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Abstract: The process modeling, parameter optimization, and heat integration of reforming ethanol
to hydrogen is conducted in this paper. Modeling results show that the optimum reaction pressure
for ethanol steam reforming is 1 bar. When the 7.4:1 is selected as a moderate water/ethanol ratio,
the optimum reaction temperature is about 755 ◦C. As for heat integration, the composite curve and
optimum heat-exchange network are given out by pinch technology, of which adding a heat exchanger
can reduce 10,833 kW of heating duty and 10,833 kW of cooling duty and make the energy saving
reach about 57.4%. Another two heat-integration plans are proposed for the ethanol steam-reforming
process, to further decrease the high-level heat duty. Finally, similar heat integration was also carried
out for the oxidative steam reforming, and the system is autothermal when the oxygen/ethanol
is about 0.5:1 on the basis of above steam-reforming process, while the hydrogen molar purity is
decreased from 69% to 66%.

Keywords: ethanol reforming; hydrogen production; system optimization; heat integration

1. Introduction

Hydrogen has always been considered the most attractive and promising energy carrier, since
only water is generated during combustion or oxidation process [1]. At present, the main hydrogen
production methods include water electrolysis, coal and biomass gasification, and reforming [2].
Among them, reforming of hydrocarbons, i.e., natural gas, is the most commonly used process for
hydrogen production, owing to its mature technology and economic competitivity [3]. Natural gas is a
kind of fossil fuel, and its usage will inevitably lead to a large amount of CO2 emissions caused by
heating the steam reformer. The search for renewable feedstock for hydrogen production is urgently
needed. Among different biomass-based compounds, ethanol is a promising hydrogen production
feedstock for reforming technology because of its relatively high hydrogen content, availability, and
storage safety [4].

The ethanol reforming processes for hydrogen production mainly include steam reforming, partial
oxidation, and autothermal reforming [5]. The ethanol steam reforming is ethanol reaction with
water stream, in the presence of catalysts. The steam reforming extracts more hydrogen atoms from
the feedstocks and possesses an important advantage of relatively large hydrogen production [6].
However, steam reforming is a highly endothermic reaction, and high operation temperature is
therefore necessary. The partial oxidation of ethanol is the incomplete oxidation of the ethanol into CO,
CO2, and H2 by oxygen. The products are CO and H2 under the O2/ethanol molar ratio of 0.5, while
the products are CO2 and H2 under the O2/ethanol molar ratio of 1.5 with releasing a lot of heat [7].
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The autothermal reforming can realize self-heating by adjusting oxygen and steam-feed ratios, which
includes both reactions of endothermic steam reforming and exothermic partial oxidation [8].

There are several research studies focused on modeling, simulation, and parameters analysis
of ethanol-to-hydrogen processes. Garrido et al. [9] designed optimization-based controllers for an
ethanol steam reformer in order to obtain the desired hydrogen flow under operational constraints.
Rossetti et al. [10] calculated the equilibrium compositions of the ethanol steam reforming at different
conditions and estimated their kinetic model parameters. Hedayati et al. [11] conducted dynamic
simulation of ethanol steam reforming for hydrogen production in a catalytic membrane reactor.
Serra et al. [12] developed a nonlinear dynamic model and conducted a static–dynamic analysis
for the ethanol steam reforming with membrane separation process. Roychowdhury et al. [13]
modeled the heat transfer of the ethanol steam-reforming process in a microchannel reactor, which
found that the conversion rate can be reached as high as 100% when flue-gas flowing supplies the
necessary heat. Afolabi et al. [14] established a microkinetic model of ethanol steam reforming over
a nickel catalyst, which can correctly describe experimental trends. New concepts of self-sustained
electrochemical promotion catalysts for partial oxidation of heavy hydrocarbons were also proposed
in References [5,15]. Baruah et al. [16] developed a microkinetic model for the ethanol oxidative
steam-reforming process, and it can be used in CFD software. However, these research studies did not
take maximization hydrogen production of ethanol reforming as the objective function to obtain the
optimal operating parameters. Moreover, the energy integration of the whole system was also not
involved in these literatures. The purpose of this study is to establish two options of ethanol reforming
(steam reforming with external fuel combustion heating and oxygen introduced into the reformer
for self-heating), optimize the key operating parameters (temperature, pressure, and water/ethanol
ratio) for the maximum hydrogen production at different H2/CO ratio, and then carry out the energy
integration for the whole processes.

2. Modeling and Simulation

The main overall reactions of the ethanol steam reforming are shown in Equations (1) and (2) [7],
which are highly endothermic reactions. CO and H2 are mainly produced with low water input, while
CO2 and H2 are mainly produced by high water input. Despite the apparent simplicity of these two
reactions, complex simultaneous reactions of ethanol decomposition (Equation (3)), methane steam
reforming (Equations (4) and (6)), and water–gas shift (Equation (5)) can occur [14,17]. The heat needed
for ethanol steam reforming can be obtained from fuel combustion out of the reaction tube. The other
way is to add oxygen to ethanol for exothermic reactions of partial oxidation reforming, which are
shown in Equations (7) to (9) [7]. However, the hydrogen production is largely reduced, especially for
the option with an excess of oxygen input. The autothermal reforming combining the ethanol steam
reforming and partial oxidation can realize self-heating and produce relatively large H2 production by
adjusting oxygen and water inputs compared with the partial oxidation.

The steam reforming and autothermal reforming are both modeled by the Gibbs energy
minimization model, which is a direct and useful method for calculating chemical equilibrium
and phase equilibrium of complicated reactions. The property method of Peng–Rob is selected as
thermodynamic method [10]. The objective function of Gibbs energy is shown in Equation (10), which
is subjected to mass balance constraints in Equation (11) [18]. The composition of the product is
determined according to the flows of ethanol and water, temperature, and pressure. The product gases
are cooled and then separated from water by using a Flash model. The heating- or cooling-using
utilities are modeled by the Heater model, while the heat exchanger matching hot stream and cold
stream is modeled by the HeaterX model.

C2H5OH + H2O←→ 4H2 + 2CO (1)

C2H5OH + 3H2O←→ 6H2 + 2CO2 (2)
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C2H5OH←→ C2H4O + H2→ CH4 + CO + H2 (3)

CH4 + H2O←→ 3H2 + CO (4)

CO + H2O←→ H2 + CO2 (5)

CH4 + 2H2O←→ 4H2 + CO2 (6)

2C2H5OH + O2←→ 6H2 + 4CO (7)

2C2H5OH + 3O2←→ 6H2 + 4CO2 (8)

C2H5OH + 3O2←→ 3H2O + 2CO2 (9)

minG, G =
S∑

j=1

G0
j n

c
j +

N∑
J=s+1

p∑
l=1

G jln jl (10)

bk =
S∑

j=1

m jknc
j +

C∑
j=S+1

P∑
l=1

m jkn jl k = 1, 2 . . .E (11)

where C is the number of chemical species, P is the number of phases, S is the number of condensed
species, njl is the moles of compound j in phase l, Gjl is the chemical potential of compound j in phase i,
bk is the gram-atoms of element k, mjk is the number of atoms of element k in compound j, and E is the
number of elements.

3. Results and Discussion

3.1. Optimization of Ethanol Reforming Process

To achieve the maximum hydrogen production of the ethanol reforming process, three operating
variables of water/ethanol molar ratio, temperature, and pressure under the condition of ethanol input
of 100 kmol/h for ethanol steam reforming were selected to meet the target of Equation (12) by solving
the following optimization algorithm.

maxz =
FH2

FC2H6O
(12)

This is subject to the following:

300 ◦C ≤ T ≤ 2000 ◦C (13)

1 bar ≤ P ≤ 5 bar (14)

FH2O

FC2H6O
= α (15)

The effect of the water/ethanol molar ratio on the optimal reaction temperature and pressure for
maximum hydrogen production is shown in Figure 1. Under the different water/ethanol ratio, the
optimal reaction pressure for hydrogen production by ethanol steam reforming is 1 bar. According to
equilibrium raw of a reversible reaction with gas reactant or product, when pressure is increased, the
equilibrium always moves toward the direction of pressure reduction, i.e., in the negative reaction
direction for the ethanol reforming due to its small gas coefficient in the negative reaction. Therefore,
the yields of H2 and CO decrease significantly with increasing the reaction pressure. According
to equilibrium law, the reaction moves toward the endothermic direction when increasing reaction
temperature and the reaction moves toward the direction of decreasing reactant concentration when
increasing feedstock input. Increasing the reaction temperature or water/ethanol ratio can increase H2

production. Therefore, the optimal reaction temperature is significantly decreased with the increase
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of the water input for the maximum H2 production. The effect of the water/ethanol feed ratio on the
optimal ethanol conversion rate and product yields is shown in Figure 2. On the whole range, the
optimal conversion rate of ethanol is close to 100%. With the increase of the water/ethanol ratio, the
yields of H2 and CO2 increase significantly, while the yield of CO rapidly decreases, since increasing
water input is beneficial to the water–gas shift reaction.
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Figure 1. The effect of the water/ethanol molar ratio on the optimal reaction temperature and pressure.
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Figure 2. The effect of the water/ethanol molar ratio on the optimal ethanol conversion and product yield.

To achieve the maximum syngas production with a different H2/CO ratio of the ethanol reforming
process, we selected three operating variables of H2O input, temperature, and pressure, with the
ethanol input of 100 kmol/h for ethanol steam reforming, to meet the target of Equation (16), by solving
the following optimization algorithm:

maxz =
FH2 + FCO

FC2H6O
(16)

This is subject to the following:

0 ≤ FH2O ≤ 2000 kmol/h (17)

300 ◦C ≤ T ≤ 2000 ◦C (18)
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FH2

FCO
= β (19)

Under the constraint of different H2/CO molar ratio, the optimal reaction temperature, syngas
yield, water/ethanol molar ratio, and conversion rate are shown in Figure 3. When the H2/CO is
increased to 8, the reaction temperature is decreased to the minimum value of 714 ◦C. Thereafter, the
reaction temperature gradually increases. On the whole range, the optimal conversion rate of ethanol
is close to 100%. The yields of H2 and CO2 significantly increase, while the CO decreases quickly, and
the water/ethanol ratio increases slowly, under the H2/CO below 6. If the H2/CO increases from 6 to 10,
the yield of H2 increases a little, while CO decreases gradually, and the water/ethanol ratio is quickly
increased to 17.8. Under the H2/CO of 6, the reaction temperature and water/ethanol ratio are 755 ◦C
and 7.4, which are selected for the case study of heat integration.
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3.2. Heat Integration of Ethanol Reforming Process

The ethanol steam reforming for hydrogen production process without heat integration is shown
in Figure 4. The heating duty includes 17,788 kW of HE1 and 6877 kW of R, and the cooling duty
is 15,017 kW, as also shown in Table 1. In order to use pinch technology, the first step is to draw a
composite curve to determine the pinch point, as shown in Figure 5. The hot pinch temperature is
79.6 ◦C, and the cold pinch temperature is 69.6 ◦C.

Table 1. The heat duty distribution of the studied cases.

Heat Duty Base Case Integration I Integration II (a) Integration II (b) Integration III

HE1 (kW) 17,788 7572 10,833 7285 6713
HE2 (kW) −15,017 −4801 −8062 −4514 −5269
HE3 (kW) 0 10,216 6955 6955 6955
HE4 (kW) 0 0 0 3548 4120

R (kW) 6877 6877 6877 6877 0

The design of the heat-exchange network and detailed modification processes according to pinch
technology is shown in Figure 6. Matching heat exchange between the hot stream and cold stream,
instead of separately using utilities to cool and heat, will greatly reduce utilities consumption. It can be
seen that adding a heat exchanger can reduce 10,216 kW of heating duty and 10,216 kW of cooling
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duty and make the energy saving reach as high as 57.4%, as shown in Table 1. The heating duty only
includes 7572 kW of HE1 and 6877 kW of R, and the cooling duty is decreased from 15,017 kW to 4801
kW. The shell-and-tube heat exchanger with countercurrent form is selected for the HE3, which has
two shells and two tube passes. The overall heat-transfer coefficient is 253.4 W/m2

·K under the 2502
tubes, with 6 m length arranged in a triangle. Under these conditions, the heat-transfer-area margin is
about 23.3%.
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In order to reduce the high-level heat demand, integration II is proposed in this paper and shown
in Figure 7. The ethanol solution is first heated to a certain temperature, with low-pressure steam, and
then exchanges heat with hot reformed gas in integration II (a) of Figure 7a. When the temperature is
increased to 100 ◦C, the HE3 can heat ethanol solution to as high as 735 ◦C, and the high-level heat
demand is reduced to 6877 kW, while the heat demand with low-level is increased to 10,833 kW and
the cooling duty is also increased to 8062 kW, as shown in Table 1. The shell-and-tube heat exchanger
is selected for the HE3, and the direction of the stream adopts the countercurrent form. The two shells
and two tube passes are designed in this heat exchanger. The overall heat-transfer coefficient is 67.1
W/m2

·K under the 5200 tubes with 9 m length arranged in a triangle. Under these conditions, the
heat-transfer-area margin is about 18.5%.
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On the basis of integration II (a), the hot reformed gas out of HE3 is further used to heat the
ethanol solution from 25 to 87 ◦C in the HE4 for heat recovery, in which the reformed gas is cooled to
73 ◦C in integration II (b) of Figure 7(b). The overall heat-transfer coefficient of the HE4 is 242.3 W/m2

·K
under the 2874 tubes with 6 m arranged in a triangle. The heat-exchange margin is about 19.5% under
the above conditions. Compared with integration I, the high-level heat demand is divided into 6877
kW high-level heat and 7285 kW low-level heat, as shown in Table 1. Compared with integration II (a),
the low-level heat demand is reduced from 10,833 to 7285 kW, and cooling duty is also decreased from
8062 to 4514 kW.

As we can see, integration II (b) is the optimum heat-integration option among the above scenarios.
Integration II (b) also needs high-level heat of 6877 kW from fuel combustion. The oxygen can directly
be put into the ethanol reformer, to realize autothermal reforming. The effect of the oxygen/ethanol
ratio on the heat duty and hydrogen molar fraction is shown in Figure 8. When the oxygen/ethanol
ratio is zero, the process is the ethanol steam reforming; when the molar ratio of oxygen/ethanol is
increased to about 0.5:1, the heat duty of ethanol reformer is about zero, and the H2 molar fraction is
decreased from 69% to 66%.Processes 2020, 8, x FOR PEER REVIEW 9 of 11 
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Figure 8. The effect of the oxygen/ethanol molar ratio on the heat duty of the ethanol reformer and
hydrogen molar fraction.

Heat integration III is the ethanol autothermal reforming process with oxygen/ethanol of 0.5:1 on
the basis of integration II (b), whose heat-integration diagram is shown in Figure 9. The process needs
only 6713 kW of low-pressure steam for heating and 5269 kW of cooling duty, as shown in Table 1.
The shell-and-tube heat exchanger with the countercurrent form is selected for the HE3 and HE4. The
overall heat-transfer coefficient is 95.1 W/m2

·K under the 3282 tubes with 9 m length arranged in a
triangle for the HE3, while the overall heat-transfer coefficient of the HE4 is 263.0 W/m2

·K under the
2874 tubes, with 6 m length arranged in a triangle. Their heat-exchange margin is about 17.0% and
16.1% under the above conditions.
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4. Conclusions

Among different biomass-based compounds, ethanol is a promising source for hydrogen
production by reforming technology because of its relatively high hydrogen content, availability, and
storage safety. Therefore, this work focuses on the study of process modeling, parameter optimization,
and heat integration of the process of ethanol reforming to hydrogen-rich gas.

The ethanol reforming includes two heating models of steam reforming, with external fuel
combustion heating and oxygen introduced into the reformer for self-heating. As for external heating
option, the reforming optimum pressure of the ethanol steam reforming is 1 bar, while the reforming
temperature gradually decreases as the water/ethanol molar ratio increases. When 7.4:1 is selected as a
moderate water/ethanol ratio, the optimum reaction temperature is about 755 ◦C, and the H2/CO ratio
is about 6:1. As for the inner heating option, the optimal oxygen/ethanol molar ratio is about 0.5:1 on
the basis of the above optimization parameters of ethanol steam reforming.

After parameters’ optimization, the heat integration is carried out by pinch technology, to
determine pinch temperature of 79.6 ◦C for the hot side and 69.6 ◦C for the cold side and the initial
heat-exchange network, in which adding a heat exchanger can make the energy saving reach about
57.4%. Another two heat-integration plans are proposed for the ethanol steam-reforming process, to
further replace 7572 kW of the high-level heating duty by 10,833 kW and 7285 kW low-level heating
duty, respectively. On the basis of the second heat-integration plan, the steam-oxygen reforming with
oxygen/ethanol of 0.5:1 can eliminate the 6877 kW heating duty of the steam reformer and only needs
6713 kW of low-level heating duty and 5269 kW of cooling duty.
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