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Abstract: Modern trends in improving environmental safety have determined the urgency in creating
innovative technologies that allow the production of electricity and hydrogen without the emission
of harmful substances. However, at the moment, there are not so many technical solutions offering
the combined production of these useful products with a high degree of efficiency and environmental
friendliness. The transition to oxy-fuel combustion power cycles for the co-production of electricity
and hydrogen is a prospective way to decrease carbon dioxide emissions into the atmosphere from
the energy sector. To achieve zero emissions, the semi-closed oxy-fuel combustion cycle is combined
with a steam methane reformer, which has a high energy efficiency through reducing losses in the
steam turbine condenser. The modeling methodology has been described in detail, including the
approaches to defining the working fluid properties and mathematical models of the different steam
methane reforming plants and the oxy-fuel combustion power plant. According to the results of
the thermodynamic analysis of the steam methane reforming plant, it was found that an increase
in the temperature from 850 to 1000 °C leads to a decrease in the mass flow fuel by 16.3% due to
the shift towards a direct reaction. Moreover, the optimal temperature in the reformer lies in the
range of 900-950 °C. A comparison of the energetic and ecological characteristics of various steam
methane reformer units showed that the scheme with oxy-fuel combustion is better compared to
the scheme with CO, capture by absorption in monoethanolamine; the efficiency is 6.9% higher
and emissions of carbon dioxide are 22 times lower. According to the results of the thermodynamic
analysis of a novel oxy-fuel combustion power cycle, it was found that its performance varied
regarding the range of electricity production (123.6-370 MW) and hydrogen production (0-10.8 kg/s).
The efficiency of the oxy-fuel combustion power cycle varies in the range of 47.2-70.1%. Based on the
results of the operation regimes analysis, the energy complex performance map has been developed,
allowing identification of the efficiency and working fluid massflow by net power and produced
hydrogen massflow.

Keywords: carbon dioxide; oxygen; efficiency; steam methane reforming; gas turbine; heat exchanger;
net zero emission; power generation

1. Introduction
1.1. The Relevance of the Decarbonization of Electricity and Hydrogen Production

The continuous growth of the population and the active industrialization of countries
are the reasons for the significantly increasing demand for energy products, both electricity
and hydrogen. This is evidenced by the data of the Centre for Energy Economics Research
and Policy [1], according to which from 2020 to 2050, the demand for electricity will
increase by more than 160% and the demand for hydrogen by 246%. Taking into account
the identified trend towards the growth in energy production, one should expect an increase
in emissions of toxic substances and greenhouse gases into the atmosphere.
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The concern of the global community with regards to global climate change has led
to the adoption of a number of international treaties mandating countries to stabilize or
reduce greenhouse gas emissions by reforming their energy sectors. In particular, in 1997,
the Kyoto Protocol was signed, and in 2015, the Paris Agreement. However, to achieve the
desired effect of reducing CO, emissions, relevant agreements need to be adopted by the
largest industrial nations [2].

Decarbonization of the energy industry is one of the key challenges on the way to
achieving carbon neutrality [3]. In addition to electric energy, steam, and hot water, hy-
drogen is another energy product that is in high demand. It is employed across numerous
industries. In particular, hydrogen fuel is used in oil refining, metallurgy, and the construc-
tion and food industry. In addition, hydrogen is used as a fuel in engines and in standalone
power and heat generators; it is a convenient medium to supply heat to distributed con-
sumers, and to transport and store energy [4,5]. An important advantage of hydrogen
is its environmental safety; the sole product of its combustion is water vapor. However,
since pure hydrogen is almost never found in nature, it needs to be produced first, and the
method of its production will largely determine the environmental effect of its use [6,7].

Specifically, approximately 48% of hydrogen is produced by conversion [8]. The
conversion of gases involves processing them to change the composition of the initial
gas mixture. The conversion is normally applied to hydrocarbon gases (methane and its
homologues) and carbon monoxide to produce hydrogen or a mixture of hydrogen and
carbon monoxide. The conversion process is carried out using various oxidizing reagents
(such as oxygen, steam, CO,, and mixtures thereof).

The most cost-efficient feedstock for conversion is methane (natural gas). Currently,
the majority of the industrially produced hydrogen is generated using the steam methane
reforming (SMR) process. However, the carbon dioxide formed during the SMR process is
not captured and is released into the atmosphere. Such hydrogen is referred to as “gray”
hydrogen. To ensure that this process is environmentally neutral, one needs to additionally
apply the carbon capture and storage technologies; however, their addition results in the
process being considerably more expensive. On average, the cost of SMR production of
“blue” hydrogen is 23% higher than that of “grey” hydrogen [9]. The above considerations
result in the development of an environmentally safe and economically viable SMR-based
hydrogen production process being a high-priority objective.

1.2. Reducing Carbon Dioxide Emissions from the Steam Methane Reforming Plants

In the SMR process, steam reacts with natural gas at high temperatures and moderate
pressure (1.5-2 kgf/cm?) in the presence of a nickel-containing catalyst (up to 20% Ni as
NiO). Steam and thermal energy are needed to separate the hydrogen from the methane
carbon base.

SMR is currently the cheapest (and most mastered) process for the industrial produc-
tion of hydrogen. However, it is accompanied by CO and CO; emissions. There are various
solutions available to handle those emissions.

The International Energy Agency (IEA) has provided comparative analysis data for
different versions of the combined hydrogen, heat, and electricity generation process in
its publication [10], where emerging SMR process configurations are examined alongside
their feasibility analysis. The publication has identified several methods of CO; capture:
(a) a method based on chemical absorption technology; (b) a method based on introduction
of burners running on Hj-saturated fuel; and (c) a method based on low-temperature
separation of CO; and the application of membrane technology.

It should be noted that in SMR plants, three areas are identified where CO, can be cap-
tured: (1) from the syngas stream downstream the water—gas shift reactor; (2) from the tail
gas stream of the PSA (pressure swing adsorption) unit; and (3) from SMR flue gases [11].

Obviously, the most efficient option for a SMR unit is the one without any CO, capture
systems, and in the complete absence carbon emissions control, there is no reason to
implement such systems.
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The introduction of a system for capturing CO, from the syngas stream using a
chemical absorption process results in a 54% reduction in CO, emissions compared to
the version without the capture. Adding the H-saturated fuel fed to the burners of the
reformer furnace further increases the share of prevented CO, emissions to 64% [12].

There are versions of the process involving purification of the tail gases from the
PSA unit. The introduction of capture systems based on chemical absorption technology
leads to a reduction in CO, emissions by 52%, and the introduction of systems based on
low-temperature separation of CO, and the application of membrane technology by 53%.
The latter option has been noted to be most effective in the partial implementation of carbon
border adjustment [13].

With the full implementation of the carbon border adjustment mechanism, the most
efficient option is an SMR unit with CO, capture from SMR flue gases. The introduction of
such a capture system can reduce emissions by as much as 90% [10].

Therefore, most of the known SMR-based hydrogen production processes with mini-
mum greenhouse gas emissions result either in an increase in the present value of hydrogen
production by 44% for the most efficient capture option, or in a low percentage of CO,
capture for other options. This means that the development of a highly efficient SMR
technology with minimal emissions of harmful substances is a high-priority objective.

1.3. Oxy-Fuel Combustion Technology for the Combined Production of Electricity and Hydrogen

Today, the main global trend in the development of energy is to reduce the number of
toxic substances and greenhouse gases emissions into the atmosphere. Much research has
been devoted to investigating the issue of reducing emissions of harmful substances from
the power generation units [14-19]. Many emission reduction methods are successfully
used at the existing thermal power plants. In particular, methods of controls of atmospheric
pollutants, such as nitrogen and sulfur oxides, are widely used. At the same time, the
prevention of carbon dioxide emissions, which are formed in large quantities during the
combustion of fossil fuels, still causes difficulties. The introduction of carbon dioxide
capture technologies leads to a significant increase in the electricity cost; therefore, the issue
of creating environmentally friendly and economically viable high-capacity energy systems
remains open [20,21].

Oxy-fuel energy complexes with a CO, working flow have great potential as a way
of reducing emissions while maintaining a high level of thermal efficiency. Oxy-fuel
technologies for power generation are based on the combustion of hydrocarbon fuels in
pure oxygen and the capture of carbon dioxide and its disposal. Currently, more than thirty
cycles with oxygen fuel combustion are known [22-24]. In particular, the following closed
thermodynamic cycles are widely known: SCOC-CC, MATIANT cycles, NET Power cycles,
Graz cycles, CES cycles, AZEP cycle, and ZEITMOP [25].

The initial versions of such cycles were introduced at the end of the past century.
Today, the US, Japan, and European countries are actively developing this avenue. Due to
the allocation of grants, active subsidization of “green” technologies for power generation,
and the establishment of legislative frameworks facilitating the reduction of CO, emissions,
scientific research is being conducted, experimental plants are being built, and prerequi-
sites are being created for building actual power units with “zero” emission of harmful
substances. Large energy corporations are joining their efforts to build demo plants capable
of releasing up to 50 MW of electricity to the power grid [26].

Recent developments in the field of creating environmentally friendly energy com-
plexes are aimed at creating power units that simultaneously generate both electric power
and hydrogen. Such solutions can simultaneously produce two important energy products
at high efficiency rate and without harmful emissions.

In particular, in the work of Zhang N. [27], two novel system configurations were
proposed for oxy-fuel natural gas turbine systems with integrated steam reforming and
carbon dioxide capture and separation. The steam reforming heat is obtained from the
available turbine exhaust heat, and the produced syngas is used as fuel with oxygen as
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the oxidizer. The authors were focused on the integration of the turbine exhaust heat
recovery with both reforming and steam generation processes, in ways that reduce the heat
transfer-related exergy destruction. According to the modeling results, a net efficiency of
power generation unit is in the range of 50-52%. The key disadvantage of the proposed
configuration is the losses occurring in the condenser and the performer.

The article [28] presents a combination of CCGT with steam conversion of methane;
however, the reformer is used in this cycle as a method of producing fuel for the power unit.
To purify the outgoing gases from the reformer from carbon dioxide, an installation with
monoethanolamine is used, which allows the generation of electricity without emissions,
with an efficiency of 41.77%. The disadvantage of this technology is the lack of the possibility
of producing hydrogen for sale to an external consumer, large heat losses in the condenser
of the steam turbine unit and outgoing gases, and large expenses for cleaning carbon
dioxide at the outlet of the methane steam conversion plant.

In the work [29], an oxy-fuel combustion power plant for electricity and hydrogen
production is presented with near-zero emissions. It represents the combination of two
technologies: the Allam cycle and the steam methane reforming plant. According to the
modeling results, the power plant efficiency is 54.9% at equal production of the supplied
electricity and chemical energy of the produced hydrogen. The absence of a water steam
source in the Allam cycle thermal loop is one of the key issues that one faces when try-
ing to integrate a steam methane reformer into the process. It necessitates the supply
of low-grade heat to the multi-flow regenerator, which further complicates the issue of
controlling the output of electricity and hydrogen in the course of the combined production
of energy products.

The above issue can be solved by creating an oxy-fuel energy complex for zero-
emission electricity and Hy production based on the SCOC-CC cycle. The fact that this
configuration includes a steam turbine circuit results in it being possible to draw steam
from its individual branches, which should considerably simplify the load control issue.
Moreover, the solution allows an increase in the combined unit efficiency. However, in open
sources, no references are available to the results of studies on the energy performance and
modes of operation of such power units. Therefore, this paper presents the results of the
research and the development of a novel oxy-fuel combustion power cycle for the combined
production of electricity and hydrogen. Special attention is paid to the thermodynamic
analysis of the oxy-fuel combustion SMR and power plants.

2. Research and Development of the Steam Methane Reforming Plant with Oxy-Fuel
Combustion

2.1. Existing and Promising Technological Schemes in the Steam Methane Reforming Plants

The object of the research are three technological schemes in the steam methane
reforming plants:

Scheme of the steam methane reforming plant without CO, capture (Figure 1);
Scheme of the steam methane reforming plant with CO, capture by absorption in
MEA (Figure 2);

e  Scheme of the steam methane reforming plant with oxy-fuel combustion and CO,

capture (Figure 3).

Figure 1 shows a scheme of a steam methane reformer. The methane stream (1) enters
the gas booster compressor (GBC) and is compressed to a pressure of 20-25 bar and is
then mixed with water steam (17). The steam—gas mixture (4) enters the high-temperature
steam reformer. Fuel methane gas (3), tail gas (10), and air (12) are fed to the burners of
the reformer furnace. In the steam reformer, in the presence of a nickel catalyst and at a
temperature of approximately 900 °C, syngas (5) is formed, which consists of hydrogen,
carbon dioxide, and carbon monoxide. Syngas undergoes water cooling in HE; and enters
the high-temperature water—gas shift reactor, where, due to catalytic reaction with steam,
the hydrogen content in the gas is increased, after which, as a result of additional cooling
in HE;, it becomes possible to remove the excess moisture (16) from the syngas in the
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cooler/separator. Hp-enriched syngas enters the pressure swing adsorber, where it is puri-
fied from carbon dioxide, carbon monoxide, and methane, producing pure hydrogen. The
tail gas is mixed with the methane stream (3) at the inlet to the reformer furnace burners.
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Figure 1. Scheme for the steam methane reforming plant without CO, capture.
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Figure 3. Scheme for the steam methane reforming plant with oxy-fuel combustion and CO, capture.

The key disadvantage of this configuration is the high level of flue gas emissions from
the high-temperature steam reformer. To lower it, a configuration of methane reformer
with flue gas purification is traditionally used (Figure 2), with the main distinction of this
configuration from the basic one being the presence of a cooler/separator and an adsorber
unit for the adsorption of flue gases from the high temperature steam reformer (14). This
kind of configuration considerably increases the final cost of the hydrogen produced.

This paper proposes a configuration of the steam reforming process with oxy-fuel
combustion (Figure 3) [30], the key feature of which is the use of pure oxygen (11) as an
oxidizer for fuel combustion. As a result, the flue gases of the high-temperature steam
reformer contain only water vapor and carbon dioxide. This solution results in it being
possible to completely remove moisture (19) from the flue gases (14) in the cooler/separator
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and to compress pure carbon dioxide (15) in a multi-stage compressor with intercooling,
which is sent for disposal (16).

2.2. Mathematical Models of the Steam Methane Reforming Plants

Process flow modeling for SMR units was performed in Aspen Plus [31], the software
solution widely applied for calculation of processes in the petrochemical industry and
frequently used for building the models of carbon dioxide capture units. Thermophysical
properties of substances were determined using the NIST Refprop database [32]. Table 1
contains the summary of input data for the SMR mathematical model.

Table 1. Performance characteristics for modeling steam methane reformers.

Characteristics Value
Ambient pressure, bar 0.1
Ambient temperature, °C 15
Fuel temperature, °C 20
Fuel pressure, bar 7
Fuel 100% CHy
Lower heating value for CHy (at 15 °C and 7 bar), kJ /kg 50
Lower heating value for Hj (at 15 °C and 7 bar), k] /kg 130
Inlet pump temperature, °C 15
Compressor isentropic/mechanical efficiency, % 85/99
Pump polytropic/mechanical efficiency, % 75/99
CO; compressor/turbine polytropic efficiency, % 85/99
Pinch point temperature in the heater, °C 5
O, purity, % 95.6
Reformer pressure, MPa 2
ASU delivery pressure, bar 11
ASU delivery temperature, °C 30
Specific energy consumption for the production of 1 kg of oxygen, kW /kg O, 1.093

While modeling the SMR units, the stoichiometric process of oxygen combustion in
the reformer furnace was considered. The oxy-fuel combustion process is presented in

Formula (1):
CH;+2-0, =2-H, O+ CO, 1

Inside the reformer shown in Figure 4, the reaction of methane oxidation by steam
and the water—gas shift reaction occurs, which are calculated using Formulas (2) and (3). In
turn, the reactions occurring in the high-temperature CO conversion reactor proceed as
expressed by Formula (3):

K]

mole

CH4 + H;O < CO + 3Hjy; AHy = 206.2 2)
kJ

CO + Hy0 «+ CO, +Hy; AHy = —41.2
mole

®)
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Figure 4. Mathematical model of a methane steam reformer.

When modeling the steam methane reformer, the following assumptions were generated:

Stoichiometric fuel combustion;

Zero pressure loss in pipelines;

No nitrogen oxides formed during combustion;

Energy losses during mixing of methane and steam were not considered.

Ll

The model of the absorber plant is shown in Figure 5; it includes an absorption
column, a regeneration column, a waste heat exchanger (WHE), rich and regenerated amine
pumps, an air blower, a cooler, and a separator for separating the liquid phase from the
carbon dioxide stream. The flue gases entering the plant are forced into the bottom of the
absorption column by the air blower. The amine solution and make-up water are fed to the
top of the column. Next, going up the absorption column, the gas is washed with the amine
solution, which absorbs carbon dioxide. The purified gas exits from the top of the column,
while the rich amine solution flows to its bottom. The rich amine solution then enters the
pump, which feeds it to the waste heat exchanger. In the WHE, the rich amine solution is
warmed up by the regenerated amines and then enters the top of the regeneration column.
There, the amine solution flows down, and CO; is separated from it. The bottom of the
column is provided with a reboiler that evaporates the solution and supplies heat for the
separation process. A condenser is installed at the top of the regeneration column; it cools
down the stream and separates the vapors from the condensate, which flows back into
the column. Next, the stream is cooled down again and is separated in the separator,
after which the CO,-rich vapors are removed, and the condensate is fed to the inlet of the
regenerated amine pump. The regenerated amine solution downstream of the reboiler
enters the hot side inlet of the waste heat exchanger, and after cooling, it enters the inlet
of the regenerated amine pump, and a make-up amine solution is also fed there. For the
parameters of the stream purified by amine washing, refer to Table 2.
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Figure 5. Model of an absorption plant in Aspen Plus.

Table 2. Exhaust gases flow parameters.

Characteristics Units Value
Temperature exhaust gases °C 90
Pressure exhaust gases bar 1
Mass flow flue gas kg/s 1
Mass fraction CO, % 2.60
Mass fraction H,O % 2.13
Mass fraction O, Y% 19.29
Mass fraction N % 75.98

The parameters in Table 3 served as input data for modeling the plant for absorption
purification with the 30% MEA solution (Figure 5).

Table 3. Input data for the calculation of the carbon dioxide capture plant.

Characteristics Units Value
Outlet heat exchanger temperature °C 80
Outlet separator temperature °C 30
Outlet regenerated amine pump pressure bar 1.08
Outlet saturated amine pump pressure bar 1.1

Absorber column parameters

Number of stages pc 15

Additional water supply per stage pc 1

Flue gas supply to the stage pc 15

Supply of regenerated amine pc 2

Pressure in the first stage bar 1
Stage pressure loss bar 0.05

Recovery column parameters

Number of stages pc 15
Carbon dioxide removal pc 1
Withdrawal of regenerated amine pc 15
Saturated amine feed pc 3
Pressure in the first stage bar 1
Stage pressure loss bar 0.05
Reflux fraction in the condenser - 0.5

Reboiler share - 0.7
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Since simulation of the SMR processes for hydrogen production consumes electrical
energy to maintain the operation of the primary and auxiliary equipment, the fuel heat
utilization factor (HUF) calculated using Formula (4) was used as the main indicator of
their energy efficiency:

GH . Qh Non. MsR + NcapLMSR + Nstorage
2

HUF = lHZ B 5 Qh Nelect. (4)

lcha

where Gy, is the hydrogen mass flow, kg/s;

Q?HZ is the lower heating value for Hy, MJ/kg;

No.n. MsR is the energy cost for own needs of the methane steam reformer, MW;

Neapt.msr is the energy costs for CO; capture, including energy costs for O, production
in ASU, MW;

Nstorage is the energy costs for carbon dioxide storage, MW;

B is the methane mass flow, kg/s;

Q?cm is the lower heating value for CHy, MJ /kg;

Nelect. 1S the efficiency of electricity production spent for the own needs of the SMR
(assumed to be 43%) [33].

To verify the modeling results, a comparison with the data presented in [34] was
performed. According to the modeling results, at a temperature and pressure at the outlet
of the reformer equal to 700 °C/40 bar, the maximum error is achieved in the volume
composition of the carbon dioxide mixture equal to 0.645%. The results of the verification
are shown in Table 4.

Table 4. Verification results.

Characteristics Value Error, %
Temperature, °C 700
Pressure, bar 40
H,0/CHy ratio 3
Composition (vol%) Math. model Fahim M. A. At at
CHy4 13.2 13.13 0.530
CcO 9.9 9.85 0.505
CO, 9.3 9.36 0.645
H, 67.6 67.66 0.089

2.3. Thermodynamic Analysis of the Steam Methane Reforming Plants

To identify the most energy-efficient version of the steam reformer, thermodynamic
optimization of the two cycles was performed. When modeling SMR units producing
1 kg of hydrogen, the temperature of the steam reforming products downstream of the
reformer was changed from 850 °C to 1000 °C in 50 °C increments. Over the course of
this temperature increase in the reformer, one can observe the correlations described by
the Le Chatelier’s principle for the methane reforming Equation (3). As the temperature
grows, the pressure decreases, and the H,O/C ratio in the initial mixture increases, the
chemical equilibrium of the reaction will shift towards a direct reaction. This causes the
total fuel consumption for production to decrease by 0.43 kg /s relative to the production of
hydrogen at 850 °C (Figure 6a).

However, the thermal power consumed by the reformer increases by 4 MW, which
causes an increase in the methane consumption in the combustion chamber by 0.35 kg/s
(Figure 6b). The change in the total fuel consumption is shown in Figure 6c¢. It should be
noted that the difference in fuel consumption in the SMR processes with air combustion and
oxygen combustion is due to the air and CO;, compressors operating in different conditions;
in the first case, the process occurs at the initial atmospheric pressure, and in the second
case, it unfolds within a semi-closed cycle, so the compressor is installed to compensate for
the hydraulic losses taking place in the reformer.
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Figure 6. Consumption of methane in SMR.

In the course of the analysis, the optimal reaction temperature in the reformer was
determined to be 950 °C (Figure 7). Any further temperature increase does not cause any
significant reduction in the consumption of methane per 1 kg of hydrogen produced (it
decreases by 0.06 kg/s). This is due to the fact that when the steam methane reforming
limit is reached, the excess heat is mainly consumed by heating the reaction products.

880 900 920 940 960 980 1000 1020
Reformer outlet temperature (°C)

Figure 7. Thermal power vs. reformer outlet temperature.

Ultimately, as the reformer inlet temperature increases, the fuel HUF in the SMR
process with air combustion was 8.1% lower than that in the SMR process with oxygen
combustion (Figure 8). This is mostly due to the difference in the pressure drop in the air
compressor and in the CO; compressor (in the first case, the pressure increases 20 times,
and in the second, 1.05 times), which leads to a significant difference in the auxiliary electric
power consumption. Factoring in the energy consumption, the air separation consumption
during oxy-fuel combustion was proven to be 2.3 times lower, as shown in Figure 9.
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Figure 9. Thermal and electrical energy consumption during SRM operation.

In addition to higher efficiency, the SMR process with oxygen fuel combustion results
in a 22-fold reduction in carbon dioxide emissions per 1 kg of H, produced, as evidenced
by the data in Table 5.

Table 5. Simulation results.

Value Parameter
Oxidizer Air Oxygen
Fuel mass flow in SMR, kg/s 2.39 2.39
Fuel mass flow in CC, kg/s 0.49 0.78
Hydrogen mass flow, kg/s 1.00 1.00
Air/carbon dioxide compressor power, kW 16,735.03 4957
Fuel compressor power, kW 106.26 165.31

Oxygen compressor power, kW - 1285.23
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Table 5. Cont.
Value Parameter
Oxidizer Air Oxygen
Monoethanolamine pumps power, kW >3 -
20.24 -
CO, storage power, kW 1304.25 670
ASU cost, kW - 4999.44
Reboiler power, kW 14,442.78 670
CO; capture, % 89.1 99
Fuel HUF, % 76.10 84.25

Fuel
compressor

Gas
Fuel

3. Research and Development of a Novel Oxy-Fuel Combustion Power Cycle for
Electricity and Hydrogen Production

3.1. Technological Scheme of the Prospective Oxy-Fuel Combustion Power Cycle
Among oxy-fuel cycles, the SCOC-CC cycle has the simplest configuration [33]. It is
a semi-closed oxy-fuel gas turbine cycle that involves the recovery of heat from the CO,

turbine exhaust gases in a waste heat boiler that generates steam for a steam turbine plant
(Figure 10).

Heat recovery

Combustion | (O, steam generator  g3o, O, H>0

chamber

AK 7\w=62_>

~ 15% H:20
> 2% O2

1328°C

1 bar
Condenser

— | Steam CO2

Compressor ~ Cas furbine Generator 96% CO:2
2% H20
Flow recirculation 2% 02

Figure 10. Thermal scheme for the SCOC-CC cycle.

Figure 11 shows the process flow diagram developed for an oxy-fuel energy complex
for the combined production of electricity and hydrogen with zero harmful emissions.
Table 6 summarizes the input data used for building the power unit model.

3.2. Mathematical Model of the Prospective Oxy-Fuel Combustion Power Cycle

The thermodynamic parameters of the SCOC-CC combined cycle with steam reform-
ing of methane were taken from the REFPROP database. Mathematical modeling of the
developed cycle was carried out in the Aspen Plus mathematical package [31,32].

During modeling, the power unit was divided into the oxy-fuel power unit and the
steam methane reformer, as shown in Figure 12.
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Figure 11. Process flow diagram of the oxy-fuel energy complex for the combined production of
electricity and hydrogen: (1) multi-stage CO, compressor; (2) gas booster compressor; (3) ASU;
(4) Oy compressor; (5) combustion chamber; (6) CO, turbine; (7) first power generator; (8) waste heat
boiler; (9) steam superheater; (10) intermediate superheater; (11) evaporating surface; (12) econo-
mizer; (13) gas-fueled condensate heater; (14) low-grade heat exchanger; (15) first cooler/separator;
(16) disposal compressor; (17) first throttle; (18) HP turbine; (19) second throttle; (20) LP and
MP turbines; (21) second power generator; (22) condenser; (23) condensate pump; (24) recircu-
lation pump; (25) deaerator; (26) feed pump; (27) SMR gas booster compressor; (28) SMR O, com-
pressor; (29) SMR CO, compressor; (30) multifiow WHE; (31) reformer furnace; (32) reformer;
(33) second cooler/separator; (34) high-temperature CO conversion reactor; (35) heater; (36) third
cooler/separator; (37) variable pressure adsorber; (38) third throttle; (39) CO, turbine; (40) third
electric generator; (41) CO, condenser; (42) CO, pump.
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Figure 12. Mathematical model of an oxy-fuel combustion power plant with steam reforming
of methane.

Formula (5) was used to calculate the gross power generation for the developed power
unit configuration:
Ngc = Ngtp + Nstp + Nir ®)

where Ny is the gross power generation by the gas turbine plant, taking into account the
internal efficiency;

N;tp is the gross power generation by steam turbine plant, taking into account the
internal efficiency;

Ny is the gross power generation by the turbine that recycles low-grade heat, taking
into account the internal efficiency.

Formula (6) was used to calculate the power consumed for the own needs for the
developed power unit configuration:

No.n.pc = No.n.gtp + No,n.stp + Non.tr (6)

where N, ¢tp is the power consumed for the own needs of the gas turbine plant;

No.n.stp is the power consumed for the own needs of the steam turbine plant;

No.n.tr is the power consumed for the own needs of a turbine that that recycles low-
grade heat.
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Table 6. Assumptions used in cycle simulations.

No. Characteristics Value
1 Lower heating value for CHy, kJ/kg 50,025
2 Fuel temperature, °C 15
3 Fuel pressure, bar 7
4 Fuel compressor isentropic/mechanical efficiency, % 80/99
5 Mechanical efficiency, % 99
6 Generator electricity /mechanical efficiency, % 98.5/99.4
7 Combustor pressure drop, % 4
8 Minimum cycle temperature, °C 30
14 CO, turbine inlet mass flow, kg /s 100
15 HP steam temperature °C 560

HP steam pressure, MPa 14
16 LP steam pressure, bar 7
17 Condenser pressure in steam turbine unit, bar 0.045
18 Deaerator operating pressure, bar 1.21
19 Steam turbine polytropic efficiency, % 89
20 Pump polytropic efficiency, % 70
22 Gas pressure drop in the heat recovery steam generator, Pascal 100
23 HP superheater minimum pinch, °C 20
24 ASU power consumption, kW/(kg/s) 900
25 O, purity, % 91.25
29 Condenser efficiency 0.8
Ambient temperature, °C 15
Ambient pressure, bar 1.013

Formula (7) was used to estimate the efficiency of the oxy-fuel power complex

with SMR:
net _ Nfgic - No.nApc (7)
" Bpe Q?cm
where By is the methane consumption by the combustion chamber of the oxy-fuel power
complex with SMR.

Since the simulation of SCOC-CC processes with SMR involves generation of electrical
energy and hydrogen, the fuel heat utilization factor calculated using Formula (8) was used
as the main indicator of their energy efficiency:

N, + N, + N.
GH2 X Q;’ _ No.n. MSR Tiapt.MSR storage + N?gyc _ No,n,pc
Fuel HUF = H2 elect.

BMSR . Q?Cm + ch . Q?Cm

®)

3.3. Thermodynamic Analysis the Prospective Oxy-Fuel Combustion Power Cycle

Initially, a thermodynamic analysis of the effect of the amount of hydrogen produced
on the energy efficiency of the developed oxy-fuel energy complex with steam methane
reforming was performed with a constant flow rate of methane fed to the combustion
chamber. Within the framework of the study, three cases were examined: the power plant
operating in the condensing mode without hydrogen production (Case A), the mode with
the production of 4 kg Hy /s (Case B), and the mode with the production of 8 kg H, /s (Case
C). The simulation data (Figure 13) established that an increase in the mass flow rate of
hydrogen from 0 kg/s to 8 kg/s leads to a 25.4% decrease in the gross power of the power
unit, which is due to a decrease in the coolant mass flow rate and throttling pressure losses
at the inlet of the medium pressure turbine by 34.7 kg /s and 1.25 MPa, respectively. There
is also extra power consumption by auxiliaries, which is required to maintain the operation
of the steam methane reformer, causing the electrical power consumption to increase by
90 MW. Furthermore, 32 kg /s more natural gas is supplied to the reformer, due to which
the amount of heat supplied into the cycle increases by 1623 MW. It should be noted that
the thermal power (8 kg/s) of produced hydrogen yields 1440 MW of usable energy.



Energies 2023, 16, 5983

16 of 21

2500
mCase A
2000 mCase B
= Case C
1500
1000
) I I I I I
: 11
H2 thermal power CH4 thermal power Gross power Electrical power
(MW) MW) consumption

Figure 13. Comparison of the energy performance of an oxy-fuel combustion power plant with steam
reforming of methane, with a change in the amount of hydrogen produced.

When switching from the condensing mode to the mode with the combined generation
of electrical power and hydrogen, at a constant CO; flow rate in the multistage compressor,
the power generated by the gas turbine in Case A, Case B, and Case C does not change
and remains equal to 533.3 MW; however, electrical power generation by the steam turbine
circuit drops by 65 MW. Thanks to the recovery of low-grade heat in the waste heat recovery
circuit, the power generated by the CO; turbine increases by 39.5 MW. It should be noted
that the total generated electric power of the steam turbine cycle decreases by 25.4 MW.
The key performance data is provided in Figure 14.

X' X

= CO2 turbine capacity (MW) = Steam turbine capacity (MW) = Recovery turbine capacity (MW)

Case A

Case B Case C

Figure 14. Generated electrical power in the combined power unit.

Figure 15 illustrates the change in auxiliary power consumption when hydrogen
production increases from 0 kg/s to 8 kg/s. In Case A, Case B, and Case C, the main
electrical energy consumer is the multi-stage CO, compressor, consuming 236 MW of
power. Percentage-wise, out of the total auxiliary power consumption by the power unit,
the multistage CO, compressor consumes 76.6% in Case A, 65.4% in Case B, and 59.3%
in Case C. This decrease is due to extra power consumption by the SMR gas booster
compressor, the SMR O, compressor, the SMR ASU, and the SMR CO; compressor, the
total power of which amounts to 37.8 MW for Case B and 64.9 MW for Case C. One should
note that the auxiliary power of the steam turbine cycle at constant capacity of waste heat
boiler remains practically the same and equals 1.35 MW.
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Figure 15. Change in the auxiliary needs of the combined power unit with a change in the generation
of H2.

The power unit energy performance curve is shown in Figure 16. When hydrogen
production is increased by 12 kg/s, the net efficiency of the combined power unit drops by
8.8%; this deterioration of efficiency is due to a decrease in the flow rate of the working flow
in the MP turbine, which leads to lower electrical power generation and higher pressure
losses in the throttling valve. Fuel HUF in the oxy-fuel energy complex with SMR grows by
23.5%. This is due to the energy effect of the combined power and H, generation, which
reduces the heat loss in the condenser by 79.2 MW.

75
70

Energy efficiency (%)

H, mass flow rate (kg/s)
®Fuel HUF @ Net efficiency

Figure 16. Dependence of the energy efficiency indicators of the power unit on the change in the
productivity of the mass flow H.

The next step was to conduct an analysis of the energy effect accomplished by the
combined production of electrical power and hydrogen compared to separate production;
the results are shown in Figure 17. For that purpose, simulations were run to determine the
energy performance indicators of the power unit using the SCOC-CC cycle, and the SMR
plant per 1 kg of hydrogen produced. The net efficiency of the separate generation has been
found to exceed that of the combined generation by 0.67%, which is due to the fact that
in the combined generation of electrical power and Hjy, a smaller amount of the coolant
is able to perform in the MP and LP turbines. However, fuel HUF in the steam methane
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reformer in the combined generation of electrical power and Hj increases by 7.24%. This
is due to lower heat supply to the combustion chamber for heating methane and steam
entering the reformer.
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g
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9
o
T 40
)
o0
520
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0

SCOC-CC net efficiency SMR fuel HUF

M Separate generation W Combined generation

Figure 17. Comparison of energy performance in separate and combined hydrogen production.

The performance of the developed oxy-fuel energy complex will largely depend on the
amount of electrical power and hydrogen produced. To simplify the assessment of the key
performance indicators in the energy complex, special parameter charts were developed
(Figures 18 and 19). The first parameter chart (Figure 18) can be used to determine the net
power of the power unit when the amount of hydrogen produced is changed. The second
parameter chart (Figure 19) can be used to determine fuel HUF and the net efficiency of the
power unit when the amount of hydrogen produced is changed.
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Figure 18. Parameter chart for the power unit capacity.
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Figure 19. Parameter chart for fuel HUF and the net efficiency of the power unit.

According to the results of thermodynamic analysis of a novel oxy-fuel combustion

power cycle, it was found that its performance varies in the range of electricity production

(123.

6-370 MW) and hydrogen production (0-10.8 kg/s). The efficiency of the oxy-fuel

combustion power cycle varies in the range of 47.2-70.1%.

It should be noted that the lower and upper limits of the parameter charts in

Figures 18 and 19 are determined by the operating mode of the MP turbine; if the amount
of hydrogen produced changes, the mass flow rate of the working flow fed to the steam tur-
bine would also change. The allowable operating range that we have adopted is 110%—40%
of the rated load in the MP turbine.

4. Conclusions

This paper presents the following results:

In the course of the research, the SMR process with oxy-fuel combustion was found to
have a fuel HUF 8.1% higher than in the SMR process with absorption purification of
exhaust gases. It also offers the reduction of auxiliary power consumption and CO,
emissions by 2.3 and 22, respectively. However, the use of pure oxygen and CO; at an
elevated temperature necessitates the supply of 1.6 times more CH, to maintain the
temperature in the reformer.

The configuration of the hydrogen production process that is based on steam methane
reforming with oxy-fuel combustion is a more efficient and environmentally safe solu-
tion compared to traditional processes. The SMR process with oxygen fuel combustion
achieves a 22-fold reduction in CO, emissions per 1 kg of H, produced. However, the
need for a continuous supply of pure oxygen raises a number of issues and requires a
detailed economic analysis to be conducted in further research.

The simulation results show that with an increase in the mass flow of hydrogen from
0 to 8 kg/s, the gross power of the power unit decreases by 25.4%. This is mainly due
to additional own needs to maintain the operation of the methane steam conversion
plant, which is why electricity costs increase by 90 MW.

It is established that, as a percentage of all own needs of the energy unit, the energy
costs of a multistage carbon dioxide compressor are 76.6% for Case A, 65.4% for Case
B, and 59.3% for Case C. This decrease is associated with additional costs for the
operation of the SMR gas booster compressor, the SMR O, compressor, the SMR ASU,
and the SMR CO, compressor, the total capacity of which for Case B is 37.8 MW, and
for Case C is 64.9 MW.
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5. The thermodynamic analysis of the developed oxy-fuel power complex with steam
methane reforming showed that with a 12 kg/s increase in hydrogen output, the net
efficiency of the combined power unit drops by 8.8%. This effect is due to a decrease
in the flow rate of the working flow in the MP turbine, which reduces the electrical
power generation and leads to higher pressure losses in the throttling valve. Due to
lower losses in the condenser in the combined generation of electricity and Hy, the
fuel HUF of the oxy-fuel energy complex with SMR grows by 23.5%.

6.  The net efficiency of separate generation has been found to exceed that of combined
generation by 0.67%, which is due to the fact that in the combined generation of
electrical power and Hj, a smaller amount of the coolant is able to perform in the
MP and LP turbines. However, fuel HUF of the steam methane reformer in the
combined generation of electrical power and H; increases by 7.24%. This is due to
lower heat supply to the combustion chamber for heating methane and steam entering
the reformer.

7. Parameter charts have been developed as the tools for determining the net power,
HUF, and net efficiency with changes in generation of electricity and H, by the gas
turbine. The study has shown that the capacity of an oxy-fuel plant with steam
methane reforming ranges from 123.6 to 370.0 MW, the power unit’s hydrogen out-
put is 0-10.8 kg/s, while the fuel heat utilization factor varies within the range of
47.2-70.1%.
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