R M inventions

Article

Development of a Mathematical Model for Solid Fuel
Gasification and Its Sensitivity Analysis

Ivan Komarov !, Nikolay Rogalev 2, Sergey Osipov !, Olga Zlyvko ! and Daria Kharlamova 1-*

check for
updates

Citation: Komarov, I.; Rogalev, N.;
Osipov, S.; Zlyvko, O.; Kharlamova,
D. Development of a Mathematical
Model for Solid Fuel Gasification and
Its Sensitivity Analysis. Inventions
2022, 7,65. https://doi.org/
10.3390/ inventions7030065

Academic Editor: Alessandro
Dell’Era

Received: 30 May 2022
Accepted: 25 July 2022
Published: 29 July 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Department of Innovative Technologies of High-Tech Industries, National Research University “Moscow
Power Engineering Institute”, 111250 Moscow, Russia; komarovii@mpei.ru (I1.K.); osipovsk@mpei.ru (S.0.);
zlyvkoov@mpei.ru (O.Z.)

Department of Thermal Power Plants, National Research University “Moscow Power Engineering Institute”,
111250 Moscow, Russia; rogalevnd@mpei.ru

Correspondence: daria-rostov@yandex.ru

Abstract: Within the framework of this study, a brief review of the gasification technology was
carried out, the best types of blowing agents and gasification methods used in terms of efficiency
and environmental safety were identified, and a mathematical model of a steam-oxygen gasifier was
developed in the MS Excel software package. The authors paid special attention to the consideration
of the effect of changing the input parameters of the syngas, such as the temperature and relative mass
flow rate of steam and oxygen, on the heat of the combustion of the produced syngas. As a result
of the research, methods for increasing the heat of the combustion of the syngas and the conditions
for using the described methods were formulated. The work also revealed the optimal ratios of the
blowing agents and solid fuel supplied for gasification and presented the output parameters of the
produced generator gas, including the heat of combustion of the gas, the gas temperature, and the
gasification efficiency. Computer simulation models of the gasifier and gasification process were the
basis for the analysis of a combined cycle (CC) facility with an integrated solid fuel gasifier. The heat
flow thermodynamic analysis shows that the gasification steam bleeding from the turbine is the best
solution for the improvement of cycle efficiency.

Keywords: gasification process; sensitivity analysis; mathematical model; energetic efficiency;
blow type

1. Introduction
1.1. Study Topicality

In spite of the worldwide rapid introduction of renewable power sources, a major por-
tion of thermal and electrical energy is generated from burning organic fuels by converting
their chemical energy at the thermal power plant. In the foreseeable future, fossil fuels will
continue to be crucial for electricity generation [1]. Products of combustion of organic fossil
fuels are emitted as solid aerosols, sulfur oxides, nitrogen oxides, and the bulk as carbon
dioxide. This acts as a major contributor to the greenhouse effect, which leads to global
warming [2].

Due to the dwindling oil and gas resources and the growing demands for environmen-
tal protection, the conversion of coal into a gaseous energy carrier is of great importance.
Subsequently, the solid fuel gasification process can be used as a source of gas fuel in cycles
which capture carbon dioxide and, thereby, enable the use of sustainable and low-toxic
material cycles, which has become one of the most promising areas in the energy indus-
try [3,4]. For both the economy and the environment, the rapid increase in research activity
and the application of new breakthroughs in this industry are top priorities [5].

According to the research in [6], fuel gas is the most popular raw material used to
generate thermal and electrical energy because it is environmentally friendly, easy to
transport, and widespread. The processing of coal to produce a gaseous source of energy
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becomes critical in light of tougher environmental requirements due to rising prices for
carbon emissions trading quotas [7]. In addition, coal gasification makes it possible to
shift combined cycle gas turbines (CCGTs) to coal fuels, which presents the problem of
comparing the energy efficiency of CCGTs and coal-fired steam turbine units with ultra-
supercritical steam parameters [8].

Gasification is a promising solid fuel conversion technology in which the initial feed-
stock is partially oxidized, either by air or by oxygen and steam, to generate producer gas
(syngas). The main ingredients of syngas are carbon monoxide and hydrogen [9]. The
generated syngas can be used to produce thermal or electrical energy or to produce both at
the same time by cogeneration [10]. Before being fed into the gas turbine unit, the syngas is
cleaned from dust and ash in a filter, and then the exhaust gases are sent to a waste heat
boiler, which generates superheated steam [11].

The prospects for integrating the gasification process in CCGT pose the task of studying
the effect of the gasification process on the efficiency of the cycle. First of all, a mathematical
model is needed that can predict the change in the composition and heat of combustion
of the generator gas in a wide range of changes regarding the type and thermodynamic
parameters of the blast. At the same time, it is necessary to evaluate the energy efficiency
of the CCGT cycle with coal gasification, depending on the sampling points and the
parameters of the blast supplied to the gasifier. The cumulative results of the calculations
will make it possible to determine the optimal operating parameters of the gasifier from
the point of view of cycle efficiency.

1.2. Solid Fuel Gasification

The rate of gasification processes, calorific value, thermodynamic parameters, and
composition of syngas depend upon the following factors [7,12,13]: type and proportion
of the used gasifying agents, composition of solid fuels, gasification pressure, and the
temperatures of oxygen and steam. Depending on the type of gasification environment and
gasification products, there may be various chemical interactions occurring between the
components. Gasifiers with steam and oxygen proved to be the best gasification facilities in
terms of environmental indicators and performance [14].

Entrained-flow gasification and fluidized-bed gasification are currently seen as the
most promising methods [15]. The use of entrained-flow gasifiers makes it possible to
increase the calorific value of the gas; however, the lifespan of the gasifier burners and units
is shorter because of high temperatures of the syngas. With entrained-flow gasification, it
is undesirable to use coals with a high ash content and high ash fusion temperatures [16].

The gasification agent contents and thermodynamic parameters mainly determine the
gasification process and the final contents of gas fuel (ref. Table 1).

Table 1. Comparison of solid fuel gasification methods.

Syngas Low Heating

Blow Type Value (LHV), MJ/m3 Syngas Contents Notes
Air blow 3.5-4.8 CO, CO,, Hy, CHy, Ny, resins ~ Large amount of ballast gases, low LHV.
Necessary comparison of expenses for
Oxygen blow 10-15 CO, COy, Hy, CHy, resins the oxygen production balance by the

better syngas quality.

Water steam blow

Additional power consumption for
12-20 CO, CO,, Hy, CHy4, resins maintaining temperature in the
gasification zone.

The gasification reactions with technically acceptable velocities require the high tem-
peratures that practically exclude the formation of high hydrocarbons. The blow type and
the solid fuel contents influence the gasification process velocity, the syngas LHV, and
the thermodynamic parameters. Moreover, these also influence the gasifier inlet pressure,
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gasification agent contents, and the supplied oxygen, air, and steam ratios [12,17]. The
research in [18] shows that an increase in the temperature of the solid fuel reaction using
oxidizers reduces the CO, content in the produced syngas.

Available papers describe many gasification processes. The Winkler method of gasi-
fication involves a gasifier with a fluidized bed (CFB) layer of 0.8-10 mm size solid fuel
particles, with 5-10% humidity and dry ash evacuation. The gasifier type is a straight
flow pit reactor with 0.10-1.5 MPa pressure and 850-1100 °C maximal temperature. Its
syngas is rich in hydrogen and carbon monoxide and has the combustible products volume
up to 85%. The blow agents are steam—oxygen or steam-—air mixtures [18]. The Lurgi
process is steam—oxygen gasification in a layer on the rotating grid. It has a combustibles
volume production up to 70% and a high methane contents due to the gasifier pressure
of 3 MPa [18]. The study in [19] shows the high power and environmental efficiencies
of the steam-oxygen blow gasifier that operates Shell technology by Siemens. In this
process, the blow gas oxygen content is 80-90%, and the syngas has a 85-90% combustible
components content.

Despite the fact that the literature contains a large amount of data on gasification
technologies, it does not allow for a qualitative assessment of changes in the composition,
temperature, and heat of combustion of synthesis gas when one or more process parameters
(temperature, composition, blast mass flow) are varied.

1.3. Combined Cycles with Inter-Cycle Gasification

Gasifier integration into the CC facility flow scheme is a prospective direction of solid
fuel gasification. This is due to the availability of all agents needed for efficient solid fuel
gasification, namely air, oxygen, and steam. A compressor air bleeding may supply air to a
gasifier, or to an air split facility, for pure oxygen production. The gasification steam may
be taken from the heat recovery boiler, or from the steam turbine flow path. Use of the
turbine steam reduces the condenser heat losses, which improves the CC facility efficiency.

The research in [19] describes a CC facility with a steam-oxygen blow gasifier and
the compressor air bleeding into an air split unit (ASU). The steam supplied from the
heat recovery boiler into the gasifier increases the syngas LHV. The compressed air supply
to ASF from the GT compressor reduces the additional equipment investments, as the
compressor upstream ASU is not needed. This scheme has a few shortcomings. The
facility startup requires a reserve fuel. Air pressure drop at transient operating regimes
will influence the gasification process, which will cause changes in the contents of the
produced syngas. The study in [20] describes a CC facility with a steam—oxygen blow and
CO;, capture upstream of the syngas combustion. Unfortunately, the paper does not show
the source of the high pressure (2.7 MPa) steam supplied to the gasifier. The research in [21]
evaluates the efficiency of a CC facility with inter-cycle gasification and CO, capture before
combustion. The authors of this paper estimate that 8-12% of the power production is
spent for the carbon dioxide capture; thus, the CO, capture remarkably reduces the cycle
efficiency. The authors of [22] describe a CC facility with coal gasification and high blown
air prior to heating. The paper’s authors assume that the supply of hotter air increases
the syngas LHYV, but the cycle efficiency is not shown. Paper [23] describes an efficiency
improvement method for a CC facility using the M701F4 gas turbine. The method includes
the pre-heating of the air using an external source prior to the gasifier and GT combustor.
The proposed solutions allow for the increase in the cycle net efficiency of up to 50.64%.

The studies in [23,24] describe the Buggenum (Netherland) power plant, equipped
with a CC facility with inter-cycle gasification. The facility power is 353 MW, and its net
efficiency 43.2%. It is worth mentioning that the existing CC plants with steam-oxygen
coal gasification have efficiencies below 45%.

The authors of this work estimate that in the available sources, there are no data on
the evaluation of the syngas contents and LHV for the CC regarding gasification ther-
modynamic analysis, syngas contents determination, blow temperature, and bleeding
source choice.
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Thus, the study goals are the following:

e  The development of a computer simulation model of a steam—oxygen gasifier with
provisions for analysis of the syngas contents and LHV related to the blowing agent
contents and thermodynamic parameters;

e  The development of flow schemes for the CC with coal gasification that provide
minimal harmful emissions using oxygen combustion and CO, capture;

e  The evaluation of the integrated solid fuel gasification on the cycle power production
efficiency.

2. Research Object and Methods
2.1. Research Object

Mathematical modeling, which is used as a research method, makes it possible to
predict the composition and properties of the produced syngas; therefore, thermodynamic
and chemical processes should be competently considered in the developed models [25],
based on the method proposed by S.K. Popov to model a solid fuel gasification process [26].

The mathematical model of solid fuel gasification is based on a thermodynamic
equilibrium approach that is determined by the equilibrium of the chemical reactions of
the water—gas shift reaction and the steam reforming of methane (1,2):

H,0 + CO > CO, + Hy, 1)

CH, + H,0 < CO + 3H, @)

The modeling of thermal performance of the gasifier was based on the following
conditions and assumptions:

(1) The gasifier is operated continuously and is in the steady thermal state;

(2) Constant pressure is maintained in the gasifier;

(3) Oxygen-enriched air and water steam act as an oxidizer;

(4) Hydrogen, nitrogen, and oxygen are fully involved in the syngas generation; that
is, their entire masses react in the process of the gasification reaction;

(5) Ash and syngas leave the gasifier as a single stream, having the same temperature;

(6) Syngas consists of carbon dioxide, carbon monoxide, water, hydrogen, nitrogen,
and methane (the syngas components are in a state of thermodynamic equilibrium when
they leave the gasifier).

The modeling algorithm is as follows.

(1) Set initial data to be used for calculations, i.e., as-received fuel percentage composi-
tion and the parameters of the oxidizer components—temperatures and relative mass flow
rates of oxygen and steam, physical properties of fuel moisture, heat, and percentage of
external heat losses.

(2) Define auxiliary functions, i.e., temperature functions for specific heat; temperature
dependences between equilibrium constants of reactions of dissociation into atoms of H,O,
CO, COy, and Hy molecules (necessary to find the equilibrium constant of the reaction of
water—gas) for the water—gas reactions and for the steam—methane reforming reactions;
temperature functions for the specific heat of combustible gases, the specific heat of the
oxidizer, and the specific heat of the syngas.

(3) Calculate specific volumes of chemical elements in fuel, theoretical flow rate of
oxygen from a mixture of nitrogen and oxygen, oxidizer flow rate coefficient—ratio of
oxygen mass flow to purity, actual oxidizer flow rate, and specific volumes of chemical
elements in the oxidizer, according to the expressions [17,19]:

vco + vco, + VcH, = Ve 3)

2:vy, +2-vy,0 +4veH, = VH 4)

2-VH2 + 2-VH20 + é‘E'VCH4 = vy, 5)
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vco + vVco, + VH,0 = VO (6)
2'VN2 = VN, (7)

Specific volumes of chemical elements are measured using the formula below (8).

Vi
v = 0.01~M—el~n~Ve1, 8)

where V, stands for molar volume of gases under normal conditions, 1; M stands for
molar mass of a chemical element, g/mol; n stands for the number of atoms of a chemical
element in the feedstock; V) stands for content of a chemical element in the feedstock by
volume, %.

(4) Solve the equation system that links specific volumes of the source chemical
elements and specific yield of the resulting syngas.

(5) Perform thermal design of the reactor (9) and specify the syngas temperature.

Q}?V + Q?ens + Qox = Eg + Q§§ns + Qevp + Qenv + Qash/ (9)

where Qf" stands for calorific value of the fuel, kJ/(kg of fuel); Q¢*"® stands for sensible
heat of the fuel, kJ/ (kg of fuel); Qox stands for sensible heat of the oxidizer, kJ/ (kg of fuel);
Qgg stands for calorific value of the syngas, kJ/ (kg of fuel); Q5™ stands for sensible heat
of the syngas, kJ/ (kg of fuel); Qevp stands for heat consumed for evaporation of moisture
contained in the fuel, kJ/(kg of fuel); Qeny stands for external heat losses through the
gasifier wall, k] / (kg of fuel); and Q,q, stands for sensible heat of ash, k] / (kg of fuel).

(6) After all necessary values are determined, the initial values of the syngas tempera-
ture and its components production are assumed. The solving equations system includes
the chemical elements mass balance equations and the active masses law equations for the

humid gas reaction (5) and steam conversion (6).

Us.gCO, "Us.gH.
S (1) (10)
Us.gH,0Us.gCO

3
Us.gCO'(vs.gHz) &

=Ky, (tse), (11)
Us.gH,0'Us.gCHy Us.g PZ( ° g)

where Pg—gasifier pressure, bar; Kp1, Kpp—equilibrium constants for the reactions of
water—gas and methane steam conversion that are found from the atomization coefficients.

(7) The final results of the calculations are as follows: specific yield of the syngas
components, percentage composition of the syngas, temperature of the syngas, specific yield
of hydrogen, hydrogen production efficiency, calorific value of the syngas, the structure
of the heat balance (the distribution of the heat energy supplied to a thermomechanical
system among the various drains upon it, including both useful output and losses) of the
gasification reactor, chemical efficiency of gasification (7), and the thermal efficiency of
gasification (8).

Qchem

Nchem = Q;)}%em ’ (12)

h
Q;}éem 4 Q}};gys
Qshem + QF™* + Qo
The developed model helps calculate specific volumes of the chemical elements within

the syngas, its temperature, and calorific value. Coal properties (Table 2) and operation
parameters of the gasifier (Table 3) are set as initial data [2].

Ntherm =

(13)
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Table 2. Coal composition and thermal properties.

Parameter Value

Proximate analysis (%wt.)

Moisture (a.r.) 8.10

Volatile matter (dry) 28.51
Ultimate analysis (%wt. dry)

Carbon 72.04

Hydrogen 4.08

Nitrogen 1.67

Oxygen 7.36

Sulphur 0.65

Chlorine 0.01

Ash 14.19

Table 3. Operation parameters of gasifier.

Parameter Value
Oxygen/coal ratio (kg/kg) 0.84
Steam/coal ratio (kg/kg) 0.12
Oxygen temperature, °C 80
Steam temperature, °C 415.15
Gasification pressure, bar 40
Gasification temperature, °C 1400

Figure 1 shows a heat flow scheme of the investigated CC with fuel gasification.

air
L 9 steam to
N, gasification
(varl)
)

coal

steam

-
steam to

0,
SIS = 3
a g
gasification

7) .
(var2) 21 water high pressure low pressure
e = @ steam steam

p 15 16
6 :
[— 1% o

cxhausl‘ gas 18

OI‘)

20

Figure 1. Heat flow scheme of a CC facility with the steam—-oxygen coal gasification. 1—air split unit;
2—oxygen compressor with inter-cooling; 3—gasification block; 4—air compressor for gas turbine
cooling; 5—gas turbine combustor; 6—gas turbine; 7—electric power generator; 8, 11—high and low
pressure steam superheaters; 9, 12—high and low pressure vaporizers; 10—high pressure economizer,
13—condensate gas heater; 14—steam turbine, 15—deaerator, 16—condenser, 17, 18—high and low
pressure feeding pumps, 19—condensate pump, 20—condensate recirculation pump, 21—water
supply to GT combustor pump.
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The thermal efficiency evaluation algorithm is a combination of widely known CC
heat flow analysis methods, including the model built using Aspen Plus computer code.
The only exclusion is the analysis of syngas parameters at the gasifier exit, which follows
the above-described method. The heat flow analysis input data are summarized in Table 4.

Table 4. Heat flow analysis input data.

Parameter Value
Ambient air temperature, °C 15
Ambient air pressure, KPa 101.3
Turbine inlet temperature, °C 1700
Cooling agent specific flow, % 13.6
High pressure steam pressure, MPa 8.55
Low pressure steam pressure, MPa 0.7
Minimal temperature difference in high pressure superheaters, °C 20
Minimal temperature difference in low pressure superheaters, °C 20
Minimal temperature difference in high pressure vaporizer, °C 50
Minimal temperature difference in low pressure vaporizer, °C 10
Turbine exhaust pressure, KPa 4
Low pressure feeding pump exit pressure, MPa 0.9
High pressure feeding pump exit pressure, MPa 13
Condensate pump exit pressure, MPa 0.6
Condensate temperature at condensate gas heater inlet, °C 60
Deaerator pressure, MPa 0.45
Under-heating to the deaerator saturation temperature at condensate gas heater exit, °C 19
High pressure steam pressure, MPa 8.55

2.2. Methods

To understand the correct functioning of the developed model, the calculation results
were verified with the results of the research in [27]. The results are presented in Table 5.

Table 5. Model calculation results, article data, and absolute error.

Value
Parameter .
Model Article Data Absolute Error

Syngas temperature, °C 1295.02 1400 116.23
CO, 4.558 4.15 0.408
CcO 59.301 57.16 2.141
Volume H,O 6.099 6.59 0.491
composition of H, 27.596 26.22 1.376

syngas, %
N, 2.16 4.76 2.6

CHy 0.07 0.06 0.01
SO, 0.216 0.2 0.016

Lower Heating Value, (k] /kg dry) 25,429.96 27,803.29 2373.33

Thereafter, the developed model was used to assess the impact of changing the input
parameters of the gasifier (i.e., temperature and relative mass flow rate of steam, tem-
perature, and relative mass flow rate of oxygen and pressure) on the resulting output
parameters (i.e., calorific value and temperature of the syngas). During the research, the
following temperature values of steam supplied for gasification were assumed: 300, 450,
600, 750, 900, and 1000 °C.

Heat flow analysis of the CC with gasification included calculation of the syngas
contents, LHV, and temperature using the above presented method. In general, the analysis
includes computer simulation models of the cooled gas turbine, twin-flow heat recovery
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boiler, and steam turbine built using Aspen Plus software [28]. The working fluid thermo-
physical parameters were determined with high accuracy using the NIST Reference Fluid
Thermodynamic and Transport Properties Database (REFPROP) [29].

The influence of the gasification technology on the cycle efficiency was evaluated for
different stations of the steam bleeding into the gasifier steam turbine and the regenerative
heat exchanger that uses the gasifier exit syngas heat. The calculation of thermal CCGTs
with gasification is made using a set of developed mathematical models of power plants,
including the model of an air separation plant, a gas generator model built using the MS
Excel software package, and a CCGT model created using the Aspen Plus software package.

Figure 2 presents a CC with a gasification heat flow scheme simulated with Aspen
Plus code. The facility includes a cooled gas turbine and a steam power facility with
steam bleeding.

high intermediate low pressure
pressure pressure cylinder
—%— cylinder cylinder

e e [

] condenser
| t\ | ; " )
> Tl »@ high-pressure
steamto = | ccfhden"sing-'ﬁ L boiler-feed pump
gasification water pump ~ 2 >
- PAN % low-pressure
] L3 deaerator WD =
U . > boiler-feed pump
Y
high-pressure . g D & !
ci'agoralor high-pressure low-pressure % b @ reccling
! 12 — economizer { | evaporator exhaust gas ﬂ pump condensate
. @ ’ '@ ’ ’@ ’ ‘@ '@ '@ ¥ pump
high pressure low-pressure condensate# SR ol b
superheater superheater gas heater

Figure 2. CC facility heat flow scheme simulated with Aspen Plus.

The cycle version without the steam bleeding from the steam turbine contains the
steam production in a surface heat exchanger using the syngas heat. The surface heat
exchanger is a new additional element (Figure 3). This study included the changes in the
gasification steam flow and temperature that influence the heat exchanger exit temperature
and the heat exchanger water flow.

o
syngas *
water steam
A Pt N
k_‘/ \_‘/
surface type heat
exchanger
combustion
) chamber
air from
compressor
=

exhaust gas

Figure 3. Additional heat exchanger for the gasification steam production.
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The cycle computer simulation preceded the calculations of the main power production
performance, as follows:

N, + (Nkp + Nccp + N + N + N .
Nip = Nagp + 2P 0, + (Nkp CcP HPPP LPPP CRPP) T]te, (14)

Nem

where Nasp—ASU power consumption, MW; Neomp 0,—mechanical power of the ASU exit
oxygen compressor that supplies compressed oxygen to the gasifier, MW; Nxp—condensate
pump mechanical power, MW; Nccp—condensate circulation pump mechanical power,
MW; Npppp—high pressure circuit feeding pump power, MW; Ny ppp—low pressure circuit
feeding pump power, MW; Ncrpp—condensate recirculation pump power, MW; 1 heat
transportation efficiency, %; nem—electric motor efficiency, %.

Nhet power — (NGT - NAC)'T]ep + NST'nep’ﬂte - NMP/ (15)

where Ngr—gas turbine mechanical power production, MW; Ngr—steam turbine mechan-
ical power production, MW; and N pc—air compressor mechanical power consumption,
MW; (the compressor is mounted on the gas turbine shaft. In the case of air combustion,
it compresses the working fluid. In the case of oxygen combustion, it compresses the GT
cooling air.); nep—lectric power generator efficiency, %.

B Nret power

Nnet power = B-Q ' (16)

where Npet power—Ccycle net power calculated by the equation (2.46), MW; B—coal fuel
consumption, kg/s; and Q—coal fuel LHV, MJ/kg.

3. Results and Discussions
3.1. Influence of the Blow Type and Thermodynamic Properties of the Blast on the Composition and
Heat of Combustion of Synthesis Gas

The calorific value of the syngas increases with a decrease in the relative mass flow
rate of oxygen supplied for gasification, as can be seen from the dependence shown in
Figure 4a. This is primarily because the volume fraction of CO and H; in the syngas
increased (Figure 4b).

The relative mass flow rate of oxygen supplied for gasification was optimized in the
range of its values, not lower than 0.78 (kg of oxygen)/ (kg of fuel). This value is a minimum
allowable value that is sufficient to fix the entire amount of carbon in the source fuel. Based
on the research in [29], this parameter may be minimized down to a value at which the
sum of volume fractions of the CO and H; components is the largest.

The dependence of the total volume fraction of carbon monoxide and diatomic hydro-
gen on the relative mass flow rate of oxygen is shown in Figure 4b.

With an increase in the amount of oxygen supplied for gasification, the total proportion
of the CO and H; components of the syngas at the output increases up to 0.79 (kg of
oxygen)/(kg of fuel) and then decreases. This is due to an increase in the volume fraction
of carbon monoxide in the synthesis gas to a maximum value. Oxygen binds most of the
carbon contained in the fuel, and then it decreases due to an increase in carbon dioxide
in the syngas, which receives the source carbon. At the same time, the volume fraction of
hydrogen reaches its maximum value to further remain constant.

The developed model helps calculate specific volumes. The results of the analysis
of calculations performed for the volume fraction of a mixture of carbon monoxide and
hydrogen in the synthesis gas is shown in Figure 4b. This dependence helped to shift
the equilibrium of chemical reactions with increasing steam temperature; as a result, the
amount of oxygen that was needed to run the gasification process was also increased.
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(kg of oxygen)/(kg of fuel)
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(b)

Figure 4. Dependence of syngas output parameters from the relative mass flow rate of oxygen:
(a) dependence of output parameters from the relative mass flow rate of oxygen; (b) dependence of
volume fraction of CO + Hj from the relative mass flow rate of oxygen.

The optimal value of relative mass flow rate of oxygen for the steam temperatures
under consideration, the values of composition by volume, temperature, and calorific value
of the syngas, the volume fraction of the CO and H, mixture, and the gasification efficiency
are given in Table 6.

For further research, the steam temperature and the corresponding optimal value
of the relative mass flow rate of oxygen were recorded, and the optimal values of the
relative mass flow rates were chosen for the steam that was supplied to the gasifier. The
dependence of the calorific value of the syngas on the relative mass flow rate of the steam
is shown in Figure 5.
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Table 6. Optimal values of output parameters for steam temperatures under consideration.

Steam Temperatures, °C 300 450 600 750 900 1000
Relative mass flow rate of oxygen,
(kg of oxygen)/ (kg of fuel) 0.79 0.79 0.79 0.79 0.78 0.78
CO, 4.08 4.01 3.94 3.88 3.75 3.69
CcO 60.1 60.1 60.2 60.2 60.4 60.5
. H,0 4.15 414 4.14 413 3.85 3.84
Volume composition of
syngas, % H, 28.4 28.5 28.6 28.7 28.6 28.7
Np 2.11 2.11 2.10 2.1 2.09 2.09
CHy 0.96 0.89 0.82 0.76 1.02 0.96
SO, 0.22 0.22 0.22 0.22 0.22 0.22
Syngas temperature, °C 1122.6 1128.4 1134.8 1142.1 1124.7 1129.2
Syngas calorific value, k] /kg 20,879.1 20,893.0 20,906.6 20,919.4 21,024.5 21,035.7
CO+Hy, % 88.5 88.6 88.8 88.9 89.1 89.2
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Figure 5. Dependence of syngas calorific value on the relative mass flow rate of steam.

The output parameters for the fixed pair of steam temperatures and the corresponding
relative mass flow rate of enriched oxygen are shown in Table 7.

With an increase in the temperature of the steam supplied for gasification, its consump-
tion increases for the implementation of the gasification process with the same amount
of fuel (kg of steam/kg of fuel). With an increase in the steam temperature, the specific
volumes of reacting hydrogen and oxygen increase and, as a result, the specific total volume
of the mixture of substances in the gas generator increases, which entails a shift in the
equilibrium point of its chemical reactions. With an increases in the total mass flow of
syngas (kg of syngas/kg of fuel), the specific heat capacity changes slightly.

At the final stage, there was a more complete assessment of the influence of synthesis
gas input parameters on its output parameters. An analysis was made of the pressure
maintained in the gasifier at a constant steam temperature of 415.15 °C, a relative mass flow
rate of oxygen 0.84 (kg oxygen)/ (kg fuel), and a relative mass flow rate of steam equal to
0.12 (kg steam)/ (kg fuel). The dependence of the syngas calorific value on the gasification
pressure is shown in Figure 6. With a decrease in gasification pressure, calorific value of the
syngas grows, which is due to a changed composition of the products of syngas, as volume
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fractions of CO and H; decrease, while CHy4 grows, resulting in a lower calorific value of
the syngas.

Table 7. Optimal values of output parameters for steam temperatures under consideration and
corresponding relative mass flow rates of oxygen.

Steam Temperatures, °C 300 450 600 750 900 1000

Relative mass flow rate of oxygen,
(kg of oxygen)/ (kg of fuel) 0.79 0.79 0.79 0.79 0.78 0.78

Relative mass flow rate of steam,

(kg of steam),/ (kg of fuel) 0.03 0.03 0.04 0.05 0.08 0.11
CO, 1.73 1.72 1.97 2.20 2.82 3.48
CO 66.1 66.1 65.4 64.7 63.0 61.1
" H,O 1.64 1.64 1.90 2.16 2.75 3.56
Volume composition of
syngas, % H, 26.8 26.8 27.1 274 27.8 28.5
Ny 2.24 2.24 2.22 2.2 2.15 2.10
CHy 1.25 1.24 1.15 1.06 1.22 1.02
SO, 0.23 0.23 0.23 0.23 0.23 0.22
Syngas temperature, °C 1166.5 1168.2 1164.2 1162.2 1133.4 1131.0
Syngas calorific value, k] /kg 20,925 20,928 20,933 20,939 21,029 21,036
Chemical gasification efficiency 0.94 0.94 0.94 0.94 0.94 0.94
Thermal gasification efficiency 0.848 0.844 0.847 0.847 0.845 0.846
20,305
]
=
4
o 20,300
=
©
=
U
{-E 20,295
2
m
U
wy
ﬁi 20,290
20,285
20 25 30 35 40 45 50

Pressure inside the gasifier, bar
Figure 6. Dependence of syngas calorific value on gasification pressure.

The calculation results show that with an increase in the temperature of the steam
supplied for gasification, the relative steam consumption, referred to 1 kg of fuel, increases.
At the same time, the amount of oxygen required for the reactions to proceed decreases.
This can be explained as follows. With an increase in steam temperature, specific volumes
of reacting hydrogen and oxygen increase and, as a result, the total specific volume of the
mixture in the gasifier grows. This entails a displacement of the equilibrium of the chemical
reactions occurring there.

An increase in steam pressure by 2.5 times leads to a decrease in the calorific value
of synthesis gas by only 20 k] /kg, which indicates the absence of a clear dependence of
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the calorific value on the pressure in the gasifier. The reaction constant of water-gas does
not depend on pressure. The equilibrium of the methanation reaction shifts towards the
formation of methane with an increase in pressure; however, the interaction of the carbon
of the initial fuel with carbon dioxide and water vapor proceeds less intensively with an
increase in pressure:

C + CO, <+ 2CO; C + H,O ++ CO + Hy (17)

3.2. Efficiency of CC Cycle with Solid Fuel Gasification

The analysis described in point 3.1 allows for the assumption of the rate of oxygen
supplied to the gasifier of 0.79 (kg oxygen)/ (kg fuel). The analysis result summarized in
Table 7 and Figure 3 shows low sensitivity of the syngas LHV upon the gasification steam
temperature. The steam relative mass flow may be from 0.04 to 0.12 (kg of steam)/ (kg of
fuel), depending on temperature. The analysis included the following two sources of the
gasification steam:

m  Steam turbine bleeding, with 35 bar pressure and 505 °C temperature;
m  Steam production in an additional recuperative heat exchanger, taking heat from the
gasifier exit hot syngas.

Figure 7 shows dependence of the CC cycle on the solid fuel gasification net efficiency
from the temperature and source of the gasification steam. In this figure, the green and blue
columns show the turbine bleeding and the recuperator steam production, respectively.

300 450 505 600 750

Gasification steam temperature, °C

53.6

U1
w
&

g1
©w
~

&)
@
[}

Cycle net efficiency, %
Q1
@
@

Q1
»
—_

Q1
@

Figure 7. Relationship of the cycle net efficiency to the gasification steam temperature.

The cycle efficiency is verified within 0.5%. Among the reviewed versions, the 505 °C
steam bleeding from the turbine has the highest efficiency, and the cycle with 450 °C has the
lowest efficiency. Small differences in the cycle efficiency values, depending on the steam
temperature, are primarily due to the low dependence of the syngas combustion heat on
the steam temperature. The change in the required steam flow rate in the gas generator
on its temperature leads to the fact that the dependence of the cycle efficiency on the blast
temperature has a non-linear dependence.

Figure 8 shows the power efficiency structure, including losses. According to thermo-
dynamic analysis data, the heat losses for gasification are 11%.

At optimal parameters of the gasification steam, the cycle net efficiency reaches the
level of 53.54%.
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1%

= Heat loss of exhaust gas

= Loss thermal power in condenser

= Loss thermal power in refrigerant

Loss thermal power in gasificator

= Electrical output

m Loss electrical power in electrical
generator

1%

Figure 8. Power structure of the cycle with gasification steam bleeding from the turbine.

4. Conclusions

The described computer simulation model provides a relationship between the syngas
contents and flow to the steam-oxygen blow parameters. The results strongly imply that
the calorific value of the syngas can be increased by reducing the relative mass flow rate of
oxygen; a decrease in the mass flow rate of oxygen by 1% entails an increase in the heat
of combustion of the synthesis gas by 0.5%. In this case, it is necessary to ensure that the
amount of oxygen supplied for gasification is enough to enable the gasification reactions.
The value equal to 0.79 was determined by the authors as the optimum in terms of the
content of combustible components and the autothermal nature of the gasification process.

Moreover, the calorific value of the syngas can be increased through an increase in the
temperature of the steam supplied for gasification. Such an increase is insignificant: u is
only 0.5-0.7% with an increase in steam temperature from 300 to 1000 °C; therefore, while
increasing temperature of the supplied steam, it is necessary to monitor the value of the
relative flow rate of the steam, which depends on temperature—the higher the temperature
of the steam supplied for gasification, the more steam must be supplied. An excess of water
steam leads to a decrease in temperature in the reduction zone, which weakens and may
cause termination of the gasification process.

Finally, we obtained evidence that due to a decrease in working gasification pressure,
the calorific value of the resulting syngas grows marginally; however a 2.5-fold decrease
in the working pressure in the gas generator entails an increase in the calorific value of
only 20 k] /kg. A choice of a higher working pressure makes it possible to run the reactions
faster and more efficiently, without a significant decrease in the calorific value of the gas,
which in the future, might curb the expense of metal used to build a gasifier by reducing its
overall dimensions.

Moreover, it allows for the thermodynamic analysis of the cycle versions. At optimal
source and parameters of the gasification steam in the cycle of thermal efficiency may be
as high as 53.54%. The cycle with steam bleeding from the turbine has the best efficiency.
The cycle analysis shows the gasification related losses of 11%. It is worth mentioning that
the CC with inter-cycle gasification efficiency is lower than the gas firing CC method, but
higher than the solid fuel firing steam turbine methods.
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