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a b s t r a c t

A novel idea of solar driven steam-autothermal hybrid reforming system (SAHRS) is proposed with
onboard carbon capturing system in the existence of carbon emissions taxes. The CO2 produced by the
steam methane reforming is employed to the autothermal reforming as input and cryogenic air sepa-
ration unit is integrated to provide autothermal reforming with oxygen and ammonia synthesis with
nitrogen. The autothermal reforming is modified with further integration of water gas shift reactor
(WGSR) which converts carbon mono-oxide into carbon dioxide by reacting with steam and this CO2 is
captured in the carbon capturing system using aqueous ammonia. Some amount of hydrogen produced
by the autothermal reforming is employed to the ammonia synthesis reactor to achieve onboard
ammonia for CO2 capture. The system generates enough power to overcome the required power and
supply power as a final commodity as well. The present system is essentially designed for cleaner
production and industrial applications. The performance indicator for the designed system is defined in
terms of energy and exergy efficiencies which are found to be 53.4% and 45.0% respectively. The carbon
emissions produced by the system and tax saving by the aqueous ammonia based CO2 capturing are also
calculated in the proposed study.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

The gradual depletion of the global fossil fuels reserves has been
requiring critical research, innovation, advancement and technol-
ogy developments on alternative energy sources, systems and ap-
plications. As per the forecast report from the Energy Information
Administration (EIA, 2019), the world's energy demand seems to
upsurge by 50% by 2030. Wide-ranging research is being conducted
on the efficient utilization of fossil fuels of the alternative energy
sources because of the restricted fossil fuels nature and their effects
on the environment (Jegadheesan et al., 2013; Muradov and
Veziroǧlu, 2008). The renewable and clean nature of solar energy
makes it a strong candidate for research, advancement and devel-
opment (Ishaq et al., 2018). Numerous researchers consider solar
energy as a promising replacement of fossil fuels as energy sources
in the future.
A number of researchers (Atif and Al-Sulaiman, 2018; Islam and
Dincer, 2017) have developed and analyzed different integrations of
solar energy with other systems, where they have integrated
Brayton cycles recompression with solar tower and an optimized
model of the solar heliostat was employed while in the other study,
a solar-geothermal based integrated system was developed and
analyzed. This developed system was comprised of two storage
systems, a heat pump, two organic Rankine cycles (ORC), a drying
system and an absorption chiller and system was developed for
multigenerational purposes.

Wang and Naterer (2014) proposed a paper on hydrogen pro-
duction based on fossil fuel and solar energy and also analyzed the
CO2 mitigation. The higher thermal energy requirement for
hydrogen production cycles via endothermic reactions supports the
fossil fuel consumption and thus, greenhouse gas emissions. Some
of the hydrogen production methods by fossil fuels were consid-
ered in this study such as coal gasification, steam methane
reforming, methane dissociation and off-gas reforming to analyze
the CO2 emissions. It was established that steam methane
reforming carries lesser challenges if the enthalpy of the
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endothermic reaction is delivered by solar energy. Sheu and Mitsos
(2013) analyzed a fossil fuel and solar based plant employing the
steam methane reforming in combined cycle and also optimized
the proposed system. A heuristic approach by utilized for the
optimization and results revealed that the integration of the solar
tower with steam methane reforming is a promising and favorable
integration option. The researchers have proposed the integration
of solar energy with some other integrated system as well such as
(Xu et al., 2017; Zheng et al., 2015), where one of the studies was
based on the integration of solar energywith coal power generation
and also analyzed the CO2 capturing system while the other study
analyzed the solar based steam methane reforming systems. The
key objective of this project was to develop a system for commer-
cialization of solar energy based reforming system and to provide
high efficiency to assist as a conventional system by 2020.

Hagh (2004b) deliberately worked on the different aspects of
the autothermal reforming. In this study, the stoichiometric anal-
ysis was conducted for autothermal processing while in another
study, the comparison and framework assessment of the auto-
thermal reforming based on the hydrocarbon fuels were conducted.
The stoichiometric analysis framework analyzed in this study was
also employed to govern the space for reforming reaction with
methane, methanol, isooctane, ethanol, propane, and hexadecane.
Another study conducted the comparison and framework of the
autothermal reforming based on the hydrocarbon fuels (Hagh,
2004a). Yan et al., (2018) studied the properties of hydrogen pro-
ducing technique of autothermal reforming in a membrane reactor.
Themembrane reactor has a better tendency and conversion rate to
yield hydrogen. The results revealed that the increase in the molar
ratio of air and methane results in lower production of hydrogen. It
was also concluded that the autothermal methane reforming takes
place more effectively at the temperature of 973K and at the air and
methane molar ratio of 1 and 2. Colucci (2006) analyzed the
autothermal reforming for hydrogen production using biodiesel
and some other fuels. This study was majorly focused upon the fuel
cell applications. The objective of this study was to investigate the
conversion of biodiesel, methanol and glycerin into hydrogen using
a new catalyst and to investigate the production potential, suitable
operating conditions, water to carbon ratios and the reactor
temperature.

Raibhole and Sapali (2012) conducted the modeling and para-
metric study on the cryogenic air separation unit in order to employ
biomass gasification. As oxygenworks as a gasification agent in the
biomass gasification, this property helps is many other applications
like IGCC, Fischer-Tropsch products and chemical production. The
present study integrated the cryogenic air separation unit with
biomass gasification reactor and Aspen Plus tool was utilized for the
simulation of the proposed design. Ray (2015) utilized the
Hampson-Linde Approach for cryogenic air separation. This
particular research also explained the functionality of the Linde
cycle for cryogenic air separation emphasizing on the oxygen, ni-
trogen and argon production processes.

Kim et al. (2011) conducted a study on the aqueous ammonia
driven carbon capturing technique. In this study, the basic and deep
understanding of the CO2 conversion mechanism was developed
with the help of stoichiometric calculations and reaction kinetics.
The capturing process was investigated thoroughly and ammonia
was found performing as reactant, base, catalyst, and product at the
same period of time. Another study conducted better utilization of
industrial waste heat recovery and employed it to an integrated
system for multiple objectives and also considered carbon
capturing (Ishaq and Dincer 2019). Wu et al. (2009) performed an
experimental study on the ammonia and soil mixture based carbon
capturing technique. It was also proposed that ammonium bicar-
bonate (NH4HCO3) as one of the product components can also be
employed for absorbing CO2. It was revealed that the capacity of
CO2 capture by employing this methodology was 15% higher as
compared to the summation of physical adsorption capacity soil
and chemical absorption capacity ammonia. Al-Bassam et al. (2018)
presented a renewable (solar) energy based system of natural gas
driven steam methane reforming. This study developed a perfor-
mance enhanced system of solar driven steam methane reforming
by incorporating the steam and carbon mono-oxide which change
the endothermicity of the steam methane reforming process. The
advanced system was found to be preferable for the usage of nat-
ural gas hydrogen production in the existence of substantial taxa-
tion levels.

The proposed system uses solar heliostat as an energy source
and employs natural gas as fuel for steam and autothermal
reforming. The proposed integration develops a new approach for
the energetically enhanced integrated system for steam-
autothermal hybrid reforming system including onboard carbon
capturing. Some part of the heat from the molten salt is transferred
to the steam which is employed to the steam-autothermal hybrid
reforming system (SAHRS) while remaining heat is provided to the
reheat Rankine cycle for power production. The explicit objectives
of the proposed study are (i) to develop a solar energy driven
natural gas reforming system with carbon capturing, (ii) to intro-
duce a steam-autothermal hybrid reforming system (SAHRS) (iii) to
model and simulate the proposed system in Aspen Plus software
tool, (iv) to calculate the carbon emissions and tax saving by the
aqueous ammonia based CO2 capturing and (v) conducting
different parametric studies to investigate the system's enhanced
performance.

2. System description

The schematic design of the proposed system is shown in Fig. 1
with the specification of each state point accordingly. The Aspen
Plus simulation design of the steam-autothermal methane
reforming amended with integration of water gas shift reactor,
cryogenic air separation unit and ammonia synthesis reactor is
shown in Fig. 2(a), the model of the reheat Rankine cycle is pre-
sented in Fig. 2(b) and the aqueous ammonia based carbon
capturing system is exhibited in Fig. 2(c). All the major operating
parameters such as temperatures, pressures, direct normal irradi-
ance, working fluid and conversion rates are arranged in Table 1.
The significant properties of each state point such as temperature,
pressure, enthalpy, entropy, flow rate and exergy are displayed in
Table 2 while Fig. 3 exhibits the equipment and installation costs
for key components. The description of each subsystem is described
below.

2.1. Solar heliostat field

A solar heliostat field with a number of heliostats is employed as
a heat source to the proposed system configuration. The lithium
chloride salt is used as a working fluid to transmit the heat from
solar heat source to the steam-autothermal reforming and reheat
Rankine cycle. The direct normal irradiance assumed for the
designed solar heliostat is 800W/m2 (Ishaq et al., 2018). The
configuration is designed in a manner to provide the steam-
autothermal reforming with mandatory heat and additional heat
is employed to the reheat Rankine cycle for power generation.

2.2. Natural gas reforming

A steam-autothermal hybrid reforming system is driven by solar
energy source. The following are the two types of natural gas
reforming:



Fig. 1. The solar-methane driven proposed system consisting of steam and autothermal reforming, reheat Rankine cycle, cryogenic air separation unit, ammonia synthesis and
carbon capturing.
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2.2.1. Steam methane reforming (SMR)
Natural gas steam reforming is one of the most communal

means of producing hydrogen globally. Hydrogen can be used as an
energy carrier, thermal energy, for ammonia synthesis and as
electrical energy by fuel cells. Methane reacts with steam at high
temperature (B2A) and yields hydrogen and carbon monoxide. In
the next step, carbon monoxide reacts with steam in a water gas
shift reactor (B2C) to produce hydrogen and carbon dioxide.
2.2.2. Autothermal reforming (ATR)
In autothermal reforming, methane reacts with carbon dioxide

in the presence of oxygen gas to formulate syngas. In the first step,
the autothermal reforming uses carbon dioxide (B4A) and produces
hydrogen and carbon monoxide in 1:1 whereas in the second step,
the autothermal reforming uses steam (B5E) and produces
hydrogen and carbon monoxide in 2.5:1. The performance of
autothermal reforming is enhanced by adding a water gas shift
reactor (B4F) to convert carbon monoxide into carbon dioxide.
2.3. Cryogenic air separation unit (CASU)

The air is compressed via compressor (B3A) before entering the
distillation column. Due to the compression, the air temperature
rises. The distillation column (B3D) separates oxygen from nitrogen
and provides 95% pure oxygen. The produced oxygen compressed
towards the autothermal reforming reactors via compressor B3E by
transferring the heat to the nitrogen gas and nitrogen gas is sup-
plied to the ammonia reactor (B5B) after been expanded in the
turbine (B3F) for synthesizing ammonia.

2.4. Ammonia synthesis

The hydrogen from the waster gas shift reactor (B4F) reaches to
the ammonia reactor (B5B) via stream (S45) while nitrogen to the
ammonia reactor via stream S48 from the cryogenic air separation
unit. The hydrogen reacts with ammonia at high temperature and
pressure to synthesize ammonia. The conversion rate of ammonia
synthesis reaction is 70%. The unreacted gases are separated



Fig. 2. (a) Aspen Plus simulation design of the system including steam-autothermal methane reforming, WGSR, ASU and ammonia synthesis reactor, (b) Reheat Rankine cycle
coupled with hot water stream and (c) Aqueous ammonia based carbon capturing unit.
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Fig. 2. (continued).
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through a separator (B5C) and a part of synthesized ammonia is
sent to the carbon capturing unit while remaining is one of the
major commodity of the system.
2.5. Reheat Rankine cycle

The additional heat from the molten salt is set to be provided to
the reheat Rankine cycle for power generation. The heat exchanger
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(B6A) is employed to transfer the heat to the water which is con-
verted into steam and expanded in the turbines (B6C) and (B6D).
The working fluid is expanded in two different stages to reduce the
temperature difference and thus, exergy destruction. The addi-
tional heat from the condenser is used to provide the hot water.

2.6. Carbon capturing unit

The carbon dioxide produced by the autothermal reforming
reaches the carbon capturing unit. The ammonia synthesized on
board, is converted to the aqueous ammonia and employed for
carbon capture. In the first step, the aqueous ammonia absorbs the
carbon dioxide in absorber (B7B) by making different by-products
like ammonium bicarbonate. The remaining absorbent (aqueous
ammonia) and unreacted carbon dioxide are separated in the
stripper (B7C).

3. Analysis and assessment

The thermodynamic, cost and carbon emissions analyses are
Table 1
Operating parameters of the proposed system.

Design parameters Value

Solar Heliostat

Irradiance _Ib 0.8 kW/m2

Dimensions of heliostat mirror area 296m2

Number of heliostats Nhe 100
Heliostat efficiency 80%
Working fluid Molten salt
Steam methane reforming
SMR reactor temperature 700 �C
SMR reactor pressure 5 bar
Autothermal methane reforming
ATR reactor temperature 950 �C
ATR reactor pressure 100 bar
Ammonia synthesis
Ammonia synthesis reactor temperature 350 �C
Ammonia synthesis reactor pressure 50 bar
Ammonia synthesis reactor conversion rate 70%

Fig. 3. The costs and weights of th
performed for the solar based integrated system. The thermody-
namics analysis performed on the overall system and individual
component in presented is this section. The design parameters of
each major subsystem such as solar heliostat, steam methane
reforming, autothermal reforming and ammonia synthesis are
tabulated in Table 1. The design parameters include irradiance,
number of heliostats, heliostat mirror area and heliostat efficiency
for solar heliostat while the operating conditions of the other
subsystems. The following are the general balance equations for
energy, entropy and exergy analyses:
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Here, _W denotes work rate, _Q signifies heat rate, h in enthalpy, s
represents entropy, ex denotes exergy and _Exd shows exergy
destruction rates.
3.1. Solar heliostat field

The designed system is set to be driven by a solar heliostat field
with 100 heliostats. A part of heat is linkedwith steam-autothermal
hybrid reforming system (SAHRS) and additional heat is transferred
to the reheat Rankine cycle for power production. Themolten salt is
used as a working fluid for solar energy input (Siddiqui and Dincer,
2017). The entire system excluding solar heliostat is simulated in
Aspen Plus. The operating parameters of the solar heliostat are
arranged in Table 1. The correlation used to calculate the solar heat
e main system components.
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input can be described as follows:

_Qsolar ¼ hhe
_IbAheNhe (4)

Here, _Qsolar is the solar heat, Ahe denotes heliostat area, hhe is
heliostat efficiency, Nhe is number of heliostats and _Ib is irradiance.

3.2. Steam methane reforming

The natural gas steam reforming carried out in this study utilizes
the solar heat input for hydrogen production. The chemical re-
actions included in the steam methane reforming are:

CH4 þH2O /3H2 þ CO

COþ H2O/H2 þ CO2

The first step of methane reacting with steam is highly endo-
thermic and carried out at 700 �C and 5 bar. The second step of
steam reacting with carbon monoxide in WGSR is carried out at
700 �C and 5 bar and it is slightly exothermic. The reaction kinetics
model of Ding and Alpay (2000) is described as follows:

RI ¼
k1
P2:5H2

�
PCH4

PH2O � P3H2
PCO
�
ðDENÞ2 (5)

RII ¼
k2
PH2

�
PCO PH2O � PH2

PCO2

� ðDENÞ2 (6)

DEN¼1þ KCOPCO þ KH2
PH2

þ KCH4
PCH4

þ KH2OPH2O
�
PH2

(7)

Here, RI represents the above mentioned hydrogen production
reactionwhile RII denotes the water gas shift reaction to convert CO
into CO2.

3.3. Autothermal reforming

The autothermal methane reforming is carried out using both
steam and carbon dioxide in the presence methane and oxygen.
The autothermal reforming using carbon dioxide is employed to the
reactor (B4A) at 900 �C temperature and 100 bar pressure while
autothermal reforming using steam is carried out in the second
reactor (B4E). Another step of water gas shift reactor (B4F) is added
to the autothermal reforming. The chemical reactions included in
the autothermal reforming are written as follows:

2CH4 þCO2 þ O2 /3H2 þ H2Oþ 3CO

4CH4 þ2H2Oþ O2 /10H2 þ 4CO

4COþ 4H2O/4H2 þ 4CO2

3.4. Ammonia synthesis

The partial amount of hydrogen produced by autothermal
reforming and WGSR2 is processed through the ammonia reactor
(B5B) for ammonia synthesis. The Haber-Bosch method is
employed for the ammonia synthesis and conversion rate of 0.7 is
considered during the simulation. The chemical reaction for
ammonia synthesis can be given as (Ishaq and Dincer, 2019):

N2 þ3H2 42NH3
3.5. CO2 capturing unit

The ammonia is one of the major commodity of the proposed
system and some amount of ammonia is mixed with water, and
aqueous ammonia is further utilized for the carbon capturing. The
aqueous ammonia is used as absorbent in the absorber (B7B) to
capture CO2. The by-products like ammonium bicarbonate and
unreacted NH3 are separated from unreacted CO2. The chemical
reactions accompanying the CO2 absorption process by an aqueous
ammonia specified in Aspen Plus are given as follows:

NH3 þH2O4NHþ
4 þ OH�

HCO3� þH2O4CO�2
3 þ H3O

þ

2 H2O4H3O
þ þ OH�

CO2 þOH4HCO�
3

NH3 þCO2 þ H2O 4NH2COO
� þ H3O

þ

HCO3 4CO2 þ OH�

NH4CO3ðsÞ 4NHþ
4 þ HCO�

3

NH2COO
� þ H3O

þ4NH3 þ CO2 þ H2O

CO2 þ2NH3ðaqÞ/ðNH4Þ2CO3

3.6. Overall system assessment

The net heat expression for the proposed system is expressed by
the following expression:

_Qnet ¼ _QB1A þ _QB2A � _QB2C þ _QB4A þ _QB4E � _QB4F þ _QB3D

� _QB3G � _QB5B � _QB7B þ _QB7C

(8)

The net amount of work produced by the designed system is as
follows:

_Wnet ¼ _WB6C þ _WB6D þ _WB3F � _WB1A � _WB3D � _WB3A � _WB3E

(9)

The major commodities of the designed system are hydrogen,
ammonia, hot water and power. The performance indicator for the
proposed system is defined in terms of efficiency and the correla-
tions for energy and exergy efficiencies can be expressed as

hen; ¼
_mNH3

LHVNH3
þ _mH2

LHVH2
þ _Wnet þ _mS64ðhS65 � hS64Þ

_Qsolar þ _mCH4
LHVCH4

(10)

hex ¼ _mNH3
exNH3

þ _mH2
exH2

þ _Wnet þ _mS64ðexS65 � exS64Þ
_Ex _Qin

þ _mCH4
exCH4

(11)
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4. CO2 emissions, carbon fuel taxes and cost analyses

The carbon emissions and cost analyses of the proposed energy
system are described in this section.
4.1. Carbon fuel tax saving

As steam and autothermal reforming emit carbon monoxide
after combustionwhich is further converted into carbon dioxide by
reacting it with steam, this produced carbon dioxide is captured
through aqueous ammonia synthesized within the system by car-
bon capturing unit. The ammonia is synthesized on board which is
further mixed with water and aqueous ammonia is utilized as an
absorbent in the carbon capturing unit. The proposed system has
the capability to capture 97131 tonnes/year of carbon emission. The
Canadian government has implemented a tax of $20/tonne of car-
bon emissions (“CBC News jWhat is a carbon tax, and will it make a
difference?,” n.d.).

_Ctotal ¼ _mCO2 � _CCO2; tax (12)

here, _Ctotal represents the total cost which is reduced by capturing
carbon dioxide in terms of saving carbon emissions taxes, _mCO2
denotes the total flow rate of carbon dioxide which is captured by
the employed carbon capturing unit and _CCO2; tax symbolizes the
amount of tax implemented by the Canadian government on car-
bon emissions.
4.2. CO2 emissions analysis

Due to the implementation of the carbon emissions taxes, every
single industry is looking to eradicate the greenhouse gas emissions
because these emissions carry several drawbacks such as polluting
environment, limiting the production capacities and carbon taxes
Table 3
The data for the energy saving in terms of flow and cost.

Flow data

Actual Ta

Total Utilities (W) 5412000 21
Heating Utilities (W) 2361000 71
Cooling Utilities (W) 3051000 14

Cost data

Actual Ta

Total Utilities ($ Millions/Yr) 0.41 0.
Heating Utilities ($ Millions/Yr) 0.14 0.
Cooling Utilities ($ Millions/Yr) 0.26 0.

Table 2
CO2 emission flow rate in the respective streams.

Feed stream name Flow rate (kg/s) CO2 emissions (kg/s)

Feed streams data S0 11.87 0.00 Prod
S3 1.80 0.00
S5 2.43 0.00
S10 0.16 4.01
S18 2.78 0.00
S33 0.32 8.02
S39 0.64 16.04
S44 3.31 3.08
S54 0.68 0.00
S66 6.41 0.00
S67 7.17 0.00
as well. The flow rates of the major stream within the system with
CO2 emissions are arranged in Table 2. The left side of the table
presents the feed streams data in terms of flow rates and CO2
emissions while right side of the table exhibits the stream names,
flow rates and CO2 emissions included in the product streams data.
4.3. Data for cost analysis and optimized energy saving

The data for energy saving in terms of flow and cost is arranged
in Table 3. It represents the actual and targeted values of flow rates
and cost in the table. Thus, as the targeted values are achieved, the
available saving is calculatedwhich provides with the percentage of
actual data after the energy saving analysis. This energy saving is
conducted on the carbon capturing unit using the Aspen Plus
software. The table demonstrates that it can offer 54.09e69.89% of
saving in terms of flow data while from 54.11 to 69.89% saving in
terms of cost in million dollars per year.

The equipment and installation costs of the system's major
types of equipment are exhibited in Fig. 3. The equipment costs and
installation costs can be depicted from the significant components
of the system. Aspen Plus version 9.0 is utilized for the cost and
sizing analyses. Different color schemes are used in the figure to
represent equipment and installation costs separately.
5. Results and discussion

This section presents the key findings of the thermodynamic
analysis of the proposed system. Aspen Plus software tool is used to
simulate the designed system. Numerous parametric studies are
conducted for each major subsystem such as steam methane
reforming, autothermal reforming, ammonia synthesis, conver-
sions rates, power production and carbon capturing. This novel
integration revealed some enormous results such as high effi-
ciencies for the overall system with the idea of multigeneration
rgeted Available Savings % of Actual

11000 3301000 60.99
0900 1650000 69.89
00000 1651000 54.09

rgeted Available Savings % of Actual

16 0.24 59.61
04 0.10 69.89
12 0.14 54.11

Product stream name Flow rate (kg/s) CO2 emissions (kg/s)

uct streams data S2 11.87 0.00
S3 7.09 0.00
S6 2.43 0.00
S12 0.06 0.00
S15 0.02 0.00
S38 0.07 0.00
S49 0.53 0.00
S52 0.59 0.00
S53 0.68 0.00
S54 0.68 0.00
S70 0.77 0.69
S71 8.13 0.00
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which reveals a better energy solution. This idea also carries an
advantage of onboard ammonia production to capture the CO2
emissions emitted by the steam reforming section. The state point
properties comprising of temperatures, pressures, flow rates, en-
thalpies, entropies and exergies are tabulated in Table 4.
Table 4
State point table including temperatures, pressures, flow rates, enthalpies, entropies and

State point From To Temperature (�C) Pressure
(kPa)

Molar Enth
(kJ/mol)

S0 B1A 750 100 �346.4
S1 B1A B1B 750.1 150 �346.4
S2 B1B 100 150 �406.4
S3 B1B 25 500 �289
S4 B1B B1C 700 500 �217
S5 B1B 25 100 �289
S6 B1B 675.1 100 �217.9
S7 B1C B2A 700 500 �217
S8 B1C B2C 700 500 �217
S9 B1C B4D 700 500 �217
S10 B2A 15 100 �74.9
S11 B2A B2B 700 500 �7.5
S12 B2B 700 500 19.9
S13 B2B B2C 700 500 �89.7
S14 B2C B2D 450 1440 �181.1
S15 B2D 450 1440 12.5
S16 B2D B4A 450 1440 �374.7
S18 B3A 41.9 101.3 0.5
S19 B3A B3B 386.1 810.6 10.8
S20 B3B B3C �145.6 810.6 �5.2
S21 B3C B3D �149 506.6 �5.2
S22 B3D B3B �178.8 506.6 �11.2
S23 B3D B3B �165.2 506.6 �12
S26 B3B B3F 229.5 506.6 6
S27 B3B B3E 25 506.6 0
S28 B3E B3H 532.2 10000 16.1
S29 B3H B4A 532.2 10000 16.1
S30 B3H B4E 532.2 10000 16.1
S31 B3F B3G 103.3 111.5 2.3
S33 B4A 15 10000 �76.7
S34 B4A B4B 950 10000 �51.8
S35 B4B B4E 950 10000 �207
S36 B4B B4C 950 10000 �26.3
S37 B4C B4F 950 10000 �81
S38 B4C 950 10000 27.7
S39 B4E 15 100 �74.9
S40 B4D B4E 700 500 �217
S41 B4D B4F 700 500 �217
S42 B4E B4F 950 10000 �3.3
S43 B4F B4G 450 1440 �100.2
S44 B4G 450 1440 �374.7
S45 B4G B5B 450 1440 12.5
S47 B3G B5A 30 111.5 0.1
S48 B5A B5B 30 111.5 0.1
S49 B5A 30 111.5 0.1
S50 B5B B5C 350 5000 �13.4
S51 B5C B5D 350 5000 �33.4
S52 B5C 350 5000 9.6
S53 B5D 350 5000 �33.4
S54 B5D 350 5000 �33.4
S55 B6A 25 100 �289
S56 B6B B6A 32.6 8000 �288.2
S57 B6A B6C 645.2 8000 �220.3
S58 B6C B6A 371 800 �229.9
S60 B6A B6D 645.2 800 �219.3
S61 B6D B6E 197.4 5 �235.9
S63 B6E B6B 30 5 �288.6
S64 B6E 25 100 �289
S65 B6E 54.6 100 �286.5
S66 B2 25 100 �285.8
S67 B7A B7B 26.7 101.3 �265.4
S68 B7B 15.6 101.3 �19.6
S69 B7B B7C 15.6 101.3 �322.6
S70 B7C 60 101.3 �352.1
S71 B7C 60 101.3 �291.4
5.1. Effect of different parameters on hydrogen production

The effect of methane flow rate investigated against the heat
absorbed by steam methane reforming reactor and hydrogen flow
rate and shown in Fig. 4. The significance of this study is to examine
exergies.

alpy Molar Entropy
(kJ/kmol.K)

Molar Flow
Rate (mol/s)

Volumetric Flow
Rate (m3/s)

Exergy flow
rate (kW)

6.1 280 0.16 9147.6
6.1 280 0.16 9157.2
�88.5 280 0.14 248.4
�171.3 100 0.00 0.9
�15 100 1.62 2545.6
�171.3 135 0.00 0
�2.6 135 10.64 2808.7
�15 10 0.16 254.6
�15 10 0.16 254.6
�15 80 1.29 2036.5
�81.7 10 0.24 �0.3
48.8 40 0.65 544.8
21.4 30 0.49 404.3
112 10 0.16 140.4
17.4 20 0.08 253.1
3.8 10 0.04 113.1
19.4 10 0.04 139.6
5.9 96.4 2.49 1.3
10.6 96.4 0.65 859.5
�39.2 96.4 0.12 743.5
�35.5 96.4 0.19 639.2
�101.3 75.6 0.00 1442
�100.2 20.8 0.00 380.4
2 75.6 0.63 410.2
�12.2 20.8 0.10 82.9
�6.1 20.8 0.01 380.3
�6.1 10.4 0.01 190.1
�6.1 10.4 0.01 190.1
6.1 75.6 2.12 37.2
�124.7 20 0.00 220.3
46.3 70.4 0.07 1987.5
�30.7 10 0.01 401.5
55 60.4 0.06 1646.7
94.8 30 0.03 836.8
4.2 30.4 0.03 809.7
�81.7 40 0.96 �1.1
�15 10 0.16 254.6
�15 70 1.13 1781.9
34.7 140.4 0.15 3789.2
13.5 240.4 1.01 2909.1
19.4 70 0.29 976.9
4 170.4 0.71 1928.1
�0.2 75.6 1.71 18
�0.2 56.7 1.28 13.5
�0.2 18.9 0.43 4.5
�52.3 147.4 0.15 1978.7
�102.7 79.7 0.08 1088.9
�6 67.8 0.07 870.4
�102.7 39.8 0.04 544.4
�102.7 39.8 0.04 544.4
�171.3 135 0.00 0
�169.2 122.1 0.00 23.9
�41.4 122.1 0.11 3662.6
�35.1 122.1 0.81 2258.3
�21.3 122.1 1.16 3060.2
�3.8 122.1 95.54 390.2
�169.8 122.1 0.00 0.2
�171.3 2497.9 0.05 �0.1
�163 2497.9 0.05 299.6
�163.2 356 0.01 0
�166 400 0.01 0.1
0.4 37.1 0.88 0.2
�201 379 0.01 91.1
�0.1 12.1 0.33 9.7
�173.8 396.8 0.01 �180.6
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the steam methane reforming system under different conditions.
This study can also help to scale up the designed system. It can be
depicted from the figure that methane flow rate shows a positive
effect on the heat absorbed by steam methane reforming reactor
Fig. 4. Investigation of methane flow rate effect on the heat absorbe

Fig. 5. Effect of steam and carbon monoxi
and hydrogen flow rate. The rise in the methane flow rate supports
the hydrogen production rate and higher production rate gives rise
to the heat absorbed by the endothermic reaction. The amount of
carbon monoxide produced in the steam methane reforming is
d by steam methane reforming reactor and hydrogen flow rate.

de flow rate on hydrogen production.
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further converted to the carbon dioxide by reacting it with steam in
water gas shift reactor. Fig. 5 exhibits the effect of the carbon
monoxide and steam flow rate on hydrogen production. The flow
rate of steam is drawn on x-axis while the change in carbon
monoxide flow rate is shown in the legends with different colored
line and results of hydrogen production are plotted on y-axis.
Figure depicts that the flow rate of carbon monoxide and steam
supports the hydrogen production and gradual increase in the
hydrogen production rate is shown in figure.

Fig. 6 displays themethane flow rate effect on the hydrogen flow
rate and heat absorbed by autothermal methane reforming reactor.
The range of the natural gas flow rate is taken in the range of
0e20mol/s which results in the hydrogen production rate from 22
to 32mol/s and endothermic reaction absorbs the heat in the range
of 400e1400 kW. Figure displays that methane flow rate gives rise
to the hydrogen production rate and in order to deal with a higher
flow rate, the reactor absorbs more amount of heat. To investigate
the autothermal methane reforming reactor under different flow
rates is the objective and significance of this study. The flow rate of
Fig. 6. Methane flow rate effect on the

Fig. 7. Effect of steam and carbon monoxide flo
steam and carbon monoxide in the water gas shift reactor 2 is
plotted again the carbon dioxide and hydrogen flow rate in Fig. 7.
The flow rate of the input stream including steam and carbon
monoxide is considered in the range of 0e140mol/s. Water gas
shift reactor 2 is a novel integration with autothermal reforming
thus, this study has the significance to investigate its performance.
It can be depicted from the figure that the flow rate of the steam
and carbon dioxide has positive effect on the hydrogen production.
The carbon dioxide produced in this reactor is captured in the
carbon capturing unit.
5.2. Investigation on ammonia synthesis and conversion rates

Both hydrogen and nitrogen are supplied to the ammonia syn-
thesis reactor. The ammonia synthesis reaction takes place at the
temperature of 350 �C and pressure of 50 bar. The conversion rate
of the ammonia synthesis reactor is taken as 70%. The effect of
hydrogen flow rate is investigated on the heat released by ammonia
reactor and ammonia production rate in Fig. 8. Ammonia synthesis
heat duty and hydrogen flow rate.

w rate on hydrogen production in WGSR2.



Fig. 8. Hydrogen flow rate effect on heat duty and ammonia synthesis.
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is an exothermic reaction which releases heat. The endothermic
reaction is shown with positive while exothermic reaction is given
as negative heat in the Aspen plus. Thus, with the increase in the
hydrogen flow rate, the heat absorbed by the reaction rises and an
increase in the input supports the ammonia production rate.

Fig. 9 displays the effect of conversion rate on the ammonia
production rate and heat released by ammonia synthesis. The
conversion rate is considered in the range of 0.5e1. The flow rate of
ammonia and unreacted gases are taken on one side while the heat
released by the reaction is taken on the other side of y-axis. It can
be depicted that with the rise in conversion rate, the heat absorbed
by the reaction increases, the ammonia production rate rises and
unreacted gases decreases. Fig. 10 exhibits the effect of nitrogen
and flow rates on the ammonia production flow rate. A 3D rep-
resentation is shown to display this effect of flow rates on
ammonia synthesis. The nitrogen flow rate is taken on x-axis while
hydrogen flow rate is considered on y-axis and the effect of these
two parameters is investigated on the ammonia production ca-
pacity. The nitrogen flow rate is taken in the range of 20e100mol/s
and hydrogen flow rate is considered in the range of 50e250mol/s.
The significance of this figure is to investigate the ammonia
Fig. 9. Conversion rate effect on the heat duty and flow rate of ammonia and unreacted gases.

Fig. 10. Nitrogen and hydrogen flow rate effect on ammonia synthesis.
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production capacity at the operating conversion rate of 70%,
respectively.
5.3. Parametric studies for the power production

Similar to the other subsystems, some parametric studies are
conducted on the reheat Rankine cycle as well. The significance of
these studies is to investigate the effect of system operating pa-
rameters on the input temperature of the reheat Rankine cycle and
power produced by -high and low-pressure turbines. The effect of
mole flow rate of the molten salt is investigated against the
enthalpy flow rate of steam S6 and the steam input temperature to
the reheat Rankine cycle in Fig. 11. The molten salt is considered in
the range of 230e300mol/s. It can be depicted from the figure that
increases in the molten salt flow rate results in the decreasedmolar
enthalpy and an increase in the input temperature to the reheat
Rankine cycle (RRC).

The effect of the flow rate of steam to the reheat Rankine cycle
against the power production by the high and low pressure tur-
bines is displayed in Fig. 12. The flow rate of water is considered in
the range of 100e150mol/s. This study also helps to achieve the
Fig. 11. Molten salt flow rate effect on molar

Fig. 12. Water flow rate effect on the power pr
optimum condition of working flow rate for the reheat Rankine
cycle. The power produced by the high-pressure turbine increases
from 300 to 1400 kWwith a rise inwater flow rate while the power
produced by the low-pressure turbine increases from 1300 to
2450 kW with rise in water flow rate.
5.4. Carbon capturing and heat duty studies

The ammonia is synthesized on board for carbon capturing unit.
A part of ammonia produced is mixed with water and aqueous
ammonia is used as absorbent to the carbon capturing unit. The
flow rate of aqueous ammonia is taken in the range of 20e40mol/s.
The aqueous ammonia absorbs carbon dioxide in the absorption
step B7B and the unreacted carbon dioxide and ammonia are
separated in the stripper section. Aspen flow shows the absorbed
heat and positivewhile the amount of heat released is shownwith a
negative sign. It can be depicted from Fig. 13 that amount of heat
absorbed and released increased with the increase in ammonia
flow rate.

Fig. 14 displays the amount of heat absorbed or released by the
major reaction steps of the designed system. The major
enthalpy and input temperature of RRC.

oduced by high and low-pressure turbine.



Fig. 13. Heat released and absorbed by the carbon capturing system.

Fig. 14. The amount of heat released and absorbed by the major system components.

Table 5
Major outcomes of the proposed system.

Parameter Value Unit

Hydrogen production rate 70 mol/s
Ammonia production rate 39.8 mol/s
Power production 515 kW
Hot water flow rate 45 kg/s
Overall energy efficiency 53.4 %
Overall exergy efficiency 45.0 %
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components considered in this study are steam-autothermal
reforming reactors, water gas shift reactors, ammonia synthesis
reactor, distillation column, absorber and stripper. The endo-
thermic reaction is shown as positivewhile the exothermic reaction
shown as negative heat in the Aspen plus. Figure represents all the
major endothermic and exothermic reactions occurring in the
designed system.

5.5. Overall results and efficiencies investigation

The significant results of the overall system and the efficiencies
investigations are presented in this section. The major outcomes of
the designed system are arranged in Table 5. The key results such as
hydrogen production, hot water flow rate, power production and
ammonia synthesis are tabulated in the table. Fig. 15 exhibits the
effect of the ambient temperature on the energy and exergy effi-
ciencies of the overall system. The overall energy and exergy
efficiencies are found to be 53.4% and 45.0%. The temperature range
considered for this parametric study is taken from 0 to 40 �C. It can
be depicted from figure that ambient temperature does not effect
the energy efficiency of the overall system as 53.4% while exergy
efficiency increases from 38% to 48%. The significance of this study
is to investigate the system efficiencies under the different refer-
ence temperatures.
5.6. Validation

This study presents a new approach for the energetically
enhanced integrated system including steam-autothermal hybrid
reforming system including onboard carbon capturing. Siddiqui
and Dincer (2017) conducted a study based on the solar heliostat
for multigeneration and found the energetic and exergetic effi-
ciencies 39.1% and 38.7%, another study conducted by Ishaq et al.
(2018) developed a solar energy based multigeneration system
and found the overall efficiencies of 49% and 48.2% while the study
proposed in current study achieved the energetic and exergetic
efficiencies of 53.4% and 45.0% respectively.
6. Conclusions

A novel integration of solar based steam-autothermal hybrid
reforming system is proposed in this study. The amount of carbon
dioxide released in the steam methane reforming is employed to
the autothermal reforming system. Both, steam and carbon dioxide
based autothermal reforming are integrated with the designed
system. An innovative idea of the autothermal reforming integra-
tion with water gas shift reactor is proposed in this study and
produced carbon dioxide is captured through carbon capturing



Fig. 15. Ambient temperature effect on energy and exergy efficiencies of the overall system.
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unit. The major subsystems of the designed system are solar he-
liostat field, steam methane reforming, autothermal reforming,
cryogenic air separation unit, ammonia synthesis, reheat Rankine
cycle and carbon capturing system. For future studies, some other
systems which are able to replace the reheat Rankine cycle and
aqueous ammonia based carbon capturing must be investigated to
overcome the high exergy destruction rates. Furthermore, investi-
gating the sizes and dimensions for each component such as re-
actors, pumps, separators and heat exchangers is also
recommended for future studies. The key findings of the proposed
system are as follows:

� The proposed system has the capability to produce 70mol/s of
hydrogen from steam and autothermal reforming system.

� Power produced by the reheat Rankine cycle covers the elec-
trical input requirements and generates a final output power of
515 kW.

� The additional heat available in the condenser of the reheat
Rankine cycle is utilized to produce 45 kg/s of hot water.

� To capture the carbon dioxide produced by the natural gas
reforming, ammonia is synthesized on board with a flow rate of
39.8mol/s.

� The proposed system captures 97131 tonnes/year of carbon
emissions and saves $1.9 million per year of carbon emissions
taxes.

Nomenclature

_C cost coefficient ($/year)
ex specific exergy (kJ/kg)
en specific energy (kW)
_Exdest exergy destruction rate (kW)
h specific enthalpy (kJ/kg)
LHV lower heating value (kJ/kg)
_m mass flow rate (kg/s)
_mCO2 CO2 flow rate (tonne/year)
T temperature (oC)
_Q heat rate (kW)
_W work rate (kW)

Greek letters
hen energy efficiency
hex exergy efficiency

Subscripts
1,2, …71 state points
B# block name
S Stream name
e exit
i input
dest destroyed
ov overall

Acronyms
ATR Autothermal reforming
CASU Cryogenic air separation unit
EIA Energy Information Administration
ORC Organic Rankine cycle
RRC Reheat Rankine cycle
SAHRS Steam-autothermal hybrid reforming system
SMR Steam methane reforming
SHF Solar heliostat field
WGSR Water gas shift reactor
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