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a b s t r a c t

Various assessment tools are applied to comprehensively investigate a glycerol-to-hydrogen production
system. These tools investigate the chemical reactions, design and simulate the entire hydrogen pro-
duction process, study the energetic and exergetic performances and perform parametric analyses (using
intuitive and design of experiment-based methods).

Investigating the chemical reaction of steam glycerol reforming reveals that the optimal conditions,
determined based on maximizing the hydrogen production while minimizing the methane and carbon
monoxide contents and coke formation, can be achieved at a reforming temperature and a water-to-
glycerol feed ratio (WGFR) of 950 K and 9, respectively. The thermal and exergetic efficiencies of the
resulting process are 66.6% and 59.9%, respectively. These findings are lower than those cited in the
literature and relative to other reformates (methane, ethanol and methanol). The parametric investi-
gation indicates that the performance of the process (energetic and exergetic) could be ensured by using
an appropriate and judiciously selected combination of the reactor temperature and WGFR. Based on the
parametric energetic and exergetic investigation, WGFR ¼ 6 and T ¼ 1100 K appear to be the most ac-
curate parameters for the entire glycerol-to-hydrogen process. For this recommend configuration, the
thermal and exergetic efficiencies are 78.1% and 66.1%, respectively.

� 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The limited oil reserves on Earth, increasing price of a barrel of
oil and need to reduce CO2 emissions and environment pollution
have resulted in an intensive search for new technologies that can
produce new types fuels and new efficient devices for energy
conversion. We are, consequently, now in a critical era and need to
address energetic and environmental issues to overcome world-
wide problems.

Hydrogen energy systems appear to be one of the most effective
solutions and can play a significant role in improving the envi-
ronment, as they are sustainable [1]. This is for several reasons.
First, hydrogen is the simplest element, consisting of atoms that
contain only one proton and one electron, and is themost abundant
element in the universe. Second, hydrogen is equally distributed
around the world, mostly bound with oxygen in water, and is

therefore essentially limitless. Third, hydrogen has a high energy
content, the main advantage of which is that the burning of
hydrogen fuel is clean, as its oxidation yields only water [2]. Despite
its simplicity and abundance, hydrogen cannot be extracted in the
same way as natural gas or oil; it must be recovered by applying
energy. Hydrogen is, consequently, an energy carrier but not an
energy resource, and thus, hydrogen must be produced first.
Actually, hydrogen can be generated from many energy sources
using a range of processes, including reforming of natural gas,
gasification of coal, electrolysis of water, and thermochemical
decomposition of water. The conventional methods for industrially
producing hydrogen, such as steam reforming of methane and
partial oxidation of fossil fuels, are energy intensive and require
high temperatures (>850 �C), resulting in the release of carbon
dioxide and other greenhouse gases and pollutants as by-products
[3].

To establish a sustainable and eco-friendly hydrogen production
process, hydrogen should be produced from renewable resources.
Renewable resource-based technologies to generate hydrogen for
fuel cells applications are attractive options for the future due to the
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carbon neutral nature of these technologies and their lesser effects
on the environment. Therefore, the USA, Japan, India, China, and
several European countries have established research and devel-
opment programs focused on renewable hydrogen production and
fuel cell technology to solve the energy problem and the high
dependence on fossil fuels [4].

Glycerol (C3H8O3) is the main by-product of biodiesel production,
with approximately 1 kg of glycerol being generated per 10 kg of
biodiesel [5], and the production of glycerol is expected to grow
dramatically in the coming years. By the year 2020, the crude glyc-
erol production is projected to be approximately 3 megatons [6];
however, less than 500 kilotons of glycerol is used in pharmaceutical,
food, and cosmetics applications each year [7]. This surplus has
created a worldwide oversupply crisis [8]. Therefore, it is crucial to
find useful and efficient applications for this by-product.

Currently, glycerol has emerged as a promising and attractive
source of hydrogen for several reasons. First, glycerol is a safe, non-
toxic and renewable resource with high hydrogen content [9].
Second, crude glycerol produced during biodiesel production
generally contains impurities, such as soap, methanol, oils, salts and
solid organicmaterials [10e12]. However, due to presence of a large
amount of impurities, crude glycerol cannot be directly used in the
food or pharmaceutical industries, and its purification is also
expensive [13]. Furthermore, if directly released without proper
treatment, glycerol may be hazardous to the environment [14,15].
Consequently, numerous studies have been conducted in recent
years to convert crude glycerol to hydrogen by different routes such
as gasification [16], pyrolysis [17], supercritical water reforming
[18] and catalytic steam reforming [19]. Up to now, most of the
efforts in this field have been focused on investigating the glycerol-
to-hydrogen reaction and/or researching the catalysis of the sys-
tem, but little attention has been devoted to the design of an entire
system that includes all of the steps involved in the production of
hydrogen from glycerol. Lin et al. [20] recently investigated
hydrogen production by steam reforming glycerol in conventional
and membrane reactors and reported that 5.82 mol-H2/mol-
C3H8O3 could be produced, which is an attractive value and should
stimulate research on full experimental setups. In their investiga-
tion, 5 mol of water was used per mole of glycerol in the reforming
reactor operating at 800 �C. In an entire glycerol-to-hydrogen plant
with heaters, steam generators, and so forth, the overall energy
balance could be very endothermic. Therefore, the energy balance
should be established to determine the energy consumption and
thereby the energetic performance of such process. This was a
prime motivation behind the present study, which comprehen-
sively investigated hydrogen production via the steam glycerol
reforming (SGR) process. The performance of the SGR process is
evaluated in terms of the hydrogen productivity, energy efficiency,
exergy destruction, exhaust exergy and exergetic efficiency.

There has been increasing interest in using modeling techniques
to analyze both the energy and exergy for energy-utilization assess-
ments to maximize energy savings and hence environmental and
financial savings. The traditional way to evaluate the performance of
the process is based on the energy efficiency, which is defined as the
ratio of the energy produced (output) to the energy supplied (input),
but an exergetic analysis provides a more accurate measure of the
processperformance.Whereas anenergyanalysis is based on thefirst
law of thermodynamics, an exergy analysis is based on both the first
and the second laws of thermodynamics. The main purpose of an
exergy analysis is to identify the causes and quantitatively estimate
the magnitude of the thermodynamic imperfection of a thermal or
chemical process [21]. Therefore, an exergy analysis provides a better
understanding of the influence of the thermodynamic parameters on
theprocess efficiencyand canhelpdetermine themost effectiveways
to improve the process being considered [22].

In this investigation, the process operating parameters are var-
ied to illustrate the energetic and exergetic sensitivity of the pro-
cess and to guide future research and development efforts to
improve the process. This variation is performed by two methods:
(1) the intuitive method, where the level of all factors except one is
fixed and the response is measured for several values of the varied
factor, and (2) a factorial Design of Experiment (DOE) method. A
notable aspect of this research is that it was carried out using a DOE
method, which is a well-established statistical approach used in
various engineering fields. DOEmethods are more satisfactory than
the intuitive methods because an increase in efficiency can be
gained by studying several parameters simultaneously. DOE
methods involve the following general advantages [23]: (1) More
information is obtained per experiment than unplanned (intuitive)
approaches. (2) The number and cost of experiments are reduced.
(3) It is possible to calculate the interactions among variables
within the range studied, leading to a better knowledge of the
problem being considered. (4) It helps determine the operating
conditions necessary for the scale-up of the process.

This paper comprises (1) an investigation of the SGR reforming
reaction to identify the best operating conditions to optimize the
hydrogen production, (2) a simulation of the full process to evaluate
the thermodynamic properties at different process locations, (3) an
energetic study and an exergetic analysis and (4) a parametric ener-
getic and exergetic analysis (using intuitive and DOE methods) to
illustrate the system’sperformancesensitivityand toprovideguidance
for future research and development efforts for the process design.

2. Steps for the glycerol-to-hydrogen production processes

A typical reforming based processor is constituted by a
reforming unit coupled by a CO cleanup section introduced to
guarantee hydrogen productionwith a CO content compatible with
fuel cell specifics. The cleanup of CO is performed by the wateregas
shift (WGS) reactors and the CO preferential oxidation reactor
(COPROX) [24]. The conventional hydrogen production system for
fuel cell applications is demonstrated in Fig. 1.

The first step of the steam reforming process involves reacting
glycerol with steam to produce a synthesis gas, a mixture primarily
made up of H2, CO, CO2, CH4 and H2O.

The SGR reaction can be modeled to reflect the following
relationship:

Glycerol ðC3H8O3Þ
þ aH2O/Synthesis GasðH2; CO; CO2; CH4; H2OÞ (1)

where a is the stoichiometric coefficient of water.
Reforming glycerol to produce hydrogen can be summarized by

two main reactions [25].
First, the steam reforming of glycerol:

C3H8O3 !H2O3COþ 4H2 DH
�
298 K ¼ 251 kJ mol�1 (2)

This reaction is followed by the wateregas shift (WGS) reaction:

Fig. 1. Simplified flow diagram of glycerol-to-hydrogen production system.
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