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Abstract

Glycerol is considered as the main by-product during the production of biodiesel. Using glycerol as a biorefinery feedstock
cannot only promote a circular biodiesel production but also alleviate waste management challenges. An insight-based
approach (CHO ternary diagrams) was used in this study for the synthesis of methanol from glycerol via reforming processes.
It was shown that to produce syngas that fulfils the requirement for methanol synthesis, glycerol should be co-fed with
methane in a molar ratio of 1:2 using steam as a reforming agent. A high-level economic as well as environmental analysis
was conducted. It was found that the price of glycerol has a significant impact on the economic potential of the process. The
glycerol price at which the economic potential was zero was found to be approximately $ 0.93/kg. It was shown that the
process has a maximum carbon efficiency and atom economy with no waste generation (100% carbon efficiency and atom
economy and 0 E-factor). Based on these CHO ternary diagram targets, a process simulation for methanol synthesis was
developed using Aspen Plus. It was further revealed that Aspen Plus does not exceed targets set by CHO ternary diagrams
(in terms of methanol production rate, carbon efficiency and atom economy).

Keywords CHO ternary diagrams - Glycerol biorefinery - Carbon deposition boundary - Aspen plus - Methanol synthesis -

Process synthesis

Nomenclature

CHO Carbon-hydrogen-oxygen
%C Carbon efficiency

E-factor Environmental factor

EP Economic potential (US $)
GSR Glycerol steam reforming
GPO Glycerol partial oxidation
GDR Glycerol dry reforming

AG° Change in Gibbs energy at 298 K (kJ/mol)
AG? Change in Gibbs energy of formation at 298 K
(kJ/mol)

g Hydrogen to oxygen ratio

IR Independent reaction

K, Equilibrium constant

M; Molecular weight of component i (kg/mol)

n; Stoichiometric coefficient of component i (mol)
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SGR Steam to glycerol ratio
X; Mole composition of component i
Introduction

Amongst the different types of renewable resources, biomass
is the only resource that contains renewable carbon. This
characteristic makes biomass a unique alternative source of
energy and chemicals. A biorefinery is defined as the pro-
cessing of raw materials (biomass) into chemicals and fuels
with high economic value (IEA, 2012b). There are numerous
types of biomass that are available for a biorefinery. Some of
these types include energy and food crops, algae, industrial,
forestry and agricultural residues and municipal solid waste
(Tursi 2019).

The effective utilization of biomass as a biorefinery feed-
stock for the generation of transportation biofuels (such as
biodiesel, methanol and ethanol) and other related biofuels
(such as hydrogen and dimethyl ether) as well as high value
chemicals has gained interest in recent years. Producing
these biofuels and other commodities from biomass not only
assists in combating climate change and reducing the global
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reliance on petroleum but could also play a significant role in
developing rural areas, creating job opportunities and invest-
ment in these areas (Pradhan and Mbohwa 2014).

Biofuel (bioethanol and biodiesel) production has signifi-
cantly increased worldwide in recent years, from 128 (73.3 %
bioethanol and 26.7 % biodiesel) to 140.2 (66.9% bioethanol
and 33.1% biodiesel) billion litres in 2016 and 2018 respec-
tively (WBA 2020). While in 2019, the production of biofuel
worldwide reached approximately 161 billion litres (71.4 %
bioethanol and 28.6 % biodiesel). This increase was curtailed
in 2020 due to the COVID-19 pandemic. This pandemic caused
the global biofuel production to decrease to 152 billion litres
in 2020 (69.1 % bioethanol and 30.9 % biodiesel). The USA
and Brazil were the leading biofuel producers in 2020 with 36
and 26% respectively (REN21 2021). The global production
of biofuel is forecasted to increase and reach approximately
182 billion litres (72.5 % bioethanol and 27.5 % biodiesel) in
2030 (OEDC/FAOQO 2021). This continued growth of biofuel
production is due to the fact that various countries have adopted
biofuel policies and targets (Pradhan and Mbohwa 2014). For
example, the European Union Directive (2009/28/EC) and
2018/2001 stipulated that all country members were required
to use 10 % and 14 % of biofuel in transportation sector at the
end of 2020 and 2030 respectively (EU 2009) and (EU 2018).

Many researchers have considered biodiesel as one of the
most promising biofuels. Biodiesel generation is seen as a
promising alternative to produce clean, biodegradable, non-
toxic and renewable fuels (Harabi et al. 2019). This biofuel
can also serve as an additive for conventional diesel (Asri
2018). It can be utilized alone without mixing it with any
other fuel (Murillo et al. 2007), or as a mixture with diesel,
for example B5 (where 5% of biodiesel is mixed with 95%
diesel) (Kousoulidou et al. 2010). Animal tallow, vegetable
or waste cooking oils serve as feedstock to produce biodiesel
via a process called transesterification. A homogeneous or
heterogeneous catalyst is typically required.

However, various wastes are generated such as glycerol,
unconverted methanol/ethanol, biodiesel washing wastewa-
ters and solid residues (Placido and Capareda 2016). During
the production of biodiesel, 10 to 20% by volume of glycerol
is generated, and therefore, it is considered as the main by-
product of biodiesel. In other words, if 100 L of biodiesel are
to be produced, at least 10 L of crude glycerol is obtained.
This means that a high production of biodiesel will always
lead to considerable quantities of glycerol (D’Avino et al.
2015). For example, biodiesel industries approximately
generated 3.42 billion litres of crude glycerol in 2016 and
this production increased to 3.6 billion litres in 2018. It is
estimated that this trend will keep on increasing and reach
approximately 5 billion litres in 2030 (WBA 2020).

An increase in biodiesel global production has not only
caused a dramatic reduction in crude glycerol pricing in recent
years but also has raised environmental concerns due to the
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way glycerol is disposed, because crude glycerol is a contami-
nated by-product. The price of crude glycerol has dropped sig-
nificantly in recent years from $3200/ton to $500/ton in Euro-
pean Union and from $2000/ton to $600/ton in the USA due
to a fast growth of biodiesel production (Bagnato et al. 2017).
Despite these low prices of crude glycerol, the cost involved in
its purification is exceedingly high and therefore this limits its
applications as a purified product (Harabi et al. 2019).

Presently, some industries are utilizing glycerol as an
additive to produce various products. Soap and cosmetics
industries consume 28% of glycerol whereas other indus-
tries like polyglycerol, food and beverage industries con-
sume more than 47% of glycerol. However, these applica-
tions will not accommodate an oversupply of crude glycerol.
This means that the demand of crude glycerol will be less
than its supply (Seadira et al. 2018).

It is crucial to look for alternative industrial uses of crude
glycerol to improve and promote the biodiesel industry’s eco-
nomic viability. The economy of biodiesel depends on the way
crude glycerol is utilized by various industries (Fan et al. 2010).
The sustainable utilization of crude glycerol as a biorefinery
feedstock to produce various products with high economic
value will not only promote biodiesel production, but also con-
tribute to its economy and ease pressure on waste management.
Glycerol-based biorefineries are able to produce more than two
thousand products via different industrial processes such as bio-
chemical and thermochemical (Rodrigues et al. 2017).

It is possible to valorize crude glycerol via thermochemi-
cal routes such as reforming, pyrolysis and combustion
(Kaur et al. 2020). Glycerol can undergo several reforming
processes such as steam reforming (GSR), partial oxidation
(GPO) and dry reforming (GDR) to produce syngas (a mix-
ture of H, and CO) (Freitas and Guirardello 2014). Kale
and Kulkarni (2010) conducted a thermodynamic analysis
of glycerol reforming using a combination of CO, and O,
as reforming agents in a temperature range of 327-727 °C
and at a pressure of 1 bar. It was shown that a combination
of dry reforming with partial oxidation of glycerol should be
operated at a temperature of 653.13 °C, an oxygen to carbon
(from glycerol) ratio of 0.3, a carbon dioxide to glycerol
ratio of 1 and a pressure of 1 bar. This is due to the fact that
these operating conditions produced a high yield of syngas
(4.8 mol per mol of glycerol) with less methane and solid
carbon.

Adhikari et al. (2007) applied the minimization of Gibbs
energy to model the transformation of glycerol into H, and
CO by using H,O as a reforming agent. It was revealed
that increasing the temperature and SGR produced a high
yield of H, while the production of CO is minimized. For
example, at a temperature, pressure and SGR (steam to glyc-
erol ratio) of 1000 K, 1 atm and 9:1 respectivey, roughly
6 moles of H, were produced. While at the same condi-
tions, roughly 1 mole of CO was generated. Wan (2010)
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used the minimization of Gibbs energy to study the ther-
modynamic analysis of glycerol partial oxidation (using O,
as a reforming agent) for the synthesis of hydrogen. The
optimal conditions for hydrogen synthesis such as reaction
temperatures (727-827 °C) and oxygen to glycerol ratios
(OGRs) (0.4-0.6) were identified. At these conditions,
glycerol was completely converted while the yield H, was
78.93% at an OGR of 0.4 and 87.31% at a ratio of 0.6. Frei-
tas and Guirardello (2014) studied glycerol dry reforming
(using CO, as a reforming agent) process using the minimi-
zation of Gibbs energy at different temperatures, constant
CO,/C;HgO; ratio (3:1) and at a pressure of 1 bar. It was
revealed that higher composition of CO than H, was gener-
ated at temperatures above 973 K and the syngas ratio was
close to 1. For example, a temperature of 800 K produced a
syngas ratio of 1.17 (29% H, and 24.7% CO). While at 973
K, 43.7% and 32.1 % of CO and H, was generated respec-
tively. Even though the above cited works provide important
guidelines in determining the optimal conditions for glycerol
reforming, these works only focused on producing syngas
from glycerol. Dang et al. (2022) studied the effect of cer-
tain impurities (methanol, acetic acid and oleic acid) during
the glycerol steam reforming for hydrogen production. It
was observed that at a fixed temperature, an impure glycerol
(85% glycerol and 15% methanol) generated a higher hydro-
gen yield than pure glycerol, 97% glycerol-3% acetic acid
and 98% glycerol-2% oleic acid. It was further observed that
the yield of CO changes only slightly with glycerol purity.
Thus, considering pure glycerol would produce a conserva-
tive estimate of the syngas yield.

There are only few studies on utilizing the glycerol-
derived syngas in downstream processes such as methanol
and FT-fuel synthesis. Gutiérrez Ortiz et al. (2013), Hun-
pinyo and Narataruksa (2016) and Mahabir et al. (2021) have
shown that it is possible to utilize glycerol-derived syngas
for the synthesis of methanol, hydrogen and FT-fuels using
Aspen Plus. Mahabir et al. (2021) synthesized methanol
through glycerol autothermal reforming and it was shown
that this methanol can still be used in biodiesel industries.
Gutiérrez Ortiz et al. (2013) synthesized methanol from
glycerol-derived syngas via supercritical water reforming.
Using this process, 0.27 kg of methanol per kilogram of
glycerol was obtained. Hunpinyo and Narataruksa (2016)
used Aspen Plus to design a process for the synthesis of
hydrogen and FT-liquid fuels from glycerol reforming using
steam as a reforming agent. It was shown that using 160
kmol/day of glycerol can produce a hydrogen yield of 75%.
It was further shown that the same feed was used to generate
2692 L FT-liquid fuels (C5-C,,) per day. This corresponds
to a carbon efficiency of 31.38% (considering a hydrocar-
bon with 20 carbon atoms). Even though these works have
extended the usefulness of glycerol reforming into the syn-
thesis of specific products, it is important to determine the

performance of such processes prior to a detailed design.
For example, one can quickly determine whether a specific
alternative will produce waste and such an alternative can
be eliminated.

There has been no previous study on the conceptual
design of methanol production from glycerol using a
graphical approach (such as CHO ternary diagrams). This
study utilizes a graphical insight-based approach to con-
vert glycerol into methanol. One of the main advantages
of such insight-based approach is that one can determine
the minimum amount of raw materials required to generate
a product prior to a detailed design. One can also use this
insight-based approach to target the amount of waste that
can be generated from a given process (Patel 2007). The rest
of the manuscript is structured as follows: (i) significance
of CHO ternary diagrams in process design, (ii) thermody-
namic equilibria in CHO ternary diagrams, (iii) presentation
of glycerol reforming processes on a CHO ternary diagram
and (iv) using a CHO ternary diagram to set the targets for
methanol production from glycerol, (v) use these targets to
develop a flowsheet for methanol production from glycerol.

Significance of CHO Ternary Diagrams
in Process Design

Most of biorefinery feedstocks consist of carbon, hydrogen
and oxygen. These feedstocks can be easily represented on a
carbon-hydrogen-oxygen (CHO) ternary diagram. This CHO
ternary diagram is a triangular representation whereby each
vertex represents a pure atom (carbon, hydrogen and oxy-
gen). CHO ternary diagrams play a crucial role in various
chemical processes such as gasification, combustion and fuel
cells (Cairns and Tevebaugh 1964). Cairns and Tevebaugh
(1964) have extensively used these CHO ternary diagrams
to determine the equilibrium composition of different chemi-
cal species in a temperature range of 298—1500 K and at a
pressure of 1 atm. Within this temperature range, the only
species present in significant composition at equilibrium are
H,, CO, H,0, CO,, CH, and C(s). The same authors used
these diagrams to determine at which conditions fuel cells
can operate without deposition of carbon in the same tem-
perature range and at 1 atm. The carbon deposition bound-
ary curves shrink with an increase in temperature until they
become a straight-line joining CO and H, at a temperature
range of 1200-1500K. This implies that, at this temperature
range, the dominating species are H, and CO.

Muramoto et al. (2017) investigated the composition of
fuel gas used in the solid oxide fuel cells (SOFCs) through
chemical equilibrium calculations at pressures and tempera-
tures up to 30 bars 1000 °C respectively. Results revealed
that the carbon deposition region shrinks in the area rich
in hydrogen and enlarges in the area rich in oxygen with
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an increase in total pressure. The minimum amount of dif-
ferent oxidising agents (steam, oxygen and carbon dioxide)
required to prevent the deposition of carbon was calculated
at high pressure (30 bars). Prins et al. (2006) applied these
CHO ternary diagrams so that the efficiency of wood gasi-
fication and torrefaction can be analysed whereas Ptasinski
et al. (2007) used these diagrams in order to compare the
gasifcation process of various biofuels and coal.

Even though these works provide important guidelines
in determining the operating conditions of thermochemical
process (gasification), there is a lack of literature in apply-
ing these CHO ternary diagrams in process synthesis. Their
focus was the modelling and representation of thermochemi-
cal process on CHO ternary diagrams.

Tay et al. (2011a) have extended the significance of these
CHO ternary diagrams in process synthesis via gasification.
It was shown that these CHO ternary diagrams can be used
to determine the performance of an integrated biorefinery
prior to a detailed design (determine the maximum amount
of methanol produced from 1 ton of biomass steam gasifica-
tion). However, Tay et al. (2011a) did not provide any sus-
tainability tool in conjunction with the CHO ternary diagram
to evaluate such biorefinery. Litheko (2017) extended the
work of Tay et al. (2011a) by incorporating sustainability

metrics such as carbon efficiency, atom economy and
E-factor.

To date, there is no study that has developed a process
simulation for a biorefinery flowsheet based on targets
obtained from the CHO ternary diagram. In this manuscript,
CHO ternary diagrams are used to set targets and Aspen Plus
uses these targets to develop an entire flowsheet for metha-
nol synthesis from glycerol via reforming process. Figure 1
shows different steps used in this manuscript.

Using CHO Ternary Diagram to Determine
the Overall Material Balance

The overall process for the synthesis of 1 kmol of metha-
nol from glycerol is given by Eq. (1). At this stage, these
are the only components considered during the synthesis
of methanol.

aC;Hg0; + bH,0 + cO, + dCO, = 1CH,0 )

where a, b, ¢ and d are the respective moles of C;HgOs,
H,0, O, and CO,

Fig.1 Procedure utilized for the
conceptual design and simula-
tion of a glycerol biorefinery

Lever-arm rule (to set targets for a biorefinery)

Aspen Plus Simulation

Develop an entire process flow sheet

'

based on CHO ternary diagram targets

Stoichiometric method to calculate the chemical
equilibria of glycerol reforming

1. Determine the number of species present at
equilibrium by using:

-Gibbs energy of formation
-CHO ternary diagrams A

2. Determine the number of independent reactions
(IR) using Phase rule

3. Give a mathematical formulation to the problem

-Express the Ke of each IR in terms of mole

1. Identify different components

2. Select a suitable thermodynamic
model

3.Simulate different unit operations such
as reactors, mixers, COmpressors,
separators, heat exchangers, etc.

Evaluate the sustainability of the
synthesized biorefinery using economic
and environmental factors
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composition

- Express the H/O ratio in terms of mole
composition

4. Solve the problem (mole composition of different
species present at equilibrium)

A

Convert the mole composition of main species into
C:H:O atomic ratios to determine the carbon

deposition boundaries in a CHO ternary diagram

Applications
Use CHO ternary diagrams to design a
syngas-bas biorefinery

T
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Equation (1) can be represented on the CHO ternary
diagram to determine the overall balance as shown in
Fig. 2.

Figure 2 shows the overall material balance for metha-
nol synthesis from glycerol on the CHO ternary diagram.
It is assumed that the impurities present in glycerol are
insignificant and do not impact the process significantly.
Pathway P,(aC;H4O; + ¢ O, = 1 CH,O + dCO,) rep-
resents a region whereby water is not required nor pro-
duced during the synthesis of methanol. The lever arm
rule reveals that the minimum amount of C;HgO; needed
for the synthesis of 1 kmol of CH,O is 0.5 kmol. At this
pathway (P,), the process uses 0.25 kmol of O, and gen-
erates 0.5 kmol CO,. Pathway P; (a C;HgO; + bH,0 =
1CH,O + dCO,) represents a region whereby O, is not
needed nor produced. The minimum amount of C;HgO;
needed for the synthesis of 1 kmol of CH,O at this point
is 0.4286 kmol. The process utilizes 0.2857 kmol of H,O
and generates 0.2857 kmol of CO, as waste. A process that
does not require or produce CO, is presented by pathway
P, (a C3HgO; + b H,0 = 1 CH,0 + cO,) and the minimum
amount of C;HgO; needed to produce 1 kmol of CH,O is
0.333 kmol. At this pathway, the process uses 0.667 kmol
of H,O and generates 0.333 kmol O,. It can be shown that,
CHO ternary diagrams are used to determine the inputs
and outputs for methanol synthesis of methanol from glyc-
erol. In Fig. 2, parameter Dx represents the distance of
compound X relative to either P1, P2 or P3. For example,
Dcoy(2) represents the distance of CO, relative to P3.

cHao (1)

=0.80

voos(y=0-9231

D g0 = 0-875

Fig.2 Overall mass balance target for methanol synthesis from glyc-
erol

Evaluating the Sustainability of a Glycerol
Biorefinery

From Fig. 2, it is shown that there are three alternatives (P1:
aC;HgO; + ¢ O, = 1CH,0 + dCO,, P2: a C;HgO5 + b H,O
= 1CH,O + cO, and P3: a C;HgO; + bH,0 = 1CH,0 +
dCO,) that occur within a glycerol biorefinery (methanol
production from glycerol). So, it is important to evaluate
its sustainability at early stage. This will not only help the
process designer screen out unnecessary alternatives prior to
detailed design but could also help in identifying key areas
for improvement in the future. If problems are well identi-
fied at the early stage, the process designer would not spend
a lot of money in handling them (Zheng et al. 2012). There
are different tools that are used in evaluating a biorefinery
sustainability (Zheng et al. 2012). This work only consid-
ers 5 tools namely Gibbs energy, atom economy, economic
potential, carbon efficiency and E-factor. Gibbs energy is
used to analyse the thermodynamic feasibility of a process.
It tells the designer whether a given reaction/alternative is
thermodynamically feasible or not. Equation (2i) can be used
to determine the change in Gibbs energy at 298K (AG°). If
AG° is less than zero for a given alternative, then this alter-
native is feasible in thermodynamic point of view, and if it
is higher than zero, then the alternative is not feasible. Thus,
this alternative can be eliminated.

AGO = Z ni(AGg)pmductsi - Z ni(AG?)reactantsj (21)

where n and AG,° the stoichiometric coefficient and
change in Gibbs energy of formation (kJ/mol)

The second tool is the economic potential (EP). The pro-
cess designer can calculate the profitability of each alterna-
tive by using Eq. (2ii).

EP = 2 n; Pproducli - Z 1’lj Preactantj (211)

where n and P are the stoichiometric coefficient and price
of a chemical species.

If an alternative has a negative economic potential (EP
< 0), then it is not economically feasible or profitable. But if
the economic potential is positive (EP > 0), then the alterna-
tive is deemed economically profitable.

A biorefinery sustainability can also be evaluated by cal-
culating the atom economy of each alternative. Consider
a process whereby species A is the reactant and B is the
product while C is the waste. The atom economy can be
calculated using Eq. (2iii)

bMj
x 100
MA

% atom economy = (2iii)

where a and b are the stoichiometric coefficients of A and
B respectively and My and M, are the respective molecular
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weight of B and A. If the atom economy is high, then less
waste will be generated.

Lastly, carbon efficiency (%C) and E-factor can be cal-
culated using Eq. (2iv) and (2v) respectively (Patel 2015).

9%C = moles of C in desired product

moles of C in the feed 100 (2iv)

mass of waste
E-factor = - 2v)
mass of desired product

A low E-factor means that the process generates less
waste, whereas a high carbon efficiency means that signifi-
cant amount of raw materials is converted into product.

Calculating the Chemical Equilibria
via Stoichiometric Approach

After the process designer has evaluated all alternatives, it is
now important to carry on with the synthesis of the biorefin-
ery. It is worthy mentioning that the synthesis of methanol
from glycerol is a two-step process. The first step consists of
converting glycerol into syngas through reforming process.
The second step uses this syngas for the synthesis of metha-
nol. To convert glycerol into syngas via reforming process
using CHO ternary diagrams, it is crucial to start by cal-
culating the chemical equilibria in order represent glycerol
reforming process on these ternary diagrams. Stoichiomet-
ric and non-stoichiometric methods can be used to predict
the equilibrium composition of different species during the
reforming of glycerol. This manuscript uses a stoichiometric
method to compute the equilibrium composition of these
species. This method plays a significant role in process syn-
thesis because it uses chemical reactions to relate all these
different species at equilibrium (Said et al. 2021). Once
these chemical reactions are known, the process designer
can use CHO ternary diagrams to evaluate the composition
of different species at equilibrium.

Kyle (1984) points out that, when computing the compo-
sition of different species that predominate at equilibrium
using stoichiometric method, four steps must be followed.
These steps are (i) different species present at equilibrium (in
significant composition) must be determined, (ii) use phase
rule to determine the degree of freedom, number of inde-
pendent components and reactions, (iii) give a mathematical
formulation to the problem and (iv) solve the mathematical
problem.

A process designer can use CHO ternary diagrams to
determine different species that predominate at equilib-
rium. Cairns and Tevebaugh. (1964) divided the CHO
triangle into four areas to indicate in which area a par-
ticular chemical species should be present in a significant
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quantity. A detailed explanation of these different areas
can be found in the supplementary material. Based on this
explanation, it is shown that only 6 species are present at
equilibrium in significant composition (H,, CO,, CO, H,0,
CH, and solid carbon).

Since the number of chemical species are now known,
it is now crucial to determine the number of independent
reactions. This can be done by using Gibbs phase rule.
Using this rule, the number of independent reactions (IR)
is found to be 3. The degree of freedom is 3, this means
that three variables can be used to define the system at
equilibrium. These variables are temperature, pressure and
material balance constraint (g )

Schwenber et al. (2016) give a summary of different
chemical reactions that occur during glycerol reforming.
However, the Gibbs phase rule revealed that from these
different reactions, only three are independent and should
contain all six chemical species. In this manuscript, three
equations that relate all chemical species present at equi-
librium are selected. These reactions are given in the sup-
plementary material.

These three independent reactions contain all the six
chemical species that are predominant at equilibrium and
hence their equilibrium composition can be calculated.
Tay et al. (2011b) point out that any set of independent
reactions that are used to represent the chemical species
at equilibrium provide similar equilibrium composition.
One can now determine the equilibrium constants (K,) of
the three independent reactions. The equilibrium constant
for each independent reaction can be expressed in terms of
mole fraction of each species as shown in Eqgs. (31)—( 3iii).

XH XCO
Ke=5— (3i)
H,0X o
XcH
Ke = > (3ii)
(xu,)
Xco,
K= —53 (3iii)
(XCO)

where Xy, Xco, Xco,> Xu,0 and Xcy, are the respective
mole composition of hydrogen, carbon monoxide, carbon
dioxide, water as well as methane and K, the equilibrium
constant.

The equilibrium constants of all three independent reac-
tions can be easily determined as indicated in the supple-
mentary material (Table SM.1).

The only parameter remaining to calculate the gase-
ous equilibrium compositions of the different chemical
species is the atomic ratio. It is known that the sum of
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mole fraction of all chemical species present in a system
is always 1. This is expressed by Eqs. (4i) and (4ii)

Dixi=1 (40)

Xcn, + Xco + Xco, + Xm0 + Xmp = 1 (4ii)

The atomic ratio <g ) can be summarized as follows (Eq.
(4iii))

H_ 4XCH4 + 2 Xipo + 2Xpp

(0] Xco + 2XC02+XH20 (4ii)
where g is the hydrogen to oxygen ratio (atomic ratio).
Simultaneously solving Eqs. (31)—(3iii), (41) and (4ii), the

equilibrium compositions of the major chemical species can

be determined at this fixed atomic ratio (g) To fully ana-

lyse the thermodynamic equilibrium of the CHO ternary
diagrams, various g ratios are used as shown in the supple-
mentary material.

Carbon Deposition Boundaries in CHO
Ternary Diagrams

One of main challenges faced by chemical process indus-
tries is the undesired formation of carbon deposition from
gaseous mixtures of carbon-hydrogen-oxygen (Jaworski
and Pianko-Oprych 2017). When designing a biorefinery
via a thermochemical route, it is crucial to know at which
conditions carbon deposition may occur. A useful way to
predict the formation of carbon deposition in CHO ternary
systems is by means of triangular coordinates (Cairns and
Tevebaugh1964). The ratios of the three atoms can predict
whether carbon will form or not from a given feed com-
position. The complete combustion of methane is used to
illustrate the carbon deposition boundary on a CHO ternary
diagram as shown in the supplementary material.

To determine the carbon deposition boundaries inside
a CHO ternary diagram at different temperatures, syngas
equilibrium compositions are converted to an atomic ratio.
It must be noted that Boudouard and hydrogasification reac-
tions are the two selected reactions that describe the forma-
tion of solid carbon. Equations describing the conversion of
the mole fractions into atomic ratios (C, H and O) can be
found in the supplementary material.

These atomic ratios can be plotted on a CHO ternary
diagram to determine the carbon deposition boundary at
different temperatures. These ratios are tabulated in the
supplementary material (C:H:O atomic ratios). Once the
carbon deposition boundaries are determined, the process

designer can carry on with the conceptual design of glycerol
biorefinery.

Results and Discussions Based on CHO
Ternary Diagrams

Validation of the Stoichiometric Model

A stoichiometric equilibrium model was used to compute
the gaseous compositions of five species based on three
independent chemical reactions. To validate the accuracy
of this model, the results computed in this work are com-
pared with previous results from the literature. Carbon
deposition boundaries generated from the current study are
compared with those generated by Litheko (2017) and Tay
et al. (2011a, b) at 800, 1200 and 1500K as shown in Fig. 3.
It can be seen that all carbon deposition boundaries follow a
similar trend at different temperatures. For example, at 800
K, the carbon boundaries are represented by a curve while
at 1200 K they are shown by straight lines joining CO and
H,. This simply means that, at high temperatures, H, and CO
are present in significant quantity. Based on these previous
studies, this model is deemed valid and sufficiently accurate
to perform the conceptual design.

Carbon Deposition Boundaries in a CHO Ternary
Diagram

Figure 4 shows the trend of carbon deposition boundaries in
a temperature range of 500-1500 K. Each point on a carbon
deposition boundary at a particular temperature represents
the composition of H,, CO, CO,, CH, and H,O in equilib-
rium with solid carbon. Above this point, the deposition of
solid carbon occurs, whereas below this point there is no for-
mation of carbon deposition. This same figure reveals other
important information, and it should not be overlooked. The
following can be deduced from Fig. 4: From 500 K up to 800
K, all solid carbon deposition boundaries are represented
by curves while from 950 K up to 1500 K these deposition
boundaries are represented by straight lines joining CO and
H,. This means that, at low temperatures, CO,, CH, and H,O
are the most predominant species at equilibrium. Consider-
ing the methanation and Boudouard reactions for example (C
+ 2H, < CH, and 2CO < C+ CO,), the equilibrium
of these reactions will shift to the right in order to produce
more CH, and CO, at low temperatures. Increasing the tem-
perature, carbon deposition boundaries move from CH,-CO,
composition lines towards CO-H, composition lines. This
indicates that the equilibrium of methanation and Boudouard
reactions shift to the left at high temperatures to generate
more H, and CO.
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Fig. 3 Model validation based
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Syngas Composition Target from Glycerol Reforming
Using CHO Ternary Systems

Glycerol reforming is a process whereby glycerol is fed
with another reactant commonly known as reforming agent
(oxidant). The most used reforming agents are steam (H,0),
carbon dioxide (CO,) and oxygen (O,)/air or a combina-
tion of these three. Figure 5 shows the reforming of glyc-
erol using CHO ternary diagrams at different temperatures.
Line that joins C;HgO5 and O, represents glycerol reforming
using oxygen as reforming/oxidizing agent and this process
is commonly known as glycerol partial oxidation (GPO).
Glycerol steam reforming is a process whereby glycerol is
fed with steam to produce syngas, this process is known
as glycerol steam reforming (GSR), and it is represented
by C;H305-H,0 streamline. C;HgO5-CO, streamline repre-
sents glycerol reforming in the presence of carbon dioxide.
This process is commonly known as glycerol dry reforming
(GDR) (Roslan et al. 2020). The intersection of the bounda-
ries with the reforming streamlines is represented by points
on the diagram. These points represent the composition of
syngas in equilibrium with solid carbon. For example, point
U on C;HgO5-H,O streamline represents syngas target com-
position from GSR at 950 K while the point T represents
GPO at 800 K and point A shows GDR at 950 K.

Fig.5 Glycerol reforming using
CHO ternary diagrams at differ-
ent temperatures

Glycerol Partial Oxidation on a Single CHO Ternary Dia-
gram For illustrative purposes, we consider oxygen as the
oxidizing agent for the reforming of glycerol at 950 K, 1050
K and 1200 K as shown in Fig. 5. The main challenge is to
know the minimum amount of O, that will produce syngas
from 1 kmol of glycerol without carbon deposition. This
challenge, however, can be solved by using the lever arm
rule. The carbon deposition boundaries at 950 K, 1050 K
and 1200 K are also shown in Fig. 5. In the region below the
carbon boundary, there is no formation of solid carbon,
whereas, in the region above the boundary curve, there is a
deposition of solid carbon. Figure 5 shows an arbitrary point
Q with an empirical formula of Cg,;;Hj 5428002461
(% =2.2056> is located above the 950 K boundary curve and

on the C;HgO5-0, streamline. Thus, there will be a deposi-
tion of solid carbon and the syngas composition will be tar-
geted at point V. Point R (represents the complete combus-
tion of C;HzO;, only H,O and CO, are present at
equilibrium) intersects the C;Hz05-0O, streamline and
H,0-CO, streamline. This point also lies below the carbon
deposition boundary, which means that no solid carbon
deposition will occur. At this point, hydrogen and carbon
monoxide which are the main syngas constituents undergo
a complete oxidation process (combustion) to form water
and carbon dioxide according to the following reactions: H,
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+ 0.50, = H,0 and CO + 0.50, — CO, (Rabenstein and
Hacker 2008).

To avoid complete oxidation (combustion) of hydrogen
and carbon monoxide and to avoid the formation of solid
carbon during the reforming of glycerol, the final product
must be located at point Ton carbon boundary lines. The
empirical formula of this point T at 950, 1050 K and 1200

H
Koare Cy 5054H0 524500 2701 ( =1 -942)’ Co.2148H0.:557200.2279
H H .
( 6=2'445) and Cg,;5sHj 57000215 ( 5=2.651 ) respectively.

The minimum amount of O, needed to convert 1 kmol of
glycerol into syngas can now be calculated as well as the
syngas composition at point T. The stoichiometric coeffi-
cients of oxygen at 950 K, 1050 K and 1200 K are calculated
using the lever arm rule and are found to be 0.5741, 0.1211
and O respectively. These stoichiometric coefficients repre-
sent the minimum amount of O, needed to convert 1 kmol
of C;HgOj; into gaseous product or syngas with no carbon
deposition at 950 K, 1050 K and 1200 K. The main reason
that the minimum amount of O, required to convert 1 kmol
of glycerol into syngas at 1200 K is zero because syngas
target point at 1200 K intersects with glycerol point (this
process tends to pyrolysis).

It is also important to determine the molar quantity of
syngas that can be obtained at point T when 0.5741, 0.1211
and 0 kmol of O, are used to convert 1 kmol of glycerol. The
empirical formulas of point T have already been determined
using the CHO diagram. Using the % ratios at 950 K, 1050
K and 1200 K, the syngas composition can be interpolated
from Table 2 (supplementary material).

The same reasoning is followed at different temperatures
keeping in mind that point T represents the optimal com-
position of syngas during the reforming of glycerol with
O,. Figure 6 shows syngas composition target at different
temperatures. This figure indicates that at high temperatures

e
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o
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o
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o
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Temperature, K

Fig.6 Syngas composition target from GPO by means of CHO ter-
nary diagrams
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glycerol is decomposed to form H, and CO as main constitu-
ents without forming solid carbon. For example, at 1500
K, the syngas composition from GPO is found to be 55.8%
H, and 44.1% CO. These results are in agreement with the
work done by Wang (2010) whereby minimization of Gibbs
energy was used to study the conversion of glycerol using
O, as a reforming agent and found that, at a temperature of
1500 K, the maximum mole fraction of hydrogen and carbon
monoxide was found to be 57.06% and 44.55% respectively.
Figure 6 shows further that the amount of methane that can
be targeted from GPO without any solid carbon formation
is less than 5% from 950 K up to 1500 K. Low tempera-
tures favour the production of CO,, CH, and H,O while
high temperatures favour H, and CO production (see Fig. 6).
This is caused by equilibrium reactions such as Boudouard
(CO+42CO0, <> 2CO) and methanation (C+H,0<>CO+H,).
High temperatures tend to shift the equilibrium to the right
to produce more H, and CO while at low temperatures the
equilibrium of these reactions tends to shift to the left to pro-
duce more H,0 and CO,. For example, the amount of CO,
and H,O targeted from GPO at 500 K is 44.63% and 50.18%
respectively while, at 1200 K, these compositions become
0.33 % and 0.54 % respectively (CO, and H,O).

Glycerol Steam Reforming on a Single CHO Ternary Dia-
gram The GSR process can be represented on the CHO
ternary systems at 950 K, 1050 K and 1200 K (see Fig. 5).
Point U (syngas target point) is the intersection point
between C;HgO5-H,O streamline and the carbon deposition
boundary curves at 950 K, 1050 K and 1200 K. The equilib-
rium composition of the syngas is targeted at point Q and
the empirical formula of this point is

H
CO.179046H0.58817200.232782 (6 =2.527 ’ C0.202H0.577OO.221
(g=2.61 1)and Cy.15Hy.57000 15 ( 5=2.651 )at 950 K, 1050

K and 1200 K respectively. The distances of glycerol (Dg;)
and steam (Dyy,q) relative to point U are determined, and
from these distances, the stoichiometric coefficient of H,O
can be calculated.

The optimum amount of steam needed to convert one
kmol of glycerol without carbon deposition at 950 K, 1050
K and 1200 K is calculated using the lever arm rule and
found to be 5.908 and 1.199 and 0 kmol per kmol glycerol
respectively. Performing a carbon balance and using Table 2
(supplementary material), the molar quantity of syngas pro-
duced at point U is 7.4437, 6.9165 and 6.8016 kmol syngas/
kmol glycerol without carbon deposition at 950 K, 1050 K
and 1200 K respectively.

The reforming of glycerol using steam at 500 K, 650 K,
800 K, 1350 K and 1500K is calculated in the same way
and the optimal syngas composition from glycerol at differ-
ent temperatures is shown in Fig. 7. This figure shows that
the composition of H, and CO increases with an increase
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Fig.7 Syngas composition target via GSR using CHO diagrams

in temperature until a respective maximum composition of
56.03% and 43.88% at 1500 K is reached. The composi-
tion of CH, increases from 20.61% at 500 K to 21.28% at
650 K and starts to decrease from 800 K up to 1500 K,
whereas H,O composition decreases with an increase in
temperature. The composition of CO, increases slightly at
500, 650 and 800 K and starts to decrease from 950 K until
it reaches 0.0085% at 1500 K (see Fig. 7). Two equilibrium
reactions ( can explain the variation of syngas composition
from GSR): CH,+CO,<>2C0O+2H, (methane dry reform-
ing) and CO+H,0<>CO,+2H, (water gas shift reaction). At
low temperatures, these reactions’ equilibrium tends to shift
to the left to increase the production of CH, and CO, while
at high temperatures it tends to shift to the right in order to
consume CH, and CO, and produce more syngas (Adhikari
et al. 2007).

Glycerol Dry Reforming on a CHO Ternary Diagram The GDR
process is considered at 950 K and 1050 K graphically by
means of a CHO ternary diagram in Fig. 5. A line is drawn
from glycerol to carbon dioxide and the point A is the inter-
section between C;HgO5-CO, streamline and carbon deposi-
tion boundary lines at 950 K and 1050 K. The empirical for-
mulae of this point Q that represent the syngas composition
target at 950 K and 1050 K are C 550570H0 41220600 337215 and
Co2261H0.540000 2337 respectively. The g ratios of this point
at 950 K and 1050 K are 1.222 and 2.311 respectively. The
composition of the syngas can be calculated by interpolation
of the data provided in the supplementary material. Further-
more, the minimum amount of carbon dioxide needed to
convert 1 kmol of glycerol into syngas (at point Q) at 950 K
and 1050 K without carbon deposition can be determined.
The target for the syngas composition during glycerol
dry reforming at 500-1500 K is calculated in the same way.
Figure 8 gives a summary of GDR at different temperatures.
At low temperatures glycerol dry reforming, a low composi-
tion of H, and CO is obtained but an increase in temperature
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Fig.8 Syngas composition target from glycerol dry reforming using
CHO ternary systems

gives a high composition of H, and CO. The highest H, and
CO composition from GDR is targeted at 55.5 % and 44.4%
at 1500 K using 1 kmol of glycerol as a feed. The optimum
amount of CO, required to produce this syngas composition
is targeted at 0.0 kmol CO,/kmol glycerol indicating that
glycerol is decomposed at this temperature.

Effect of Temperature on Glycerol-Derived Syngas
Ratio (H,:CO) via Partial Oxidation, Steam and Dry
Performing Processes

The syngas ratio (H,:CO) for the synthesis of chemicals is
very crucial and most processes require a syngas ratio in
the range of 1-3 (Kale and Kulkarni, 2010). For example,
the synthesis of methanol from syngas requires a syngas
ratio of 2.0 (Tay et al. 2011a). Figure 9 reveals that, nei-
ther steam, dry reforming nor partial oxidation of glycerol
produces a syngas that can be used for the downstream
applications at 800 K (syngas ratio out of range of 1-3).
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Fig.9 Effect of temperature on glycerol-derived syngas ratio
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From 950 K up to 1500 K, the syngas produced from
GSR, and GPO can be used for the synthesis of various
chemicals because the H,:CO ratio falls within the range.

For example, GSR produces a syngas ratio of 1.895
at 950 K while GPO generates a H,:CO ratio of 1.561
at the same temperature. The syngas ratio decreases
with an increase in temperature for both glycerol steam
reforming and partial oxidation because high tempera-
tures favour the formation of H, and CO. Even though the
syngas ratio decreases with an increase in temperature,
glycerol steam reforming and partial oxidation are still
favourable for syngas production. However, this syngas
does not meet the requirement for downstream applica-
tions such as methanol. This syngas ratio can be adjusted
using different methods such as mixing glycerol with CH,
(using steam as a reforming agent) or using water gas
shift reaction.

Figure 9 also shows that from 1050 K up to 1500 K,
GDR generates a syngas ratio (H,:CO) that falls within
the range (1-3). Therefore, this syngas could be favour-
able for downstream processes such as dimethyl ether or
methanol. It is also interesting to see that all three reform-
ing agents (H,0, O, and CO,) produce same syngas ratio
in a temperature range of 1200-1500 K.

Methanol Synthesis from Glycerol Using
CHO Ternary Diagrams

Using Glycerol-Derived Syngas for Methanol
Synthesis

The production of methanol from glycerol is a two-step
process. The first step consists of converting glycerol into
syngas while the second step utilizes the glycerol-derived
syngas for methanol synthesis. The requirements for
methanol synthesis from syngas are as follows: H,/CO >
2 (xy, /xco = 2) and CO,/CO < 0.6 (x¢o, /xco = 0.6) (Tay
et al. 2011a). Looking at Fig. 9, none of the three reform-
ing agents (H,0, O, and CO,) produces syngas that fulfil
methanol synthesis specifications in terms of H,/CO. At
a temperature range of 500-1050 K, GSR produces the
highest syngas ratio (see Fig. 9). At a temperature range
of 1200-1500 K, all glycerol reforming processes produce
the same syngas ratio because, at these temperatures, the
syngas target point intersects with the glycerol point as
shown in previous sections. Huang et al. (2018) have
shown experimentally that introducing methane in glyc-
erol steam reforming can produce a syngas that fulfils the
methanol synthesis requirement g—é ~ 2>.

@ Springer

Evaluating the Sustainability of Methanol
from the Glycerol Process

CHO ternary diagrams (Fig. 2) have shown that there are
three alternatives during the synthesis of methanol from
glycerol (P, P, & P3). It is important to screen out any
alternative that is not feasible using different tools as indi-
cated in the “Calculating the chemical equilibria via stoi-
chiometric approach” section. The costs and Gibbs energy
of different components can be found in supplementary
material.

The first step in evaluating the sustainability of each
alternative is to determine the Gibbs energy. Table 1 shows
that alternative P, is not feasible from a thermodynamic
point of view because its Gibbs energy is greater than zero.
Therefore, P, should be screened out. Since alternative P,
and P; have both a negative Gibbs energy, other indicators
are used in order to screen out either P, or P;. Comparing
the atom economy of alternative P, and P, it is revealed
that P; has the highest atom economy. The higher the atom
economy the more sustainable an alternative (high per-
centage of raw materials is converted into product). This
means that P; is more sustainable than P,. It is also shown
that P; has higher carbon efficiency and less E-factor than
P,. The evaluation of the three alternatives during the syn-
thesis of methanol is shown in Table 1 (in terms of Gibbs
energy, atom economy, carbon efficiency and E-factor).

The remaining sustainability indicator remaining to
evaluate the glycerol biorefinery is the economic poten-
tial (EP). Because the price of glycerol will not remain
constant once any alternative has been evaluated, it is
imperative to study the effect of this price on the economic
potential (alternative P1, P2 and P3) as shown in Fig. 10.

From Fig. 10, it can be seen that the price of glycerol
has a significant impact on the economic potential. Com-
paring the economic potential of alternative P1 and P3, it
is evident to see that P3 is more feasible in a glycerol price
range of $0.025/kg—$0.6/kg (although its EP is lower than
P2). Taking into consideration all five sustainability indi-
cators, the process designer can use alternative P3 for the
synthesis of methanol from glycerol. The overall material
target for CH,O synthesis from C;HgO; (at point P; from
Fig. 2) is summarized as follows (Eq. (5)):

Table 1 Evaluating the sustainability of each alternative

Indicator P, P, P,
Gibbs energy, kJ/mol —140.56 139.29 —20.58
Atom economy, % 59.26 75.04 71.79
Carbon efficiency, % 66.67 100 77.77
E-factor 0.687 0.333 0.393
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Fig. 10 Effect of glycerol price 150
on economic potential
100

P ( Million US §Year)

0.4286C;H 05 + 0.2857H,0 = 1CH,0 + 0.2857CO, (5)

In terms of mass, 1 ton of C;HgO; requires 0.1304 ton
of H,O to produce 0.812 ton of CH,O and 0.319 ton of

Fig. 11 Overall material bal-
ance for the synthesis of 1 kmol
of methanol from glycerol,
methane and water

~—— EP for alternative P1
~ EP for alternative P2
EP for alternative P3

Glycerol Price (US $/kg)

CO,. It must be noted that this is not a one-step process as
glycerol must be converted into syngas first. In the “Meth-
anol synthesis from glycerol using CHO ternary diagrams”
section. It was shown that it is not possible to achieve this
target via a two-step process.
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Using CHO Ternary Diagrams to Determine the Overall
Mass Balance When C;H,0; Is Co-fed with CH,

Figure 11 gives a summary of mixing glycerol with methane
in the presence of steam to produce 1 kmol of methanol.
Point V (intersects CH,-C3HgOj5 streamline) is formed by
drawing a line from water point to CH,-C;HgO; stream-
line passing through methanol point. The distance of water
relative to methanol is calculated and found to be 0.2002.
Point T (intersects C;HgO5-H,O streamline) is obtained by
drawing a line from methane point to C;HgO53-H,O stream-
line passing through methanol point. The distance of meth-
ane relative to methanol is also calculated and found to be
0.3335. Lastly, point P is formed by drawing a line from
glycerol point to H,O-CH, streamline passing through
methanol point. The line segment from methanol to point
P represents the distance of glycerol relative to methanol.
This distance is calculated and found to be 0.4687. The stoi-
chiometric coefficients of water, methane and glycerol are
calculated using these different relative distances and found
to be 0.4, 0.4 and 0.2 respectively.

This shows that 0.2 kmol of glycerol can be co-fed with
0.4 kmol of methane in the presence of 0.4 kmol of water
to produce 1 kmol of methanol. Scaling this process up,
54.35 kmol of methanol can be produced from 10.87 kmol
of glycerol. It must be noted that this is a two-step process,

Fig. 12 Glycerol reforming at
different temperatures using
CHO ternary diagram
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meaning that glycerol and methane should be transformed
into syngas in the presence of steam and this syngas can
be used to produce methanol. The next section shows this
approach by means of a CHO ternary diagram.

From Fig. 12, point P represents syngas target point
that fulfils the synthesis of methanol (H,: CO = 2). This
point lies on carbon deposition boundary (1200, 1350 and
1500 K). Point S shows the co-feed of methane with steam,
whereas point R shows GSR. Based on the same figure, it
can be shown that steam is the suitable reforming agent that
can be used to convert glycerol into syngas for methanol
synthesis. This is because steam is closer to point P than O,
and CO,. Since 1200, 1350 and 1500 K produce the same
syngas composition, it is recommended to use 1200 K for

Table 2 Glycerol-methane mixture derived syngas for methanol syn-
thesis

Targeting point On a molar basis (kmol) In terms of mass

(ton)
CcO H, CcO H,
R 32.051 40.93 0.8974 0.08186
S 22.294 67.77 0.6242 0.1355
Total 54.345 108.70 1.5220 0.2174
H,/CO 2.00
' Go

Carbon deposition

1200K=1350K=1
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the reforming of methane and glycerol mixture in order to
save energy (high temperatures = high energy consumption).
Ds in Fig. 12 represents the distance of point S relative to
methanol (point P).

Determining the Mixing Ratio Between
Glycerol-Derived Syngas with Methane-Derived
Syngas

Let B be the mixing ratio between methane steam reform-
ing and glycerol-derived syngas. The lever arm rule reveals
(Fig. 12) that the value of P is 0.551:0.449. This means
that 1 kmol of glycerol-derived syngas should be mixed
with 1.2272 kmol of methane-derived syngas in the pres-
ence of steam to achieve a syngas ratio of 2. The amount of
syngas produced from glycerol steam reforming at 1200 K
is targeted at 6.802 kmol/kmol glycerol, whereas methane
steam reforming produces 8.84036 kmol/kmol methane.
In term of mass, 1 ton of glycerol produces 1.0021 ton of
syngas (73.938kmol). This implies that 73.938 kmol of this
glycerol-derived syngas requires 90.735 kmol from methane
steam reforming derived syngas to fulfil the requirement for
methanol synthesis. Table 2 gives the total amount of syngas
needed for the synthesis of methanol from glycerol in the
presence of methane steam co-feed. One can also determine
the mixing ratio between glycerol and methane at 1200 K.
Following a same reasoning as shown in Fig. 11, the mixing
ratio (in terms of moles) between glycerol and methane is
found to be 1:2.

Targeting the Maximum Amount of Methanol

From Table 2, a mixture of glycerol-methane can produce
54.35 kmol of CO and 108.70 kmol of H, for the synthesis
of methanol. Figure 13 shows a simplified process for metha-
nol synthesis from a glycerol-methane mixture. From this
figure, it can be seen that the total production of methanol
from 1 ton of glycerol, 0.3478 ton of methane and 0.3913
ton of steam is targeted at 1.7392 ton (based on a 100%
CO conversion). Comparing the current study with Tay
et al. (2011a) results, it can be shown that glycerol-methane

steam reforming produces a lower amount of methanol than
biomass steam gasification/methane steam reforming. For
example, considering a 50 % CO conversion, glycerol-meth-
ane reforming produces 0.870 ton of methanol, whereas bio-
mass steam gasification/methane steam reforming produces
1.214 ton of methanol. The main reason for this difference in
methanol production can be attributed to the fact that glyc-
erol and biomass have different C:H:O atomic ratios. This
means that both feedstocks (glycerol and biomass) will pro-
duce different syngas composition at the same temperature
(1200 K). Another reason behind this difference is due to
the fact that glycerol does not require any steam to produce
syngas at 1200 K, whereas biomass requires steam. When
performing an overall material balance, glycerol-methane
mixture will produce less amount of methanol than a bio-
mass-methane mixture. This comparison between the cur-
rent study and Tay et al. (2011a) in terms of methanol yield
is summarized in Table 3. Equations (6) and (7) show how
1 kmol of glycerol and biomass can be co-fed with methane
in the presence of steam to produce a syngas that meets the
requirement of methanol synthesis.

1C;HgO; + aH,0 + bCH, = cH, +dCO 6)

where a, b, c and d are the respective amount of H,0, CH,,
H, and CO. The algebraic solution of Eq. (6) shows that
1 kmol of glycerol can be mixed with 2 kmol of methane
in the presence of 2 kmol of steam to produce 15 kmol of

Table 3 Comparison between the current study and Tay et al. (2011a)
in terms of methanol yield

Feedstock (1 ton) Atomic ratio (C:H:O) CO con- Methanol
version yield (ton)
(%)

Biomass (CH, 4,0y 59) 0.3344:0.4682:0.1973 50 1.214
100 2.428

Glycerol (C3HgO5) 0.2143:0.5714:0.2143 50 0.8696
100 1.7392

Fig. 13 Simplified block 1 ton C.H.O 1.5218 ton CO
diagram for methanol synthesis on L3HsYs Steam 0.2174 ton H, MeOH 1.7392 ton MeOH
from glycerol A Swnthesl
esis
reforming H,/CO =2.0 y
T =1200K
0.3478 ton CH,
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syngas (10 kmol H, and 5 kmol CO). Solving Eq. (7), it is
shown that 1 kmol of biomass can be mixed with 0.89 kmol
of methane in the presence of 1.3 kmol of steam to produce
3.78 kmol H, and 1.89 kmol CO. This syngas can now be
used for the synthesis of methanol.

Comparing Fig. 13 with the overall target from Eq. (5),
it can be shown that introducing methane in the reformer
increases syngas ratio as well as the amount of methanol.

Considering Fig. 13, the atom economy, carbon efficiency
and E-factor are calculated and found to be 100%, 100%
and O respectively. The economic potential of this process
can now be calculated using Eq. (1ii). Because the price
of glycerol might fluctuate, it is important to perform a
sensitivity analysis as indicated in Fig. 14. Comparing the
economic potential values from Fig, 14 with the values in
Fig. 10 (P3), it can be seen that introducing methane in the
reformer increases the overall economic potential.

The same figure (Fig. 14) shows that the approximate
price of glycerol at which the economic potential is zero is

Fig. 14 Effect of glycerol on
economic potential during the
synthesis of methanol
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Table 4 Summary of methanol synthesis from glycerol

found to be $ 0.93/kg. Table 4 gives a summary of metha-
nol synthesis from glycerol and methane in the presence
of steam.

Up to this point, it has been shown that CHO ternary
diagrams can be used to set target for methanol synthesis
from glycerol. To produce 1.739 ton of methanol, 1 ton of
glycerol should be co-reformed with 0.348 ton of methane
in the presence of 0.391 ton of steam (reforming agent). It
is now important to use these targets to develop an entire
flowsheet for this process by employing simulation tools
such as Aspen Plus.

Glycerol Price (US Skg)

Methanol biorefinery

Overall process Reforming stage

Methanol synthesis stage

Feed Feed Feed

Glycerol: 1 ton Glycerol: 1 ton CO: 1.522 ton

CH,: 0.3478 CH,: 0.3478 ton H,: 0.217 ton

CH,/glycerol ratio (mole) 2:1 Operating conditions Product

H,0: 0.391 Temperature: 1200 K Methanol:1.739 ton

Products Pressure: 1 bar Sustainability evaluation based on the overall process

Methanol: 1.739 Reforming agent
H,0: 0.391 ton
Product: syngas
CO: 1.522 ton

H,: 0.217 ton

Atom economy: 100%

Carbon efficiency: 100%

E-factor: 0.0

Approximate economic potential at a glycerol price range of $0.025/kg—$0.90/kg:
$7169.12-$239.12 mil/annum

Economic potential at glycerol price of $ 0.93014/kg: 0
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Using CHO Ternary Diagram Targets
to Develop a Flowsheet for Methanol
Production in Aspen Plus

Thermodynamic Model

It was shown that CHO ternary diagrams play a crucial
role in determining the performance of a process. In other
words, these diagrams assist in determining the amount of
raw materials required for the synthesis of a specific prod-
uct. Once the overall process target is known, the process
designer can develop an entire process flowsheet using
different simulation tools such as Aspen Plus. The most

Fig. 15 Model validation in 05
terms of H, and CO mole frac-

tion 045

o
© w e
w o, A

=}
[
o

Hydrogen mole fraction

600 650

0.18

600 650

700 750 800 850 900 950

700 750 800 850 900 950
Temperature, K

crucial step during the simulation of any chemical process
is the selection of a suitable thermodynamic model. This
study uses Peng-Robinson as the thermodynamic model
during the simulation of glycerol biorefinery in Aspen
Plus. This model is advantageous for chemical processes
that require high pressures (Carlson 1996). An example of
such processes is the synthesis of methanol from syngas
(50-100 bars) (Mevawala et al. 2017). Besides pressure,
the polarity and non-polarity can also be used to select a
thermodynamic model. Polarity is used to determine the
molecular interactions between compounds. Even if a sys-
tem is made of one polar molecule and the rest non-polar,
it is still considered as a polar system (Chaves et al. 2016).
Using the decision tree adopted from Carlson (1996), a
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SGR(9:1)

1000
Temperature, K

—se— SGR(3:1)
—4— SGR(6:1)
SGR(9:1)

1000

@ Springer



68

Process Integration and Optimization for Sustainability (2023) 7:51-72

polar (non-electrolytic compounds) path was followed.
The accuracy of this model will be validated in next sec-
tions using data from (Adhikari et al. 2007). The process
description as well as the Aspen flowsheet for methanol
synthesis from glycerol can be found in the supplementary
material.

Reformer Model Validation

Glycerol steam reforming is used to check the accuracy of
the thermodynamic model applied in Aspen Plus for the
reforming stage. The operating conditions such as tem-
perature and steam to glycerol ratios (SGRs) are taken
from (Adhikari et al. 2007). Figure 15 shows the effect of
temperature and steam to glycerol ratio (SGR) on hydro-
gen mole fraction at 1 bar. Low SGR and high temperature
favour the production of hydrogen. For example, at 950
K and at an SGR of 3:1, the mole fraction of hydrogen is
found to be approximately 48%, whereas an SGR of 6:1 at
950 K produces approximately 43% of hydrogen. The trend
of hydrogen mole fraction at different temperatures and
SGRs corroborates with Adhikari et al. (2007). Adhikari
et al. (2007) showed that a high mole fraction of hydrogen
is produced at high temperatures and low SGRs. The same
figure also shows that both temperature and SGR have a
significant impact on carbon monoxide mole fraction. For
example, at 950 K and an SGR of 3:1, the mole composi-
tion of carbon monoxide is found to be approximately 17%,
whereas at 950 K and an SGR of 6:1, carbon monoxide mole
fraction is reduced to approximately 10%. Therefore, this
thermodynamic model is deemed valid and can be used to
convert the mixture of glycerol-methane into syngas in the
presence of steam.

Methanol Synthesis Reactor Model Validation

This section focuses on the validation of methanol synthe-
sis reactor based on the Langmuir-Hinshelwood-Hougen-
Waston (LHHW) method. To check the accuracy of meth-
anol synthesis from glycerol and methane mixture in the
presence of steam, feed flowrate from (Zhang et al. 2020)
(32.1 kmol/h of H,, 13.786 kmol/h of CO, 1.141 kmol/h of
CO, and 0.175 kmol/h of CH,) was used as an input to the
simulation. The flow rate of methanol in this study was found
to be 7.9 kmol/h while Zhang et al. (2020) found a molar
flow rate of 8.04 kmol/h. The percentage error between these
two results is roughly 1.74%. The reason behind this error
can be attributed to the kinetic model that is used in the
simulation. In this study, the adsorption expression has 4
terms, whereas Zhang et al. (2020) used 2 terms. Zhang
et al. (2020) did not specify the thermodynamic used in the
simulation and this can also contribute to the difference.
Therefore, the model proposed is deemed valid and can be
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used for the synthesis of methanol from glycerol. The mate-
rial balance during the synthesis of methanol from glycerol
can be found in the supplementary material.

Sensitivity Analysis

Operating conditions such as pressure and temperature play
a crucial role during the synthesis of methanol from syn-
gas. A temperature and pressure range of 493-563 K and
50-100 bar respectively is required during the synthesis of
methanol. Increasing the reactor temperature can damage
the catalyst while low temperatures reduce the reaction rate
(Gutiérrez Ortiz et al. 2013). Taking these operating condi-
tions into consideration, a pressure of 55 bar is selected to
study the effect of plug flow reactor temperature (493-563
K) on methanol synthesis (see Fig. 16).

It can be shown from Fig. 16 that an increase in tempera-
ture decreases the molar flow rate of methanol but decreases
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the conversion of carbon monoxide. It can further be shown
that a temperature of 493 K produces the highest molar flow
rate of methanol (approximately 51.60 kmol/h). Therefore,
493 K is an optimal temperature for methanol synthesis at
a fixed pressure of 55 bar. Puig-Gamero et al. (2018) used
a pine-derived syngas for the synthesis of methanol. It was
shown that at a fixed pressure of 55 bar, a temperature of 493
K produced a high yield of methanol (32 kg/h).

It is also important to study the effect of plug flow reactor
length on methanol production as indicated in Fig. 17. The
reactor maximum length was assumed to be 12.2 m (Luy-
ben 2010). It can be shown that methanol flow rate approxi-
mately increases from 0.007 to 50 kmol/h in a reactor length
range of 0—4.9 m. From 4.9 to 12.2 m, methanol flow rate
increases slightly. The same figure shows that the mole flow
rate of CO increases with an increase in reactor length.

Comparison Between CHO Ternary Diagrams
and Aspen Plus for Methanol Synthesis

CHO ternary diagrams played a crucial role in setting targets
for methanol synthesis from glycerol. It was shown that 1
ton of glycerol requires 0.348 and 0.391 ton of CH, and H,O
respectively to produce 1.739 ton of methanol (maximum

Table 5 Comparison between CHO ternary diagrams and Aspen Plus

during the synthesis of methanol

Aspen Plus simulation CHO ternary diagrams
Reforming stage
Inputs Inputs

Glycerol: 1 ton
Methane: 0.3478 ton
Steam: 0.3913 ton
Outputs (main species)
H,: 0.216 ton
CO: 1.486 ton
H,/CO (molar ratio) = 2.02
Operating conditions:
Temperature: 1200 K
Pressure: 1 bar
Methanol synthesis stage
Inputs (major species)
H,: 0.216 ton
CO: 1.486 ton
Outputs (major species)
CH,0: 1.651 ton
CO: 0.374 ton
H,: 0.0730 ton
Operating conditions
Temperature: 493 K
Pressure: 55 bar

Sustainability evaluation (metrics)

Atom economy: 94.96%
Carbon efficiency: 95%

Glycerol: 1 ton

Methane: 0.3478 ton

Steam: 0.3913 ton
Outputs (main species)

H,: 0.217 ton

CO: 1.522 ton

H,/CO (molar ratio) = 2.0
Operating conditions:

Temperature: 1200 K

Pressure: 1 bar

Inputs (major species)
H,: 0.217 ton
CO: 1.522 ton
Outputs
CH,0: 1.739 ton
CO: none
H,: none
Operating conditions
Temperature: none
Pressure: none

Atom economy:100%
Carbon efficiency: 100%

methanol production). These inputs were now used in Aspen
Plus to develop the entire flowsheet for methanol synthe-
sis from glycerol. Table 5 gives a summary of Aspen Plus
and CHO ternary diagrams results during the synthesis of
methanol from glycerol. The percentage error between CHO
ternary diagrams and Aspen Plus is below 2.5% (reforming
stage) and approximately less than 5% (methanol synthesis).
The reason behind this percentage error can be due to:

e During the synthesis of methanol via CHO ternary dia-
grams, it was assumed that all syngas (H, & CO) is con-
verted into methanol (100 % conversion). In Aspen Plus,
it was observed that all syngas was not converted into
methanol as certain amount of this it was lost in the purge
stream. The main purpose of this purge stream was to
remove methane which is considered as an inert material.
The amount of syngas and methane in this purge stream
was found to be 7.412 kmol/h (26.90% CO & 73.10 %
H,) and 0.453 kmol/h respectively. The Aspen Plus syn-
gas overall conversion was found to be approximately
79% (due to the purge stream). This purge stream also
reduced the carbon efficiency as well as atom economy.

e During the stoichiometric calculation, it was assumed
that all chemical species at equilibrium follow an ideal
gas behaviour, whereas in Aspen Plus simulation an
equation of state was used.

It can be shown that results from CHO ternary diagrams
collaborate with Aspen Plus results as the percentage error
is not significant (less than 2.5% for reforming stage and less
than 5% for methanol synthesis stage). Furthermore, Aspen
Plus simulation does not exceed the limit set by CHO ter-
nary diagrams in terms of methanol production. Therefore,
CHO ternary diagrams are adequate tools for the conceptual
and targeting for integrated biorefineries prior to a detailed
design.

Conclusions

This study intended to valorize glycerol by using it as a
biorefinery feedstock for methanol synthesis. Because
glycerol only consists of carbon, hydrogen and oxygen,
it was shown that this compound can be plotted on CHO
ternary diagrams as a single point. These CHO ternary
diagrams were used to synthesize and evaluate the per-
formance of methanol synthesis from glycerol prior to a
detailed design. It was found that it is possible to use glyc-
erol-derived syngas for the synthesis of methanol and this
methanol can still be used in the production of biodiesel.
This indicates that glycerol biorefinery is a good promoter
of circular (bio) economy. CHO ternary diagrams revealed
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that 1 ton of glycerol can be co-reformed with 0.348 ton
of methane in the presence of 0.391 ton of steam to pro-
duce 1.522 ton of CO and 0.217 ton of H,. This syngas
was utilized to produce 1.739 ton of methanol (based on
100 % conversion of CO). The sustainability of methanol
synthesis from glycerol was evaluated using different tools
such as economic potential, carbon efficiency, atom econ-
omy and E-factor. A sensitivity analysis was conducted to
study the effect of glycerol price on the economic potential
during the synthesis of methanol. It was found that the
economic potential decreases with an increase in glycerol
price. The glycerol price range that generated a positive
economic potential was found to be $0.025/kg—$0.90/kg.
At this glycerol price range, the approximate economic
potential of the entire process was found to be $7169.12 to
239.12$ million per year. At a glycerol price of $0.93014/
kg, the process economic potential was found to be zero.
The carbon efficiency, atom economy and E-factor were
calculated and found to be 100%, 100 % and O respectively.
This showed that all the syngas was converted into product
with no waste generated.

CHO ternary diagram targets were used to develop an
entire flowsheet for methanol synthesis from glycerol and
methane using Aspen Plus simulation software. A quick
sensitivity analysis was performed to study the effect of
reactor temperature at a fixed pressure (55 bars). It was
shown that an increase in temperature decreases methanol
flow rate. The maximum methanol flow rate was achieved
at a temperature of 493 K (51.539 kmol/h). The carbon
efficiency and atom economy were found to be 95 and
94.96 % respectively. It was further revealed that Aspen
Plus could not exceed targets set by CHO ternary diagrams
(in terms of methanol production, carbon efficiency and
atom economy). This manuscript only considered using
targets set by CHO ternary diagrams to develop an entire
Aspen flowsheet for the synthesis of methanol from glyc-
erol. Further research should be conducted to develop
aggregated methods that can be used for the conceptual
design and targeting purposes.
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