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Abstract: This study performs energetic and exergetic comparisons between the steam methane
reforming and steam methanol reforming technologies combined with HT-PEMFC and a carbon
capture/liquefaction system for use in hydrogen-fueled ships. The required space for the primary
fuel and captured/liquefied CO2 and the fuel cost have also been investigated to find the more
advantageous system for ship application. For the comparison, the steam methane reforming-based
system fed by LNG and the steam methanol reforming-based system fed by methanol have been
modeled in an Aspen HYSYS environment. All the simulations have been conducted at a fixed
Wnet, electrical (475 kW) to meet the average shaft power of the reference ship. Results show that at
the base condition, the energy and exergy efficiencies of the methanol-based system are 7.99% and
1.89% higher than those of the methane-based system, respectively. The cogeneration efficiency of the
methane-based system is 7.13% higher than that of the methanol-based system. The comparison of
space for fuel and CO2 storage reveals that the methanol-based system requires a space 1.1 times larger
than that of the methane-based system for the total voyage time, although the methanol-based system
has higher electrical efficiency. In addition, the methanol-based system has a fuel cost 2.2 times higher
than that of the methane-based system to generate 475 kW net of electricity for the total voyage time.

Keywords: steam methane reforming; steam methanol reforming; electrical efficiency; exergy
efficiency; LNG

1. Introduction

The International Maritime Organization assessed that international shipping accounted for about
2.2% of total carbon dioxide emissions in 2012, which is approximately 796 million tonnes of CO2,
and forecasted that this amount will increase between 50% and 250% in the period to 2050 under a
business-as-usual scenario [1]. However, when the Paris Agreement on climate change mitigation was
adopted in 2015 to deal with the global-warming concerns, shipping was not included [2]. Instead,
in April 2018, the IMO established a strategy to reduce the total amount of annual greenhouse gas
(GHG) emissions from shipping by at least 50% by 2050 compared to 2008 [3]. To achieve this, several
technical and operational measures that improve energy efficiency and reduce CO2 emissions in the
shipping industry should be introduced, such as increasing energy efficiency of engines, adopting
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waste heat recovery systems, improving the hull form, implementing speed reduction and alternative
sea routes [4]. In addition to the above measures, using different propulsion systems, such as fuel
cells, are also considered possible alternatives [5]. Hydrogen fuel cells emit no direct GHGs, but the
emissions generated during hydrogen production should be considered. The emissions from hydrogen
production are highly dependent on feedstock and primary energy sources [6]. In the shipping industry,
fuel cell power generation can eliminate NOx, Sox, and particulate material (PM) emissions, and reduce
CO2 emission compared to emissions from conventional diesel engines [2]. The advantage of fuel cells
for maritime applications is the reduction of noise, vibrations, and infra-red signatures, along with
their modular and flexible design, water generation, etc., although they may be application specific [5].
Seven fuel cell types were evaluated from the perspectives of relative cost, module power level, lifetime,
tolerance for cycling, flexibility towards type of fuel, technological maturity, size, sensitivity to fuel
impurities, emissions, safety, and efficiency. As a result of the evaluation, the low temperature proton
exchange membrane (PEM) fuel cell and the high temperature PEM fuel cell (HT-PEMFC) received,
respectively, the first and second highest score in the ranking, and this implied that those technologies
are the most promising for marine use [7]. An LT-PEMFC has relatively higher power density than an
HT-PEMFC; however, the HT-PEMFC has several other advantages [8]. The operating temperature of
LT-PEMFCs is between 50 and 90 ◦C and that for HT-PEMFCs is between 120 and 200 ◦C. The lower
operational temperature of LT-PEMFCs results in limited tolerance to fuel impurities such as sulfur
and carbon monoxide (CO), which reduce its performance drastically. To be specific, LT-PEMFCs
require fuels containing less than 30 ppm of CO and less than 1 ppm of sulfur, whereas HT-PEMFCs
can work with concentrations of up to 3% of CO and 20 ppm of sulfur in the fuel without permanent
degradation [7]. This higher tolerance to impurities of HT-PEMFC makes it possible to develop a
simpler fuel reforming system [8]. Additionally, the water management of HT-PEMFCs is easier
because the water produced in the fuel cell is in vapor, and the waste heat from HT-PEMFCs can be
recovered and used for steam or hot water generation [9].

Since the gravimetric energy density of hydrogen is approximately 120 MJ/kg, 2.47 times higher
than natural gas and 2.8 times higher than diesel, hydrogen provides higher gravimetric energy than
other fossil fuels. However, volumetric energy density of liquid hydrogen is approximately 8.51 GJ/m3,
which corresponds to 40.8% of natural gas and 23.7% of diesel [10]. The lower volumetric energy
density could be a drawback for some vessels in those applications that cannot support a large volume
of storage or higher frequency of refueling [11]. To overcome this, several maritime fuel cell studies
have considered on-board reforming of methane and methanol to hydrogen, although the applied
fuel cell types are different [5,12–20]. This is because methane and methanol stored at liquid state
have higher volumetric energy density than hydrogen [10], and the operation expenditure (OPEX)
can be reduced owing to the lower price of both fuels compared to that of hydrogen. In addition,
the bunkering infrastructure for methane and methanol is not an issue, unlike that for hydrogen.
The bunkering infrastructure for methane (namely LNG) is rapidly expanding, and that for methanol
requires minimal modification from the existing conventional infrastructure [5,12].

There are several technologies for reforming carbon-based fuels to hydrogen, which include
steam reforming, partial oxidation, and auto-thermal steam reforming. Among these processes, steam
reforming provides higher efficiency, higher production yield, and lower rate of side reactions [21].

Steam methane reforming is one of the most proven and commercially available technologies for
hydrogen production [22], and at present, 80% to 85% of global hydrogen production is derived via
this technology [23,24]. Steam methane reforming technology has been widely investigated from the
energy and exergy efficiency and economic and environmental perspectives in the past decades.

Simpson et al. evaluated the performance of steam methane reforming system using an exergy
analysis. The results revealed that irreversibility of chemical reactions results in the largest amount
of exergy destruction, and exergy loss through the exhaust gas stream was significant. Results of
a parametric study show that the highest exergy efficiencies of 62.73% was achieved at operating
temperatures of 974 K. The highest exergy efficiencies of 62.85% was attained at an operating pressure
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of 6.8 atm. The effect of steam carbon ratio (S/C ratio) was also investigated, and the result revealed
that the highest efficiencies were achieved at an S/C ratio of approximately 3.2 [23]. Welaya et al.
evaluated the partial oxidation and steam reforming process to convert a carbon-based marine fuel,
such as natural gas, gasoline, and diesel, into hydrogen-rich gases suitable for application to the
PEMFCs on board ships. Among several options evaluated, the natural gas steam reforming system
showed the highest fuel processing efficiency [14]. Authayanun et al. investigated the theoretical
performance of an HT-PEMFC integrated with the steam reformer using various primary fuels, i.e.,
methane, methanol, ethanol, and glycerol. Results revealed that for the steam methane reforming, CO
fraction lower than the acceptable limit for the HT-PEMFC can be attained with higher S/C ratios and
lower temperature. For S/C ratios (3–6), operating temperature lower than 1000 K should be maintained
in order to keep the CO fraction at an acceptable level for an HT-PEMFC or a water–gas shift (WGS)
reactor should be included. Steam methanol reforming produces the lowest CO fraction among the
studied fuels and can be directly fed to the HT-PEMFC for all of the studied cases (S/C ratio: 1–3,
reformer temperature: 423–523 K). The steam methanol reforming system without a WGS reactor and
steam methane reforming with a WGS reactor achieved the highest system efficiency, approximately
50%, among several options in the study [25]. Nerem et al. evaluated hydrogen, LNG, or methanol as
PEMFC fuel on a cruise vessel, based on the space required on board, environmental impact, and life
cycle cost (LCC) aspects. An external reformer other than hydrogen fuel was considered. Results show
that the LNG system requires the smallest dimensions, whereas hydrogen and methanol require equal
dimensions. From the perspective of environmental impact, LNG is a better solution than methanol for
use in fuel cells. Further, LNG achieved the lowest LCC, 1.10 times higher than heavy fuel oil (HFO),
while hydrogen and methanol are 1.14 and 1.15 times more expensive than HFO [12]. Arsalis et al.
evaluated a micro combined heat and power system integrated with HT-PEMFC and steam methane
reformer. They reported that the cogeneration and electrical efficiencies of the system are 55.46% and
27.62%, respectively [26].

Methanol is an advantageous fuel for mobile fuel cell applications since it has low boiling
temperature (65 ◦C). Therefore, it can be stored in a liquid state at atmospheric pressure and normal
environment temperature, unlike liquefied methane (−163 ◦C) [27,28]. In addition, as no carbon–carbon
bond exists, methanol can be converted to hydrogen at lower temperature (150–350 ◦C) than other
carbon-based fuels, and it can be activated at lower temperature than methane [28]. With these
advantages, methanol steam reforming has been widely developed. Faungnawakij et al. has
investigated the effect of varying S/C ratio (0–10), reforming temperatures (25–1000 ◦C), and pressures
(0.5–3 atm) on the steam methanol reforming process. Results show that the optimized operating
condition based on efficiency was the temperature range of 100–225 ◦C, S/C range of 1.5–3, and pressure
at 1 atm. In addition, an operating temperature higher than approximately 150 ◦C and operating
pressure varying from 0.5 to 3 atm did not affect the methanol conversion and hydrogen yield [21].
Herdem et al. modeled the methanol steam reforming system to produce power using a HT-PEMFC
for portable power generation and examined performance variation of the HT-PEMFC with varying
composition of reformate gas. The result reveals that lower S/C ratio and higher reforming temperature
increase CO mole fraction in the reformed gas. However, higher fuel cell temperatures decrease
the effect of CO mole fraction on the HT-PEMFC performance [27]. Mousavi Ehteshami and Chan
analyzed the steam reforming of methanol, ethanol, and diesel in a technical and economical point of
view. It was found that steam methanol reforming showed the easy conversion and the highest energy
efficiency. Therefore, methanol is considered to be one of the promising fuels for hydrogen production
by using steam reforming. However, the model used in the study did not take into account heat
recovery and heat integration in the system. Therefore, it is possible that the efficiencies of fuels with
higher reforming temperature than methanol can be increased when heat recovery and integration are
applied [29]. Romero-Pascual and Soler investigated an HT-PEMFC-based CHP system integrated
with a methanol steam reformer. The result reveals that 24% of system power efficiency and a CHP
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efficiency over 87% were achieved [9]. Table 1 summarizes the simulation parameters about steam
methane and steam methanol reforming system from other works.

Table 1. Simulation parameters about steam methane and steam methanol reforming from the
open literature.

Ref. Primary Fuels S/C Ratio Pref >(Bar) Tref >(◦C) Notes

[23]

Methane

3.2 10 700 Purpose of paper was to evaluate performance of hydrogen
production via steam methane reforming.

[30] 4 25 900

Steam methane reforming system was modeled and reformer in
simulation was developed using a Gibbs equilibrium model in
Aspen Plus. For CO2 capture, MEA scrubbing process was applied
as black box model.

[31] 3 1 700 Steam methane reforming system integrated with HT-PEMFC was
simulated and performance was evaluated by exergy analysis.

[32]

Methanol

1.2 - 350 Steam methanol reforming system integrated with PEMFC was
simulated and performance was evaluated by exergy analysis.

[33] 1.5 3.8 260
Steam methanol reforming system was experimented and the
obtained results were used for simulation of power train
integrated system.

[34] 1–2 - 240–300
Steam methanol reforming system integrated with HT-PEMFC was
simulated. Parametric study with varying S/C ratio, Tref, reformate
composition, etc. were implemented.

Although steam reforming of methane and methanol on board ships offers several advantages as
aforementioned, CO2 emission will be unavoidable because these are carbon-based fuels [15]. One of
the future options for carbon-based fuels could be to install carbon capture and storage (CCS) systems
on board ships [2]. If hydrogen production by reforming a carbon-based fuel is applied on board ships,
the resulting CO2 can be captured by using a CCS, and then the produced hydrogen can be considered
as a zero-emission fuel at the ship level [2]. The use of CCSs on board ships was investigated in an
Eurostar project. On-board chemical capture, CO2 liquefaction, and a temporary storage system for
ships were developed. The result shows that the concept is technically feasible and capable and can
reduce CO2 emissions by 65% [35].

There are several technologies for CO2 capture in hydrogen production, which include adsorption,
absorption, use of membranes, and cryogenic/low temperature processes [36,37]. Among them, the
absorption process using monoethanolamine (MEA) is the most mature and promising process for CO2

capture [38,39]. Many authors have presented hydrogen production processes associated with the MEA
absorption process [30,40,41]. The MEA absorption process comprises two major stages: Absorption of
CO2 in the absorber and desorption of CO2 in the stripper to regenerate the amine solvent. One of the
drawbacks of this process is the large amount of heat required to regenerate the amine solvent [42,43].
Typically, regeneration occurs at an elevated temperature (100–140 ◦C) and pressure not much higher
than the atmospheric [38,44,45]. The heat required for regeneration is supplied to the re-boiler by a
separate steam cycle [43].

The challenge in the marine environment is the handling and storage of any captured CO2. Storage
of CO2 in gaseous form requires a huge space, whereas the storage of CO2 in liquid form requires a
large amount of power consumption for its liquefaction. Considering the limited space of the vessel,
the captured CO2 should be stored in a liquid form even if the energy consumption for liquefaction is
high. The pressure and temperature of the liquid CO2 for storage should be higher than the triple-point
pressure (5.2 bar) and lower than the critical-point temperature (31 ◦C). In the published reports, the
pressure of liquid CO2 for shipping is mainly in the range from 6 to 20 bar, and in this range of pressure
the temperature varies form −52 to −20 ◦C [46]. Feenstra et al. conducted a technical and economic
evaluation of ship-based carbon capture on diesel or LNG fueled ships. For the LNG fueled ships,
the cooling energy from evaporation of the LNG was used for liquefying the captured CO2. For diesel
fueled ships, the ammonia-based refrigeration cycle was used for liquefaction of CO2 [47]. Berstad et al.
evaluated the energy consumption and CO2 liquefaction ratio for CO2 phase separation from the flue
gas. The result reveals that the specific power consumption and CO2 liquefaction ratio are significantly
affected by CO2 concentration in flue gas. To maximize the CO2 capture ratio by liquefaction, the



Energies 2020, 13, 224 5 of 25

concentration of gases other than CO2 in the flue gas should be minimum and pressure should be as
high as practically possible [48].

The authors of this study consider that to achieve zero emission from shipping alternative fuels
such as green hydrogen from renewable energy should be applied. However, the storage volume for
hydrogen, lack of infrastructure for hydrogen bunkering, and high cost of hydrogen, among other
factors, are challenging at the current level of technology. Therefore, on-board methane and methanol
steam reforming with CO2 capture could be one of the transition solutions.

Therefore, in this study, we present on-board methane and methanol steam reforming systems
integrated with an HT-PEMFC system for power generation, along with a CO2 capture/liquefaction
system for storage of the captured CO2 on board. The performance of the integrated systems was
evaluated through an exergy and energy analysis. In addition, the spaces required for the captured
CO2 and primary fuel storage were also compared. Those evaluations were carried out for a reference
ship. The following features distinguish this study from previous works:

(1) Steam reforming, HT-PEMFC, and CO2 capture/liquefaction systems are simultaneously
considered. Heat integration and recovery were implemented for practical comparison. Excess
heat from the HT-PEMFC and steam reforming system were used in the CO2 capture system.

(2) For the steam methane reforming-based system, liquefied natural gas (LNG) was used as primary
fuel because it is the most cost effective for ship storage of natural gas and has been well proved
in LNG fueled-ship applications.

(3) For CO2 liquefaction, the steam methane reforming-based system used the cold energy of LNG,
whereas the steam methanol reforming-based system has a separate refrigeration cycle.

The main objectives of this study are as follows:

(1) To develop methane and methanol steam reforming systems combined with HT-PEMFC and
CO2 capture/liquefaction systems suitable for the reference ship.

(2) To carry out exergy and energy analyses for the developed integrated systems to assess the energy
efficiency, exergy efficiency, and exergy destruction of components within each system.

(3) To evaluate the overall fuel cost and overall space required for storage of the liquefied CO2 and
primary fuels.

(4) To carry out parametric studies with varying operating conditions, such as the S/C ratio, operating
temperature of the reforming process, and CO2 capture ratio.

2. System Description

2.1. Reference Ship Description

A general cargo ship with main engine power of 3800 kW is chosen as the reference ship for
integrating the steam reforming, HT-PEMFC and CO2 capture/liquefaction systems. Although the
operational engine load depends on the ship design, in general, it can be much smaller than the engine
total capacity [48]. Therefore, in this study, the systems are designed based on the average shaft
power. This approach allows a more precise evaluation of the amount of CO2 emissions and energy
consumption for CO2 capture/liquefaction on board. To calculate the average shaft power, a load
factor that indicates the fraction of power needed by the engine to navigate at the average speed was
calculated by using the average and maximum speeds. The product of load factor and total installed
engine power (MCR) provides the average shaft power. The formulas for load factor and average shaft
power are presented in the equations below. The detailed specifications of the reference ship, including
the calculated load factor and average shaft power, are presented in Table 2 [49].

Load factor =
(

Average Speed
Max Speed

)3

(1)
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Average shaft power [kW] = Load factor·MCR [kW] (2)

In the present study, for simplicity of system design, we only considered the power required for
propulsion excluding other hotel powers.

Table 2. Specification of the reference ship.

Specifications Values

Type General Cargo
Overall length 120 m

Beam 13 m
Deadweight 3000 tonnage

Main engine power 3800 kW
Maximum speed 14 knots
Average speed 7 knots

Total voyage time 209 h
Load factor 0.125

Average shaft power 475 kW

2.2. Description of Steam Methane Reforming-Based System

Figure 1 shows the block diagram of the steam methane reforming system combined with
HT-PEMFC and CCS on board ships. The integrated system consists of six main unit/systems:
Reformer for producing reformate gas, combustor for providing heat to reformer, WGS reactor for
conversion of CO to CO2, HT-PEMFC for power generation, CO2 capture unit, and CO2 liquefaction
system for storage.

Energies 2020, 13, x FOR PEER REVIEW 6 of 25 

 

Load factor Average SpeedMax Speed  (1) Average shaft power kW Load factor ∙ MCR kW  (2) 

In the present study, for simplicity of system design, we only considered the power required for 
propulsion excluding other hotel powers.  

Table 2. Specification of the reference ship. 

Specifications Values 
Type  General Cargo 

Overall length  120 m 
Beam 13 m 

Deadweight 3000 tonnage 
Main engine power 3800 kW 

Maximum speed 14 knots 
Average speed 7 knots 

Total voyage time 209 h 
Load factor 0.125 

Average shaft power 475 kW 

2.2. Description of Steam Methane Reforming-Based System 

Figure 1 shows the block diagram of the steam methane reforming system combined with HT-
PEMFC and CCS on board ships. The integrated system consists of six main unit/systems: Reformer 
for producing reformate gas, combustor for providing heat to reformer, WGS reactor for conversion 
of CO to CO2, HT-PEMFC for power generation, CO2 capture unit, and CO2 liquefaction system for 
storage.  

 

 
Figure 1. Block diagram of steam methane reforming-based system. 

Natural gas is normally used as feedstock for steam methane reforming and it normally contains 
small amounts of sulfur compounds, which must be removed to avoid contamination of the catalyst 
in the reformer and low temperature shift reactor [50]. However, in the proposed system, LNG was 
considered as feedstock for reforming. As an industry practice, prior to liquefaction, natural gas is 
further treated to remove sulfur compounds along with water and any residual CO2 to avoid freezing 
[51]. Therefore, a desulfurization unit was not included in this study. As shown in Figure 2, liquefied 
from an on-board storage tank is pumped and vaporized by heat exchange with the captured CO2 in 
HEX-1. Then, the vaporized CH4 is divided into two streams: One as feedstock for reforming (stream 
F4), the other as fuel for the combustor (stream F7). The CH4 used as feedstock is mixed with high 
temperature steam (stream W3) and further preheated by heat exchange with the reformate gas 

Figure 1. Block diagram of steam methane reforming-based system.

Natural gas is normally used as feedstock for steam methane reforming and it normally contains
small amounts of sulfur compounds, which must be removed to avoid contamination of the catalyst
in the reformer and low temperature shift reactor [50]. However, in the proposed system, LNG was
considered as feedstock for reforming. As an industry practice, prior to liquefaction, natural gas
is further treated to remove sulfur compounds along with water and any residual CO2 to avoid
freezing [51]. Therefore, a desulfurization unit was not included in this study. As shown in Figure 2,
liquefied from an on-board storage tank is pumped and vaporized by heat exchange with the captured
CO2 in HEX-1. Then, the vaporized CH4 is divided into two streams: One as feedstock for reforming
(stream F4), the other as fuel for the combustor (stream F7). The CH4 used as feedstock is mixed with
high temperature steam (stream W3) and further preheated by heat exchange with the reformate gas
stream from the reformer at HEX-2. Then, the steam methane mixture (stream F6) is supplied to the
reformer, where the reforming reaction occurs as expressed in Equations (4) and (5), and converted to
H2, CO, and CO2. The steam methane reforming reaction is highly endothermic; therefore, a large
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amount of heat must be supplied by the combustor by burning supplemental methane as fuel and by
burning off-gas (mostly unreacted CH4 and unused H2) from the fuel cell. The operating temperature
and pressure for the steam methane reformer in this model were set as 700 ◦C and 3 bar, respectively.
The steam to carbon molar ratio (S/C) of 3:1 was applied to avoid coke formation.

CH4 + H2O = CO + 3H2 ∆H298 = 206.3 kJmol−1 (3)

CH4 + 2H2O = CO2 + 4H2 ∆H298 = 165 kJmol−1 (4)

The reformate gas exiting HEX-2 (stream R2) is further used to preheat air entering to the
combustor, and then enters the WGS reactor. The WGS reaction is moderately exothermic and it
converts undesired CO in reformate gas to CO2 and H2, as shown in Equation (6). The WGS reactor
is modeled as a single stage, and the reaction occurs at 250 ◦C. The heat produced during the WGS
reaction is used for steam generation.

CO + H2O = CO2 + H2 ∆H298 = −41 kJmol−1 (5)
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The reformate gas leaving the WGS rector (stream R4), which has an acceptable level of CO
content (<1%) for the HT-PEMFC, is firstly cooled down to 160 ◦C and then supplied to the anode
side of the HT-PEMFC. Dry air is supplied to the cathode side and used for the fuel cell reaction,
converting the chemical energy of hydrogen to electricity. Unreacted hydrogen is supplied to the
combustor for heat generation. The exhaust gas from the combustor preheats the water supplied to
the reformer and then is cooled down to 40 ◦C when exiting Cooler-1. After removing the condensed
water at Sep-1, the exhaust gas stream (E4) enters the post combustion CO2 capture unit using aqueous
MEA as solvent. As large quantities of heat are required to regenerate the solvent within the MEA
CO2 capture process, the fractions of heat produced from the WGS reactor, HT-PEMFC, and HEX-4
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are supplied to the CO2 capture unit. The MEA CO2 capture unit is modeled as a “black box” in
the present study. The detailed explanation for the black box model of the MEA process is provided
in the next section. Then, the captured CO2 is compressed to 7 bar by two stage compressors with
cooling in between and then partially liquefied by heat exchange with the LNG feedstock at HEX-1.
The liquefied CO2 is separated in Sep-2 and stored at 7 bar, −48.5 ◦C in a temporary tank on board the
ship. Noteworthy, although CO2 capture by using low temperature and vapor–liquid phase separation
could be advantageous from the perspective of CO2 liquefaction, the capture ratio is significantly
affected by concentration of other gases. Therefore, in this study, the MEA CO2 capture unit and CO2

liquefaction system are modeled separately.

2.3. Description of Steam Methanol Reforming-Based System

Figure 3 shows the block diagram of the steam methanol reforming system combined with
HT-PEMFC and CCS on board a ship. The integrated system consists of five main unit/sub-systems:
Reformer for producing reformate gas, combustor for providing heat to the reformer, HT-PEMFC
for power generation, CO2 capture unit, and CO2 liquefaction system for storage. Unlike the steam
methane reforming system, the WGS reactor is not added because the hydrogen rich gas produced in
steam methanol reforming includes CO contents tolerable to the HT-PEMFC in this study.
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CH3OH = CO + 2H2 ∆H298 = +90.7 kJmol−1 (8)

Equation (6) represents the steam methanol reforming reaction, Equation (7) represents the water
gas shift reaction, and Equation (8) represents the methanol decomposition reaction. Only the WGS
reaction is exothermic and the other two are endothermic. The operating temperature and pressure for
the steam methanol reformer in this model are 200 ◦C and 3 bar, respectively. A S/C ratio of 1.5:1 was
selected based on literature reviews [27,33]. Reformate gases containing H2, CO2, CO, and CH3OH
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exiting HEX-2 are further adjusted to 160 ◦C at HEX-3 and 1.1 bar by PCV-1. Then, the reformate gas is
fed to the anode side of the HT-PEMFC for power generation. As off-gas (stream O1) from the fuel cell
contains H2 unreacted in the fuel cell and CH3OH unconverted in the reformer, the fraction of these
is supplied to the combustor to produce heat. The remaining is recycled to the anode inlet stream.
The exhaust gas stream (E1) from the combustor preheat air is supplied to the combustor, and the
remaining heat in the exhaust gas is recovered in HEX-5. The exhaust gas stream (E4), from which
most water is removed in Sep-1, is fed to the CO2 capture unit, which is modeled as a “black box,” in
the same way as the steam methane reforming system.
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The captured CO2 stream (E5) is compressed to 14 bar by Comp-1, -2, and liquefied passing
through HEX-7. Unlike the steam methane reforming system, a separate liquefaction cycle using
ammonia as refrigerant was modeled. The liquefied CO2 is separated in Sep-2 and stored in a temporary
tank on board the ship. The operating and design parameters of the steam methane and methanol
reforming system combined with HT-PEMFC, CO2 capture, and liquefaction systems are presented in
Table 3.
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Table 3. Base condition of simulations.

Unit Name Parameter
Values

Steam Methane
Reforming-Based System

Steam Methanol
Reforming-Based System

Steam reformer
Operating temperature 700 ◦C [23,31] 200 ◦C [34]

Operating pressure 3 bar 3 bar
S/C ratio 3 [31,53] 1.5 [27]

WGS reactor
Operating temperature 250 ◦C [54] −

Operating pressure 1.1 bar −

Combustor
Operating temperature 800 ◦C 300 ◦C

Operating pressure 1.1 bar 1.1 bar
Air-fuel ratio 1.05 [30,41] 1.05 [27]

HT-PEMFC

Fuel utilization factor 0.83 [31,55]
Cathode stoichiometric ratio 2 [31,55]

Operating temperature 160 ◦C [31]
Operating pressure 1.1 bar

Output voltage per cell 0.637 V [56]
Current density 0.2 A cm−2 [56]

CO2 capture unit [38]

Solvent MEA
Feed gas temperature 40 ◦C

Steam temperature 130 ◦C
Specific reboiler duty 5112 kJ/kg CO2

CO2 Capture ratio 90%

CO2 Liquefaction system
Refrigerant LNG NH3

Liquefaction condition −8.5 ◦C at 7 bar −29.75 ◦C at 14 bar
Total emitted CO2 to ATM (Stream

E11 and E12) 55.83 kg/h

Compressors Polytropic efficiency 75%
Pump Adiabatic efficiency 85%

Converter Efficiency 98% [57]
Heat exchangers Min. temperature approach Heat exchangers for CO2 liquefaction: 3 ◦C [46] Other heat exchangers: 10 ◦C [41]

Net electrical power (AC) 475 (±0.2) kW

Note: For comparison purpose, the mass flow rate of total emitted CO2 of the steam methanol reforming-based
system is adjusted to have the same value as that of the steam methane reforming-based system.

3. System Simulation and Assumptions

The process simulation and heat and mass balance calculations were carried out using the ASPEN
HYSYS process simulator. The heat and mass balances obtained from the converged simulation are
utilized for exergy and energy calculations in a separate spreadsheet. The Peng–Robinson equation
of state is used for different units/sub-systems including steam reforming, HT-PEMFC, and CO2

liquefaction system [29,58]. A “Gibbs reactor” model, which considers the condition of the Gibbs free
energy of the reacting system being at a minimum at equilibrium to calculate the product mixture
composition [59], is used to simulate the reformer and WGS reactor, whereas the “conversion reactor”
model is used to simulate the combustor [50]. There is no separate module to simulate a fuel cell
in ASPEN HYSYS. Therefore, in the present study, the HT-PEMFC is modeled as a “conversion
reactor” and a “splitter,” which attain a conversion ratio equal to the hydrogen utilization factor [8,9].
For simplicity, the carbon capture unit using MEA is modeled as a “splitter” in ASPEN HYSYS, which
can be considered as a black box assumption. In a black box assumption, the complex process for
capturing CO2 is modeled by one single box, which has two outlet streams of differing composition
from a single inlet stream. Although the black box model enables estimating the minimum work or
heat required for CO2 capture, the calculated value for capture is generally a little different from the
actual work and heat reported in the literature [30,41]. The concept for the black box model of the
CO2 capture has been used in several studies [30,41,60]. To obtain information about the energy and
exergy consumption per kg of captured CO2, the values reported in reference [37] are used in the
present work.

The concentration of H2, CO2, and CO in the anode inlet stream can affect performance of
HT-PEMFC. Andreasen et al. investigated the variation of HT-PEMFC performance by the feeding
mixture of H2, CO (0%, 0.15%, 0.25%, 0.5%, 1%), CO2 (0%, 25%) to emulate methanol or methane
reformate gas. Results reveal that increasing both CO and CO2 concentration decreases output voltage.
In total, eight cases of experiments, 1% CO and 25% CO2 case and 0.5% CO and 25% CO2 case show
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the first and second lowest output voltage, approximately 0.645 and 0.652 V, respectively, at 0.2 A cm−2

and operating temperature of 160 ◦C [61]. Other experimental studies show similar results. Devrim
et al. evaluated the combined effect of CO and CO2 in anode inlet stream and results show that no
significant performance degrade due to the addition of only CO2 into H2, however addition of CO in
H2 and CO2 mixture increase degrade of performance. H2, CO2, CO (75%, 24%, 3% and 75%, 24%,
1%) mixtures show output voltage of approximately 0.629 and 0.634 V at 0.2 A cm−2 and operating
temperature of 160 ◦C [62]. It was reported that the impact of the CO presence (up to 2.0%) at higher
operating temperature (160 ◦C and above) and lower current densities (below 0.3 A cm−2) is very
low [63,64]. Therefore, in this study, the performance degrade due to CO contents is neglected and
output voltage of HT-PEMFC is fixed as 0.637 V [56].

Since the amount of electricity consumption vary with several operation modes of ship, it is
assumed that the target ship operates with constant average shaft power, namely 475 kW for simplicity.
Further, a current density of 0.2 A cm−2 is assumed for constant power generation. Noteworthy, lower
current densities lead to higher electrical efficiency, and require a larger cell area. However, considering
the feasibility check and comparison for ship application of the methane-, methanol-based system is
main purpose of this study, the above assumptions are deemed reasonable.

The general assumptions used in the modeling of the integrated energy system are as follows:

• The simulations are implemented in a steady state and are not suitable for start-up operations.
• The composition of air is considered to be 79% N2 and 21% O2 on a mole basis.
• For simplicity, LNG is represented by pure, liquefied CH4.
• The reaction time is considered long enough to achieve phase and chemical equilibrium.
• The reformate gases exiting the reformer are at the reformer temperature.
• Heat and pressure losses are assumed to be negligible in all operational units.
• Complete fuel oxidation is assumed in the combustor.
• In the CO2 capture unit, only heat consumption is considered because the power consumption at

cooling pumps, solvent pumps, and other devices is relatively small.
• The heat ejected from coolers is not recovered.

4. Performance Evaluation

To conduct a comparative analysis between the steam methane reforming-based system and the
steam methanol reforming-based system, energy, exergy efficiency, and exergy destruction are used
along with the carbon capture storage ratio and the required volumes of both fuels and captured CO2

during navigation.

4.1. Energy Analysis of the Integrated Systems

The objective functions that are used in the energy analysis for system performance evaluation
are electrical efficiency (ηen,sys,electrical) and cogeneration efficiency (ηcogen). The electrical efficiency of
the systems is defined as the ratio of the net electrical power output of the system to the lower heating
value of the feed and fuel entering the system, as expressed in Equation (9) for the steam methane
reforming-based system and in Equation (10) for the steam methanol reforming-based system [27,54].

ηen,CH4,electrical =
Pnet, electrical( .

nfeed,CH4 +
.
nfuel,CH4

)
·LHVCH4

(9)

where LHVCH4 is the lower heating value of CH4. The net electrical power (Pnet,electrical) is calculated
by subtracting the power consumed in the system (Ppump−1 + Ppump−2 + Ppump−3 + Pcomp−1 + Pcomp−2

+ Pcomp−3) from the power generated in the HT-PEMFC (PHT-PEMFC,AC).

ηen,CH3OH,electrical =
Pnet, electrical

.
nfeed,CH3OH, ·LHVCH3OH

(10)
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where LHVCH3OH is the lower heating value of CH3OH. The net electrical power (Pnet,electrical) is
calculated by subtracting the power consumed in the system (Ppump−1 + Ppump−2 + Ppump−3 + Pcomp−1

+ Pcomp−2 + Pcomp−3 + Pcomp−4 + Pcomp−5) from the power generated in the HT-PEMFC (PHT-PEMFC, AC).
The electrical power generated by HT-PEMFC (PHT-PEMFC, AC) can be calculated as follows [65]:

PHT−PEMFC,AC = ηHT−PEMFC·
.
nH2 ·LHVH2 ·ηConverter (11)

where
.
nH2 is the molar flow rate of hydrogen that reacts in the HT-PEMFC, LHVH2 is the lower

heating value of hydrogen, ηHT-PEMFC is the electrical efficiency of the HT-PEMFC, and ηConverter is the
efficiency of the converter.

The efficiency of HT-PEMFC (ηHT-PEMFC) can be found from [65]

ηHT−PEMFC = µf·
Vc

EMFmax
·100 (12)

where µf is the fuel utilization factor, Vc is the produced voltage of the cell, and EMFmax is the
electromotive force when all the energy from the hydrogen fuel cell, the heating value or enthalpy of
formation, was converted to electrical energy. Fuel utilization factor, µf and EMFmax can be determined
as follows:

µf =
H2, consumed

H2,supplied
(13)

EMFmax = −
∆hf

2F
(14)

The heat produced in the fuel cell stack can be determined from [66]

.
Qheat, HT−PEMFC =

∑
(hin, c·

.
nin, c) −

∑
(hout, c·

.
nout, c) +

∑
(hin, a·

.
nin, a) −

∑
(hout, a·

.
nout, a) − PHT−PEMFC,DC (15)

The cogeneration efficiency of the system (ηen,sys,cogen) is defined as the ratio between the
summation of the rate of available heat output and the net electrical power to the lower heating
value of the fuel and feed entering the system, as expressed in Equation (16) for the steam methane
reforming-based system and in Equation (17) for the steam methanol reforming-based system [54].

ηen,CH4,cogen =
Pnet, electrical + Qnet( .

nCH4, feed +
.
nCH4,fuel

)
·LHVCH4

(16)

ηen, CH3OH,cogen =
Pnet, electrical + Qnet( .

nCH3OH, feed
)
·LHVCH3OH

(17)

where
Qnet = Qhot water(W13) −Qwater(W3) (18)

4.2. Exergy Analysis of the Integrated Systems

Exergy is defined as the maximum amount of useful energy that can be obtained from a stream
when it reaches an equilibrium condition with the reference environment while interacting only with
this environment [67]. The exergy analysis is applied to measure the exergy destruction and exergy
efficiency for each component of the system proposed in this study. The equation of exergy destruction
for each component can be derived from the equation of exergy balance. Considering a control volume
at steady state, the general form of exergy balance can be written as follows:∑ .

ExQ −
∑ .

Exw +
∑ .

Exflow, in −
∑ .

Exflow, out −
∑ .

Exdest = 0 (19)
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where ExQ represents the rate of exergy transfer due to heat exchange with the environment, Exw is the
rate of exergy transfer related to work, Exdest represents exergy destruction, and Exflow corresponds
to the exergy transfer rate associated with the flow of the stream.

.
Ex represents the stream exergy,

which can be expressed as follows [68]:

.
Ex = F·(Exchem + Exphys + ∆mixEx) (20)

F, Exchem, Exphys, and ∆mixEx denote the molar flow rate and the physical, chemical, and mixing
exergy of the stream.

The chemical exergy of the stream, accounting for phases and their composition at the reference
condition, is given by Equation (21), as follows [68]:

Exchem = L0·
∑

x0,i·Ex0l
chem,i + V0·

∑
y0,i·Ex0v

chem,i (21)

L0 and V0 are the liquid and vapor mole fraction of the stream at the reference condition,
respectively. xi and yi are the mole fraction of species i in the liquid and vapor phases, respectively.
Ex0l

chem,i and Ex0v
chem,i denote the standard chemical exergy of component i in the liquid and vapor

phases, respectively. The superscripts l and v denote liquid and vapor phases, respectively, and
subscript 0 refers to the reference conditions. The reference conditions, T0 and P0, are set to 25 ◦C and
101.325 kPa in this work.

The physical exergy of the stream can be calculated from the enthalpies and entropies of the pure
components, the amount of each phase, and their respective compositions, as follows [68]:

Exphys =
[
L·

∑(
xi·Hl

i − T0·
∑

xi·Sl
i

)
+ V·

∑(
yi·Hv

i − T0·
∑

yi·Sv
i

)
]actual T,P− [L0

·
∑(

xi·Hl
i − T0·

∑
xi·Sl

i

)
+ V0·

∑(
yi·Hv

i − T0·
∑

yi·Sv
i

)
]T0,P0

(22)

Hi and Si are the molar enthalpy and molar entropy of pure component i, respectively.
The mixing exergy, which has always a negative value, can be found from [68]:

∆mixEx = ∆mixH− T0·∆mixS (23)

where
∆mixM = L·

(
Ml
−

∑
xi·Ml

)
+ V·

(
Mv
−

∑
yi·Mv

)
(24)

in which M is any thermodynamic property of the mixture and pure component i, respectively.
The detailed methodology of exergy calculation of the stream can be referred from reference [68].
The equations for the exergy destruction of each component are summarized in Table 4.

To define exergy efficiency, the input and output of the system should be defined. In these
integrated systems, output is the summation of the net electrical power generated and stream exergy
change of the available hot water, whereas input is the summation of chemical exergy of the feed and
fuel entering the system. The exergy efficiencies of the systems are expressed as follows [54]:

ηex,CH4,sys =
Pnet, electrical +

.
Exnet, hotwater

.
Exfeed,CH4 +

.
Exfuel,CH4

(25)

ηex,CH4,sys =
Pnet, electrical +

.
Exnet, hotwater

.
Exfeed,CH3OH

(26)

.
Exnet, steam =

.
Exhot water generated −

.
Exwater supplied (27)
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Table 4. Equation of exergy destruction and efficiency of the components.

Components Exergy Destruction

Compressors [53]
.
Exdest =

.
Exin+Pin, comp −

.
Exout

Pumps [53]
.
Exdest =

.
Exin+Pin, pump −

.
Exout

Heat exchangers [53]
.
Exdest =

∑ .
Exin −

∑ .
Exout =

∑ .
(Exin −

.
Exout)hot +

∑ .
(Exin −

.
Exout)cold

Reformer-Combustor [53]

.
Exdest =

∑ .
Exin −

∑ .
Exout =.

Exin, feed +
.
Exin, fuel +

.
Exin, off gas from HT−PEMFC −

.
Exout, reformate gas from reformer −

.
Exout, exhaust gas

WGS [53]

.
Exdest =

∑ .
Exin −

∑ .
Exout =

.
Exin, reformate gas from reformer +

.
Exin, cooling water −

.
Exout, reformate gas to HT−PEMFC −

.
Exout, cooling water

Separators
.
Exdest =

.
Exin −

.
Exout

HT-PEM fuel cell [69,70]

.
Exdest =

∑ .
Exin −

∑ .
Exout

=
.
Exin, reformate gas from WGS +

.
Exin, air

+
.
Exin, cooling water −

.
Exout, air −

.
Exout, cooling water

−

.
Exout, off gas − Pout, electrical

Coolers [53]
.
Exdest =

.
Exin −

.
Exout

Valves
.
Exdest =

.
Exin −

.
Exout

5. Results and Discussion

5.1. Energy and Exergy Analyses

The steam reforming systems presented in this study are evaluated in terms of energy, exergy
efficiency of the overall systems, and exergy destruction rate of each component. For the energy
efficiency, electrical and cogeneration efficiencies are utilized. Electrical efficiency, cogeneration
efficiency, and exergy efficiency at the base condition presented in Table 3 for the methane-based
and methanol-based systems are compared in Figure 5. Electrical efficiencies of 39.53% for the
methane-based system and 47.53% for the methanol-based system are obtained. It can be interpreted
that the methanol-based system uses the feed energy input (LHV basis) more efficiently than the
methane-based system for 475 kW of net electricity generation. Noteworthy, the overall electricity
consumption of the methane-based and methanol-based systems are 18.51 and 30.97 kW, respectively,
as indicated in Figure 6. The higher electricity consumption in the methanol-based system is mainly
attributed to electricity consumption of the compressors (Comp-4 and -5) in the ammonia refrigerant
cycle, whereas the methane-based system, which uses the cold energy of LNG for CO2 liquefaction,
does not consume additional electricity. Regarding the cogeneration efficiency, the methane-based
system has higher value, 63%, than that of the methanol-based system, 55.86%, and this can be
explained by Figure 7. As can be observed in Figure 7, the methane-based system consumes a higher
amount of overall energy (LHV basis) than the methanol-based system and generates more available
heat for 475 kW of net electricity generation. The higher value of heat generated can be explained
by the fact that the steam methane reforming reaction is more endothermic than the steam methanol
reforming reaction.

To evaluate the performance of the components, the exergy destructions of each component
in the methane-based and methanol-based systems at the base condition provided in Table 3 are
calculated. It is observed that there is a total exergy destruction of 690.68 kW for the methane-based
system and 591.16 kW for the methanol-based system. The exergy destructions in each system are
broken down to the component level and the results are presented in Figures 8 and 9. The HT-PEMFC,
reformer-combustor, and CCU have the largest percentages of total exergy destruction. For the
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methane-based system, the HT-PEMFC is the component having the highest exergy destruction
with 365.5 kW (51.5%), followed by the reformer-combustor with 145.76 kW (20.6%) and CCU with
86.03 kW (14.0%). The exergy destructions in the methanol-based system follow a similar trend,
having the highest exergy destruction in the HT-PEMFC with 342.34 kW (57.9%), reformer-combustor
with 145.76 kW (20.6%), and CCU with 85.74 kW (14.5%). Exergy destruction of the HT-PEMFC and
reformer-combustor mainly results from high irreversibility of the chemical reaction [54]. Exergy
destructions of CCUs are calculated by assuming 1529 kW/kg CO2 [37], which are caused by the
unavoidable heat exergy required for MEA regeneration, and therefore, are dependent on the amount
of generated CO2 in the overall process. The larger total exergy destruction in the methane-based
system is mainly attributed to the larger exergy destruction in the reformer-combustor. This relies on
the fact that the steam methane reforming reaction is operated at a higher temperature condition of
700 ◦C (combustion temperature of 800 ◦C) instead of 200 ◦C (combustion temperature of 300 ◦C) in
the steam methanol reforming reaction.
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The other reasons explaining why the total exergy destruction is higher in methane-based systems
than in methanol-based systems is that higher exergy destruction occurs in the heat exchangers (mainly
HEX-1, HEX-3, and HEX-5), Mixer-1. For the heat exchangers, the larger exergy destruction derives
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from the larger temperature difference between cold and hot streams. This is because fuel in cryogenic
temperature (LNG) is supplied in the methane-based system and streams from the reformer and
combustor have inherent temperature. For Mix-1, more exergy destruction in the methane-based
system than that in the methanol-based system is generated from mixing of streams with larger
temperature difference. Therefore, reducing the temperature differences in these heat exchangers and
Mix-1 by optimization can effectively reduce the system exergy destruction [71]. The exergy destruction
generated in the WGS reactor, which is additionally equipped for the methane-based system to lower
the CO fraction, is another reason.
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5.1.1. Effect of Varying Reforming Temperature

The variation of H2 molar flow rate at the outlet of the steam methane and steam methanol
reformers in thermodynamic equilibrium with varying reforming temperature and S/C ratio was
derived to understand the system behavior. As can be observed in Figure 10a, the methane steam
reformer shows the tendency that at S/C ratios below 3.5, the hydrogen flow rate increases when
the reforming temperature increases up to 750 ◦C. After then, the H2 molar flow rate decreases as
the reforming temperature increases. At S/C ratios above 3.5, the H2 molar flow rate continuously
decreases as the reforming temperature increases. The steam methanol reformer shows a trend that
as the reforming temperature increases from 180 to 260 ◦C, the molar flow rate of H2 continuously
decreases, although the decrease rates are different, as shown in Figure 10b. Figure 10a,b represent
the behavior of each reformer and can be used for interpretation of each system in the next section.
The effects of varying the reforming temperature on the efficiencies and molar flow rate of CO2 in the
methane-based and methanol-based systems were studied and illustrated in Figure 11.

As can be observed in Figure 11a, for the methane-based system, as the reforming temperature
increases from 700 to 950 ◦C, the electrical, cogeneration, and exergy efficiency continuously decrease,
from 39.53%, 63%, and 41.14% to 37.92%, 58.03%, and 38.47%, respectively. This trend occurs because
as the reforming temperature increases, the amount of additional fuel needed for the reformer and
combustor increases by 5.8% and leads to a decrease in efficiencies of the system. It can be noticed that
the slope of the efficiency curves between 700 and 750 ◦C is less steep than that at other temperature
ranges. The reason for this is that the amount of hydrogen produced increases when the temperature is
increased from 700 to 750 ◦C; after then, the amount of hydrogen produced starts to decrease, as shown
in Figure 10a. In addition, the slope of the cogeneration efficiency curve is a little steeper than that of
the electrical and exergy efficiencies as the amount of the produced CO2 increases; accordingly, the heat
required to capture CO2 in the CCU increases. The methanol-based system shows a similar behavior
to that of the methane-based system, as shown in Figure 11b. As the reforming temperature increases
from 180 to 260 ◦C, the electrical and exergy efficiencies decrease from 47.85% and 43.25% to 46.27%
and 42.23%, respectively, whereas the cogeneration efficiency stays almost constant. Noteworthy,
unlike the methane-based system, as the reforming temperature increases above 200 ◦C, the amount
of produced CO2 decreases. This happens because an increase in the reforming temperature above
200 ◦C will favor the CO formation and the increase in CO content will decrease the production of H2

and CO2. Therefore, the heat required for CO2 capture increases and this results in a slight increase in
cogeneration efficiency as the reforming temperature increases.



Energies 2020, 13, 224 18 of 25

Energies 2020, 13, x FOR PEER REVIEW 17 of 25 

 

 
Figure 9. Break-down of exergy destruction for the methanol based-system. Total exergy destruction 
591.16 kW. (Unit names: Exergy destruction, kW; exergy destruction ratio, %). 

5.1.1. Effect of Varying Reforming Temperature 

The variation of H2 molar flow rate at the outlet of the steam methane and steam methanol 
reformers in thermodynamic equilibrium with varying reforming temperature and S/C ratio was 
derived to understand the system behavior. As can be observed in Figure 10a, the methane steam 
reformer shows the tendency that at S/C ratios below 3.5, the hydrogen flow rate increases when the 
reforming temperature increases up to 750 °C. After then, the H2 molar flow rate decreases as the 
reforming temperature increases. At S/C ratios above 3.5, the H2 molar flow rate continuously 
decreases as the reforming temperature increases. The steam methanol reformer shows a trend that 
as the reforming temperature increases from 180 to 260 °C, the molar flow rate of H2 continuously 
decreases, although the decrease rates are different, as shown in Figure 10b. Figure 10a,b represent 
the behavior of each reformer and can be used for interpretation of each system in the next section. 
The effects of varying the reforming temperature on the efficiencies and molar flow rate of CO2 in the 
methane-based and methanol-based systems were studied and illustrated in Figure 11. 

  

(a) Steam methane reformer: Methane supply of  
1 kmole/h. 

(b) Steam methanol reformer: Methanol supply of  
1 kmole/h. 

Figure 10. Variation of H2 molar flow rates of the exit gases from the reformer as a function of the S/C 
ratio and reforming temperature. 
Figure 10. Variation of H2 molar flow rates of the exit gases from the reformer as a function of the S/C
ratio and reforming temperature.Energies 2020, 13, x FOR PEER REVIEW 18 of 25 

 

 
 

(a) Methane-based system (S/C ratio: 3) (b) Methanol-based system (S/C ratio: 1.5) 

Figure 11. Influence of reforming temperature on system efficiencies and variation of molar flow rates 
of CO2 and fuel. 

As can be observed in Figure 11a, for the methane-based system, as the reforming temperature 
increases from 700 to 950 °C, the electrical, cogeneration, and exergy efficiency continuously decrease, 
from 39.53%, 63%, and 41.14% to 37.92%, 58.03%, and 38.47%, respectively. This trend occurs because 
as the reforming temperature increases, the amount of additional fuel needed for the reformer and 
combustor increases by 5.8% and leads to a decrease in efficiencies of the system. It can be noticed 
that the slope of the efficiency curves between 700 and 750 °C is less steep than that at other 
temperature ranges. The reason for this is that the amount of hydrogen produced increases when the 
temperature is increased from 700 to 750 °C; after then, the amount of hydrogen produced starts to 
decrease, as shown in Figure 10a. In addition, the slope of the cogeneration efficiency curve is a little 
steeper than that of the electrical and exergy efficiencies as the amount of the produced CO2 increases; 
accordingly, the heat required to capture CO2 in the CCU increases. The methanol-based system 
shows a similar behavior to that of the methane-based system, as shown in Figure 11b. As the 
reforming temperature increases from 180 to 260 °C, the electrical and exergy efficiencies decrease 
from 47.85% and 43.25% to 46.27% and 42.23%, respectively, whereas the cogeneration efficiency 
stays almost constant. Noteworthy, unlike the methane-based system, as the reforming temperature 
increases above 200 °C, the amount of produced CO2 decreases. This happens because an increase in 
the reforming temperature above 200 °C will favor the CO formation and the increase in CO content 
will decrease the production of H2 and CO2. Therefore, the heat required for CO2 capture increases 
and this results in a slight increase in cogeneration efficiency as the reforming temperature increases. 

5.1.2. Effect of Varying Steam to Carbon Ratio 

Figure 12 shows the change in the electrical, cogeneration, and exergy efficiencies with varying 
S/C ratio. For the steam methane-based system, when the S/C ratio is increased from 2 to 4.5, the 
electrical efficiency, exergy efficiency, and cogeneration efficiency decrease from 46.64%, 63.77%, and 
42.06% to 38.36%, 62.07%, and 40.14%, respectively. This tendency occurs because a higher S/C ratio 
requires a considerable amount of heat to produce steam, resulting in more fuel consumption in the 
combustor, as can be observed in Figure 13a. The increase in parasitic power consumption for the 
pump and CO2 compressor is another reason for the decrease in electrical and exergy efficiencies. 
Regarding the cogeneration efficiency, the increased heat consumption in the CCU due to increased 
CO2 generation is one of the reasons. Noteworthy, when the S/C ratio increases, H2 contents in the 
product gas is increased, although this increase rate becomes slower, as depicted in Figure 10a. This 
effect compensates slightly the required fuel consumption. Nevertheless, the efficiencies decrease 
with S/C ratio because the increase rate of additional fuel is greater than the increase rate of hydrogen 
production. For the methanol-based system, the efficiencies profiles are relatively flat with increasing 

Figure 11. Influence of reforming temperature on system efficiencies and variation of molar flow rates
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5.1.2. Effect of Varying Steam to Carbon Ratio

Figure 12 shows the change in the electrical, cogeneration, and exergy efficiencies with varying S/C
ratio. For the steam methane-based system, when the S/C ratio is increased from 2 to 4.5, the electrical
efficiency, exergy efficiency, and cogeneration efficiency decrease from 46.64%, 63.77%, and 42.06% to
38.36%, 62.07%, and 40.14%, respectively. This tendency occurs because a higher S/C ratio requires a
considerable amount of heat to produce steam, resulting in more fuel consumption in the combustor,
as can be observed in Figure 13a. The increase in parasitic power consumption for the pump and
CO2 compressor is another reason for the decrease in electrical and exergy efficiencies. Regarding the
cogeneration efficiency, the increased heat consumption in the CCU due to increased CO2 generation
is one of the reasons. Noteworthy, when the S/C ratio increases, H2 contents in the product gas is
increased, although this increase rate becomes slower, as depicted in Figure 10a. This effect compensates
slightly the required fuel consumption. Nevertheless, the efficiencies decrease with S/C ratio because
the increase rate of additional fuel is greater than the increase rate of hydrogen production. For the
methanol-based system, the efficiencies profiles are relatively flat with increasing S/C ratio from 1.5
to 3.5, as shown in Figure 12b. This trend is attributable to the lower reforming temperature and
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combustion temperature in the methanol-based system, which can be confirmed by the slight increase
in fuel consumption. This trend can also be due to the trade-off between the increase in hydrogen
production and the increase in parasitic power consumption with increasing S/C ratio.
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5.1.3. Effect of Varying CO2 Capture Ratio

Figure 13 shows the change of the electrical, cogeneration, and exergy efficiencies with carbon
capture ratio. For the steam methane-based system, the profile of electrical efficiency is almost flat,
whereas the exergy and cogeneration efficiency continuously decrease with increasing capture ratio
from 80% to 95%. The exergy efficiency is reduced by 1.1% and the cogeneration efficiency by 4.06%.
This trend is attributed to the fact that as the capture ratio decreased, heat consumption in the CCU
decreased, leading to exergy and cogeneration efficiency. Note that a CO2 capture ratio below 80% in the
methane-based system causes the formation of dry ice due to the lower temperature of LNG. Although
the formation of dry ice can be managed by temperature control, it is not considered in this study. In
the case of the methanol-based system, the electrical efficiency, cogeneration efficiency, and exergy
efficiency decrease from 48.06%, 63.32%, and 45.12% to 47.35%, 54.03%, and 42.56%, respectively, with
increasing carbon capture ratio from 70% to 95%. The higher decrease rate of electrical efficiency in the
methanol-based system than that in the methane-based system is mainly attributed to the increase in
power consumption of the CO2 compressor and NH3 compressors for CO2 liquefaction. In addition,
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as the capture ratio increases, the liquefied CO2 ratio proportionally increases because the total emitted
CO2 is fixed, as presented in Table 3. In methanol-based systems, the amount of available heat is
relatively small compared to that in the methane-based systems, and thus, fuel consumption increases
faster than in the methane-based systems as capture rates increase.

5.2. Space and Operational Cost

Figure 14 illustrates the volume for storage of the fuel and liquefied CO2 along with the cost
of fuels for the methane-based and methanol-based systems, which are required for 475 kW of net
electricity generation during the total navigation time. A specific fuel cost of 9.76 USD/mmBtu for
LNG [72] and 26.08 USD/mmBtu [73] for methanol are used, and both are the average cost in 2018 in
the references. The result shows that that methane-based system requires 43.69 m3 for LNG storage
and 32.30 m3 for the liquefied CO2 storage, whereas the methanol-based system requires 48.03 m3

for methanol and 36.17 m3 for the liquefied CO2. Accordingly, the methanol-based system needs
approximately 1.1 times the volume (equivalent to 8 m3 more) for fuel and liquefied CO2 storage.
In other words, the methanol-based system consumes a higher amount of methanol as fuel and generate
a higher amount of CO2. Regarding the fuel cost, the methanol-based system has a 2.2 times higher fuel
cost than the methane-based system for 475 kW of net electricity generation during the total navigation
time. Therefore, the methane-based system is more competitive than the methanol-based system from
the economic point of view, when only the fuel cost and volume are taken into account. However,
note that the overall investment cost for both systems, which is beyond the scope of the current study,
may also be an important factor in the selection of system.
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6. Conclusions

In this work, the authors have performed a comparison between the steam methane reforming and
steam methanol reforming technologies combined with HT-PEMFC and carbon capture systems for
hydrogen-fueled ship applications. To find the most suitable technologies, an energy/exergy analysis,
along with a space and fuel cost investigation, have been conducted. All the simulations have been
conducted at a fixed Wnet, electrical (475 kW).

It is shown that, at the base condition, the energy and exergy efficiencies of the methanol-based
system are 7.99% and 1.89% higher than those of the methane-based system, respectively. The different
efficiencies between systems mainly arises from the reforming temperature difference. For fuel and CO2

storage, the methanol-based system requires a space 1.1 times larger than that of the methane-based
system for the total navigation time, although the methanol-based system has higher electrical efficiency.
Accordingly, the methanol-based system has 2.2 times higher fuel cost than the methane-based system
for 475 kW of net electricity generation during the total navigation time. In the parametric study,
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both systems show a similar trend, in which with increasing reforming temperature and S/C ratio, the
electrical, exergy, and cogeneration efficiencies gradually decreased.

The comparative analysis reveals that the methanol-based system has many technological
advantages directly related to its low reforming temperature, which leads to better integration to the
HT-PEMFC. However, the methane-based system showed economic advantages from the perspective
of fuel cost and better availability in the maritime sector.

Furthermore, this work shows the feasibility of combining reforming, HT-PEMFC, CO2 capture,
and liquefaction systems for both methanol and methane fuels in heat and power integration point of
view. Excessive heat from HT-PEMFC and reformer in both methane-, methanol-based system are
enough for CO2 capture unit, which require a large amount of heat to regenerate the amine solvent. In
addition, for the methane based-system, cold energy of LNG, which should be vaporized, can be utilized
for CO2 liquefaction, therefore power consumption for compressors can be reduced. Although separate
ammonia refrigerant cycle is required for CO2 liquefaction for methanol based-system and power
consumptions for compressors are slightly high, methanol based-system has still higher efficiency.

Several limitations were identified for consideration in the future study. In the present study,
constant current density of 0.2 A cm−2 was assumed and resulted in a little higher electrical efficiency.
More simulations in several current density within the operating window of HT-PEMFC are required
in the future study. In addition, future study should use output voltage with real reformate gas
for the detailed assessment. Present study compared two systems in the process simulation level,
however, future study should include sizing and on-board arrangement of systems for reforming,
CO2 capture, and liquefaction systems since those systems may take large spaces and lead to different
results. Furthermore, other fuels such as ethanol and liquefied petroleum gas (LPG) which is getting
attention together with methanol and LNG in maritime industry should be assessed in the future
study. Although the present study has some limitations, the concepts suggested in this study can give
other perspectives on applying hydrogen fuel cell on board and can be a good reference for the further
development of hydrogen fuel cell ship.
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Nomenclature

Symbols
e Specific exergy, kJ/kg

.
Ex Exergy flow rate, kW

s Specific entropy, kJ/kg·◦C
h Specific enthalpy, kJ/kg
P Pressure, bar
T Temperature, ◦C
h Time, h

.
m Mass flow rate, kg/h
.
n Molar flow rate, kmole/h

Vc Output voltage
µf Fuel utilization factor

Q Heat rate, kW
ρ Density, kg/m3
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Abbreviations
LHV Lower heating value
LNG Liquefied natural gas
CCU Carbon capture unit
MEA Monoethanolamine
HT-PEMFC High temperature proton-exchange membrane fuel cell
LT-PEMFC Low temperature proton-exchange membrane fuel cell
OPEX Operation expenditure
WGS Water gas shift
HFO Heavy fuel oil
CCS Carbon capture and storage
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