and exergetic per-
formances and to study the environmental performance using LCA
methodology. Another relevant aspect of this research is a supporting
parametric investigation. The process operating parameters are varied
to illustrate their influence on the system energetic, exergetic and envi-
ronmental performance and to provide guidance for future research and
development efforts in process design. The variation of parameters was
performed using two methods: (1) the intuitive method, where the
levels of all parameters except one are fixed and the response is mea-
sured for several values of the varied parameter, and (2) a factorial De-
sign of Experiments (DOE) method. To the best of the authors'
knowledge, the combination of these tools has not been considered in
the past and constitutes a key aspect of this research.

Process design and simulation

Fig. 1 shows a simplified flow diagram of a conventional H2 produc-
tion process byATRof ethanol. The process consists of a reforming section
coupled to a CO clean-up section introduced to guarantee H2 production
with a CO content compatiblewith fuel cell specifications (Salemmeet al.,
2009). As described by other authors, the H2-rich gas obtained could be
directly fed to the PEMFC anode without any additional purification be-
cause all other elements present (CO2, H2O, etc.) could be considered as
an inert admixture (Salemme et al., 2009). However, in order to produce
high-purity H2, additional purification operations are required, such as
membrane separation, pressure swing adsorption (PSA), etc.

The first step of the ATR process involves reacting ethanol with
steam and air to produce a synthesis gas (SG), a mixture primarily
made up of H2, CO, CO2, CH4, N2 and H2O.

The ATR reaction of ethanol can be modeled to reflect the following
relationship:

C2H5OHþ αH2Oþ β O2 þ 3:77N2ð Þ→SG H2;CO;CO2;CH4;N2;H2Oð Þ ð1Þ
where α and β are the stoichiometric coefficient of water and air (oxy-
gen), respectively.

The main possible reactions for the ATR of ethanol are as follows:

The overall reaction of ethanol SR:

C2H5OHþ 3H2O↔2CO2 þ 6H2 ΔH °298 K ¼ 174 kJ �mol−1
: ð2Þ

Ethanol oxidation:

C2H5OHþ O2→3H2 þ CO2 þ CO ΔH °298 K ¼ −226 kJ �mol−1 ð3Þ

C2H5OHþ 3O2→3H2Oþ 2CO2 ΔH °298 K ¼ −1368 kJ �mol−1
: ð4Þ(4)
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