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Abstract: Thermodynamic analysis of a gasification process was conducted assuming that it is com-
posed of two successive stages, namely: pyrolysis reaction followed by a stage of gasification reaction.
This approach allows formulation the models of selected gasification processes dominating in indus-
trial applications namely: Shell (coal), SES (coal), and DFB (dual fluid bed, biomass) gasification. It
was shown that the enthalpy of fuel formation is essential for the correctness of computed results. The
specific computational formula for a wide range of fuels enthalpy of formation was developed. The
following categories were evaluated in terms of energy balance: total reaction enthalpy of gasification
process, enthalpy of pyrolysis reaction, enthalpy of gasification reaction, heat demand for pyrolysis
reaction, and heat demand for gasification reactions. The discussion of heat demand for particular
stages of gasification related to the various processes was performed concluding the importance of
the pyrolysis stage.

Keywords: pyrolysis; gasification; enthalpy of formation; enthalpy of reaction

1. Introduction

The coal gasification technology plays an important role in the global economy. It is
used mainly to produce chemical substances; 24% of global ammonia output and 55% of
methanol are now produced using the coal gasification technology. Figure 1 presents a
final products oriented structure of the application of gasification technology.

In 2018 there were 451 industrial gasification plants operating worldwide, equipped
with 1074 reactors of total power of 206 GWth (chemical energy in the produced gas);
129 plants were under construction, equipped with 255 reactors of total power of 108 GWth,
and at the stage of planning there were 135 plants equipped with 667 gasification reac-
tors [1]. A significant increase in the installed capacity occurred after 2010, resulting in
290% growth. Such a substantial increase was caused primarily by a huge demand for
gasification technologies in Asia, where during 8 years (2010–2018) an approximately
six-fold increase in the installed capacity was recorded (from 26.2 GWth to more than
150 GWth) [1,2].

There are a few types of reactor used to conduct the process. Entrained bed reactors
are most frequently used in the case of coal gasification, featuring high process efficiency
and productivity. Fluidized and fixed bed reactors are usually applied to gasify low-quality
coals, biomass and wastes.

A wide application of the gasification intensifies the demand for reliable design tools
and in depth understanding of thermochemical transformations proceeding in the reactor.
One can find in the literature a relatively large number of described models. Reviews,
classification, and application areas of solid fuels gasification models are presented in [3–6].
They refer to results of studies usually related to laboratory-scale test plants. Unfortunately,
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the models’ validation with the use of results obtained from industrial plants is missing.
Because of that, published models—namely stoichiometric, equilibrium, kinetic or their
hybrids—do not reflect all significant issues related to the gasification modelling. They also
do not allow to use them reliably for other applications or reactor scales, primarily due to
the accumulation of errors in underestimated reactions in equivalent pseudo-equilibrium
constants or kinetic parameters.

Figure 1. Gasification process syngas use (million m3/h) [2].

Models described in the literature are usually based on a one-stage approach, i.e., con-
sider only a classical set of gasification reactions [7–11]. These models are used primarily for
gasification carried out at temperatures much higher than 1000 ◦C, where the equilibrium
conditions may be applied with a relatively good approximation. The existence of two
types of reaction, homo- and heterogeneous, may be also considered in this modelling [12].
Models, taking into consideration a two-stage fuel conversion, i.e., pyrolysis and gasifica-
tion, are the second group [13–15]. These models are used mainly for processes occurring
at temperatures of 750–1000 ◦C, basically carried out in fluidized bed rectors, however this
approach should be also important in the analysis of high temperature gasification.

In [16] the two competing rates models were used to describe the devolatilization rate,
basically distinguishing only volatiles and a char. The specific gaseous species composition
was evaluated assuming arbitrary chosen parametric reactions. It is not clear whether
the material balance at the pyrolysis step was closed. In [17] the authors did in depth
analysis of different pyrolysis models which can be used in gasification modelling. It was
concluded that the models of Ranzi [18] and Anca-Couce [19] are most appropriate for
that purpose. However, those models are based on an arbitrary chosen set of reactions
considering biomass morphology, i.e., lignin, cellulose and hemicellulose, not a chemical
elements composition. In this situation it is hard to apply the model for other fuels as
well as perform a material and energy balance of the pyrolysis. The same problem can
be encountered with the application of the Anca-Couce model. In an extensive review of
coal gasification published in [20], the authors discussed a number of published pyrolysis
models; however, they are suitable either only for coal or there is a problem with closure of
material and energy balances relevant for the process analysis of any gasification reactor.

However, irrespective of the reactor type or the temperature range of carried out
reactions, the fuel is introduced at ambient conditions or close to it, and due to that in the
first stage it must be heated to the reaction temperature. Taking into account that grains are
heated in the fluidized bed at an average rate of 5000 ◦C/s, and in entrained bed reactors
a few times faster, the grains achieve the reaction temperature in a fraction of a second.
An intensive thermal decomposition (pyrolysis) of the organic matter dominates in this
period and because of that oxygen has no access to the solid residue, i.e., char. Only after
the release of volatile matter can the oxygen react with it in the gaseous phase or with
the formed char in the heterogeneous phase. Taking this into account, it was assumed
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throughout that work that the entire gasification process is composed of a pyrolysis reaction
stage which is followed by a gasification reaction stage. From this point of view, pyrolysis,
which is the first stage of solid fuel conversion, becomes an important element of the
process, first of all when deciding about gas phase composition and properties of char,
and about heat demand, because it may consume the main portion of heat delivered
for the reaction. This stage is non-isothermal, raising solid fuel temperature to the final
one. The gasification reaction which follows is basically isothermal, and the pyrolysis
products undergo decomposition due to interaction basically with oxygen or/and steam.
Considering the above, it is important to distinguish both stages in the process of modelling
and to analyze the share of energy needs for each of them. This will allow determining
the effect of fuel type as well as process differences. At the pyrolysis stage, two key
thermodynamic parameters are important from the point of view of energy balance, but
also of the final products composition, i.e., the heat demand for pyrolysis, and enthalpy of
pyrolysis reaction determined at standard conditions.

The modelling of fuels’ thermal conversion systems requires the knowledge of correct
standard values of the enthalpy of formation for reactants and products. It allows real
thermal effects of the reaction to be calculated and, as a result, the final process temperature
affecting the potential equilibrium condition of chemical reactions existing in the process.
In the case of fuels gasification this translates into the produced gas composition—the key
parameter affecting the efficiency of the entire technological process.

Based on the knowledge of standard enthalpies of formation for process reactants and
products, it is possible to determine a standard enthalpy of chemical reaction in accordance
with a general relationship (1):

∆rxnH0 = ∑
i
νi∆fH

0
i (1)

In reactions, in which only defined chemical substances take part, the determina-
tion of the enthalpy of reaction is relatively simple due to the availability of standard
thermodynamic data of enthalpy of formation for pure substances [21].

In the case of coal or biomass it becomes more complicated, because the heat of
combustion determined calorimetrically is not equal to the computational value of the heat
of reaction determined from relationship (1), assuming that the fuel is a mixture of elements
existing in their standard states [22,23]. The difference between these values is defined as
enthalpy of formation, which should be accounted for in energy balances performed on
the process.

There is no clearly validated formula on enthalpy of formation which can be used
for the entire range of fuels, i.e., from coal to biomass and wastes. The paper expands
the computational formula for fuels enthalpy of formation, described for coal in [23], on
biomass and alternative fuels. The paper also discusses the impact of the enthalpy of
formation for solid fuels on the results of the gasification process modelling in terms of
energy balance. The obtained results have been compared against available literature data
collected on real demonstration and industrial systems of coal or biomass gasification.

The gasification process model computations were performed using a ChemCAD
computer code [24]. Like other similar computational tools (Aspen, EES), in the process
energy balancing accounts for the enthalpy of substance formation used in chemical ther-
modynamics, in the case of the fuels under consideration based on elemental composition.
To unify the computations over the entire range of carbon content, the formula derived
in this work was applied. In the case of pyrolysis modeling a MathCad [25] computing
environment was used for running in house developed simulation codes.

Based on the process computations carried out and balances verified by means of
experimental data in fluidized bed and entrained bed reactors, processing both biomass
and coal, the share and role of pyrolysis in the entire gasification process is discussed.

The process computations were made using the developed models of coal gasification
in an entrained bed reactor with a dry feed (Shell technology, now The Air Products
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Gasification Process DSC (dry-feed syngas cooled) [26] and a fluidized bed reactor (based on
the SES (synthesis energy systems) technology) [27]. In the case of biomass gasification, the
developed model applies to the gasification system in a dual-bed type reactor, developed
at the TU Wien (DFB, dual fluid bed) [28]. This technology, under the name of FICFB (fast
internal circulating fluid-bed), was applied for the biomass gasification system in Güssing
(Austria). The processes listed above are developed and applied in industrial scale and
the data from those large scale units were used for the analysis of process performance in
terms of heat demand and enthalpy flow considering the two-stage reaction system.

2. Methods and Assumptions

Three cases were evaluated in terms of in depth analysis of energy balance of gasifi-
cation processes. All of them are based on operational data collected in industrial-scale
units. In the case of the Shell process, the entrained bed reactor is used, for SES gasification
(former U-Gas) the bubbling fluidized bed is used, and for the DRB-FICFB process the twin
fluidized bed reactors are used.

2.1. Computational Model for an Entrained Bed Reactor, the Shell Process

The Shell gasifier is an oxygen blown entrained bed reactor with a dry feed of fuel.
The Shell gasification technology was widely applied in chemical industry and electricity
production systems. The fuel is fed to the gasification reactor in the form of pulverised coal
of grain size below 0.1 mm with the use of nitrogen. Oxygen and steam are the gasifying
agents. The fuel, oxygen, and steam are fed to gasification reactor burners situated in its
bottom part. The gasification process runs in the reactor at temperatures of 1400–1700 ◦C
(above the ash melting points), at a pressure of 42 bars. The technology is offered in two
variants, with convection gas cooling (for applications in IGCC, integrated gasification
combined cycle energy generation systems), and with gas cooling through direct contact
with water (quench, in applications for chemicals production).

To simulate the gasification process an assumption was made that process temperature
is so high that it is possible to model its parameters assuming a thermodynamic equilibrium
of the system [29]. The method of thermodynamic potential minimisation was used for
computations, applying a Gibbs reactor as the basic model (Figure 2). The method of
thermodynamic potential minimisation is used in the case of complex reaction systems. In
this method, for the set temperature and pressure, an equilibrium composition is sought
for the considered system, for which its thermodynamic potential, expressed in the form of
Gibbs function, reaches the minimum value.

Figure 2. Block diagram for coal gasification in Shell reactor-calculation scheme.

The composition and properties of coals which were used for process calculations are
presented in Table 1.
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Table 1. Coal properties, as received [30,31].

Parameter Symbol Unit Bituminous Coal.
Illinois. No. 6

Subbituminous Coal.
Montana Rosebud. PRB

North Dakota Beulah
Zap Lignite

Carbon C wt. % 63.75 50.07 39.55
Hydrogen H wt. % 4.50 3.38 2.74
Nitrogen N wt. % 1.25 0.71 0.63
Sulphur S wt. % 2.51 0.73 0.63
Oxygen O wt. % 6.88 11.14 10.51
Chlorine Cl wt. % 0.29 0.01 0.00

Water W wt. % 11.12 25.77 36.08
Ash A wt. % 9.70 8.19 9.86

Lower heating value Qi kJ/kg 26,151 19,195 14,804
Higher heating value Qs kJ/kg 27,113 19,920 15,391

The process data, which are used for model validation are based on the performance
of a 180–250 t/h coal capacity reactor [30,31].

2.2. Computational Model for a Fluidized Bed Reactor, the Synthesis Energy Systems (SES)
Technology

The SES gasification (former U-Gas) is the technology of oxygen/steam fluidized
bed gasification used to produce synthesis gas for various applications. Five plants are
operating now worldwide on an industrial scale, using 12 SES gasification reactors pro-
ducing methanol and fuel gas (aluminium production plants). The developed model is
based on a Gibbs reactor in series connected with a stochiometric reactor (Figure 3) [32].
The occurrence of three additional reactions is assumed in the stochiometric reactor, at the
assumed conversion of CO and N2, i.e.,

Figure 3. Model of the synthesis energy systems (SES) gasification reactor-calculation scheme [32].

CO shift reaction:

CO + H2O↔ H2 + CO2, −41 MJ/kmol, CO fractional conversion =
0.09 (Fractional conversion = (COinlet −COoutlet)/COinlet, analogously for N2 conversion.)

Methane production reaction:

CO + 3H2 ↔ CH4 + H2O, −206 MJ/kmol, CO fractional conversion = 0.11

Ammonia production reaction:

N2 + 3H2 ↔ 2NH3, −45.9 MJ/kmol, N2 fractional conversion = 0.008

Process calculations were conducted for coals used in one of the industrial plants of
28 t/h coal throughput, the properties of which are presented in Table 2.
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Table 2. Coal properties for the fluidized bed gasification technology.

Parameter Symbol Unit Average Range

Carbon C wt. % 70.51 69.80–71.02
Hydrogen H wt. % 4.12 4.08–4.15
Nitrogen N wt. % 8.87 8.78–8.93
Sulphur S wt. % 0.58 0.57–0.59
Oxygen O wt. % 1.13 1.12–1.14
Water W wt. % 9.87 9.22–10.77
Ash A wt. % 4.93 4.88–4.96

Low heating value Qi kJ/kg 27,183 26,892–27,395
High heating value Qs kJ/kg 28,380 28,104–28,581

2.3. Computational Model for a Dual Fluid Bed (DFB) Fluidized Bed Reactor

The DRB-FICFB technology consists of two fluidized bed reactors. In the first the
gasification proceeds in the atmosphere of steam. Sand is used as the fluid bed material.
Sand and the unreacted char leave the reactor at the bottom and enter an air fluidized bed
reactor for combustion. Hot sand, after separation from the flue gas in a cyclone, is returned
to the gasification reactor and used as a heat carrier. This technology was developed at the
Technological University in Vienna and demonstrated in Güssing, in a CHP (combined
heat and power) system, where electricity and heat are generated at amounts of 4 MW [33].
The model described elsewhere [34] considers two main stages of the biomass reaction:
the first one pyrolysis, which is followed by gasification of unreacted char, remaining
tar, and selected pyrolysis gas components. The model is based on the first order single
devolatilization reaction kinetics. Based on a literature study, the model parameters were
modified to describe biomass pyrolysis. The pyrolysis model encompasses also thermally
driven secondary decomposition of tar. The products of the pyrolysis reaction are: pyrolytic
gas consisting of: CO, CO2, H2, CH4, higher gaseous aliphatic hydrocarbons represented
by C2H6, additionally H2S and NH3, water, BTX represented by benzene, tar represented
by 1-naphthol (C10H8O) and unreacted char with ash. Primary and secondary pyrolysis
products were gasified using steam. For gasification process calculations the pseudo-
equilibrium model was employed. The model embodies three reactions, namely:

Water gas reaction:
C + H2O = H2 + CO

water gas shift reaction:
CO + H2O = H2 + CO2

reaction of tar with steam according to arbitrary assumed stoichiometry:

C5.04H8.64O4.68 + 4.9H2O = 9.22H2 + 0.5CO + 4.54CO2

The graphical layout of the model can be seen in Figure 4. The two stage pyrolysis
model was developed in the Mathcad 15 computing environment.

Specific correction factors were assumed to the equilibrium constant of water–gas and
water–gas shift reactions. The value of thermodynamic constant was multiplied by the
factors of 100 and 0.85, respectively [34].

The model verification was based on the experimental data obtained in an experi-
mental plant of a biomass steam gasification reactor (DFB) of 100 kW power, developed
at the TU Wien [33]. The experimental plant was equipped with a biomass and steam
gasification reactor and a fluid-bed char combustor for heat generation, which is necessary
for gasification. The properties of the fuel are listed in Table 3.
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Figure 4. Graphical layout of the two-stage steam gasification model [34] calculation scheme.

Table 3. Wood pellets properties [30].

Parameter Symbol Unit Value

Water content Wt wt. % 7.2
Volatiles, dry basis Vdry wt. % 85.4
Fixed carbon (including ash), dry basis FCdry wt. % 14.6

Low Heating Value, dry basis Qi
dry MJ/kg 18.9

Low Heating Value, as received Qi
ar MJ/kg 17.4

Carbon, dry basis Cdry wt. % 50.7
Hydrogen, dry basis Hdry wt. % 5.9
Oxygen, dry basis Odry wt. % 43.0
Nitrogen, dry basis Ndry wt. % 0.2
Sulphur, dry basis Sdry wt. % 0.005
Chlorine, dry basis Cldry wt. % 0.005
Ash content, dry basis Adry wt. % 0.2

3. Results and Discussion
3.1. Enthalpy of Formation

Ronsch and Wagner [35] concluded regarding organic substances (e.g., coal, biomass)
that the heating value in general is determined with the help of empiric correlations de-
pending on the elemental fuel composition. However, as the correlations used in flowsheet
simulation programs are often developed for coal or biomass calculations, using the same
formula for the entire range of fuels may lead to incorrect results. In a study presented by
Sciazko [21] the analysis of the enthalpy of formation of coal was debated with respect to
the composition of coal. The difference between the measured heat of combustion and the
calculated thermal effect of combustion, which defines the formation enthalpy, was based
on 224 sets of data describing the properties of American [36], Russian [37] and Polish [38]
coal and char/coke.

The coal/coke data were supplemented for the work under consideration with 76 sets
of data published by Channiwala, Parikh [39,40] who studied correlations on biomass HHV
including biowastes. The database comprised then a wide spectrum of fuel properties, and
the ranges are presented in Table 4.
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Table 4. Range of elemental compositions and heats of combustion.

Parameter Symbol Min. Value Max. Value

Composition, wt. % (daf)
Carbon C 42.57 91.26
Hydrogen H 0.35 6.77
Oxygen O 0.3 50.98
Nitrogen N 0.0 7.26
Sulphur S 0.0 9.37

Heat of combustion, MJ/kg Qs,daf 16.6 37.3

In Figure 5, the basic relationships between the measured heat of combustion and the
content of oxygen content for a wide range of fuels is presented. It is clearly noticeable
that the maximum value is achieved at oxygen content of 3–4%. The value of the heat of
combustion Qs approaches the heat of graphite combustion (32.84 MJ/kg) as the oxygen
content decreases to zero.

Figure 5. The effect of the oxygen content (daf) on the heat of fuel combustion.

The thermodynamic enthalpy of combustion of separated elements which form coal
or biomass assuming that the each element fraction can be expressed as a mass share in a
percentage, can be computed from Equation (2):

∆cH0, daf = −327.633 Cdaf − 1417.892 Hdaf − 92.768 Sdaf
t , kJ/kg (2)

When applying the definition of the enthalpy of fuel formation expressed by
Equation (3), the thermodynamic enthalpy of the combustion (reaction) must be corre-
lated to the real heat of combustion.

∆fH
0 = Qs + ∆cH0 (3)

In general, the relationship between the enthalpy of combustion and the calorimetric
heat of combustion may take on the following form:

Qs = (−1)∆cH0f(θ) (4)
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Here, f(θ) is a function that modifies the thermodynamic enthalpy of combustion and
defines the ratio of absolute values of the heat of combustion and the reaction enthalpy of
combustion. The resulting correlation for f(θ) is presented below (Equation (5)):

f(θ) = b1 ln(θ) + b2θ
1.125 + b3 (5)

where: b1 = 0.00195, b2 = −0.00305 and b3 = 1.01314.
The comparison of the experimental data for a wide range of fuels with the developed

correlation is presented in Figure 6. Additionally the previous correlation is also shown,
which was valid only for coal and char. Figure 7 shows the relative error of the correlation.
All data including coal and biomass fall in the range +/−10%. The comparison with
the predictions of Ronsch and Burnham [35] was also analysed. Correlation of Ronsch
and Burnham substantially deviates from experimental data at the ends of the range
investigated particularly for the values lesser than (−4000) kJ/kg and greater than 0. The
difference may be as high as 1000 kJ/kg. On the other hand, the correlation of Lozano
et al. [23] produces much more scattered data. The final results of formation enthalpy for a
wide range of fuels are presented in Figure 8.

Figure 6. Comparison of experimental data with a new (Equation (5)) and former [22] correlation on
enthalpy of formation.

Figure 7. Prediction of HHV with a proposed correlation.
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Figure 8. Enthalpy of formation against oxygen content.

Taking into account the analysis presented above it can be stated that the modified
correlation of Sciazko [21] covers the entire range of fuel properties and thus can be used for
the modelling of various gasification processes including coal and biomass and biowastes.
For the purpose of this work, in particular, it will be used for the evaluation of the fuel
formation enthalpy effect on gasification performance.

3.2. Enthalpy Formation Effect
3.2.1. Entrained Bed Reactor

Considering the Shell gasification technology, the carbon conversion degree was
taken as 99.5%. The impact of the enthalpy of coal formation application on the results
of gasification calculations was analysed using the published literature data [30,31], and
related to gasification of coals with a varying degree of coalification (Table 4).

Table 5 and Figure 9 present the adopted data and results of calculations. The computa-
tions were carried out for a steady state, using the ChemCAD process simulator, version 7.

Table 5. Process parameters and results of calculation [26,27].

Parameter Bituminous Coal.
Illinois. No. 6

Subbituminous Coal.
Montana Rosebud. PRB

North Dakota Beulah
Zap Lignite

Coal Input, kg/h (1) 185,222 194,396 250,430
Heat rate, MWth

(2) 1439.5 1322.8 1435.3
Oxygen input, kg/h 147,752 150,725 171,673
Steam input, kg/h 19,111 - -

Enthalpy of coal formation, kJ/kg (daf) (−657.8) (−1758.5) (−2094.6)

Temperature of the process ◦C
According to [26,27] 1459.6 1454.0 1371.0
Results of calculation
w/o fuel enthalpy of formation 1560.7 2005.4 1942.9
w. coal enthalpy of formation 1425.0 1656.2 1577.4

(1)—moisture content 6% (Sub-bituminous coal. Montana Rosebud. PRB), 12% (North Dakota Beulah Zap Lignite), 5% (Bituminous coal.
Illinois. no. 6; (2) based on coal high heating value Qs.
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Figure 9. Difference in the calculation temperatures of coal gasification.

When the enthalpy of formation is not accounted for it results in the overestimation of
process temperatures by 572, 551, and 101 ◦C for lignite, sub-bituminous, and bituminous
coal, respectively. The application of the enthalpy of coal formation results in better
fitting of the calculation results to the published literature data. The obtained relative
difference between calculations and the literature data was −15.1, −13.9, and 2.4% for
lignite, sub-bituminous, and bituminous coal, respectively.

Relatively higher temperature differences in the case of lower rank coals (cases with
application of enthalpy of formation) may be caused by the non-consideration of other
thermal loads of the system, such as losses to the environment or the heat used to produce
medium-pressure steam in the reactor. In the case of sub-bituminous coal and lignite, the
assumed thermal losses of approximately 1% of the fuel chemical enthalpy at the inlet to
the reactor and the heat used to produce medium-pressure steam in the reactor’s shell,
at the amount of 1.9% [30], results in practically identical process temperatures (relative
errors of −3.3 and 0.9%, Figure 10).

Figure 10. Results of the enthalpy of formation calculations. The heat losses to the environment and
the heat necessary to produce medium-pressure steam in the reactor’s shell (sub-bituminous coal
and lignite) have been considered.
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3.2.2. Fluidized Bed Reactor, SES Technology

Model simulations of the fluidized bed reactor were carried out in accordance with
the diagram presented in Figure 3. Coal, with a composition presented in Table 2, was used
in model calculation. Average values, presented in the Table 2, were determined based on
a dozen or so analyses of the fuel composition collected during weeks in the industrial coal
gasification system.

Twelve measuring points for various fuel and gasifying agent streams were taken
into account during the industrial coal gasification plant operation. Table 6 and Figure 11
present the adopted data and results of calculations. The computations were carried out
for a steady state, using the ChemCAD process simulator, version 7.

Table 6. Process parameters and results of calculation.

Parameter Average Range

Coal input, kg/h 13,997.5 16,783–29,392
Heat rate, MWth (1) 200.9 133.2–229.5
Oxygen input, kg/h 12,045.2 8907–13,167
Steam input, kg/h 33,459.3 32,388–35,228
Temperature of the process ◦C 881.1 857–911
Pressure of the process, bar 9.0 8.5–9.4

Enthalpy of coal formation,
kJ/kg daf (−844.8) (−844.6)–(−844.9)

(1) based on coal high heating value Qs.

Figure 11. Difference between the actual and calculation process temperature obtained with and
without the enthalpy of fuel formation.

As the graph in Figure 11 shows, the consideration of the enthalpy of coal formation in
all cases results in lowering the calculation process temperature, resulting in approaching
the actual temperature that exists in the reactor. The difference between the calculation
and the actual temperature, for the model without the enthalpy of formation, on average
was approximately 13% (118 ◦C), while the consideration of the enthalpy of formation in
calculations allows us to reduce it to approximately 6% (51 ◦C). This change translates into
reduction of the simulated process temperature by approximately 67 ◦C.

3.2.3. Fluidized Bed Reactor, DFB Technology, Biomass Gasification

For the DFB the impact was studied of the enthalpy of biomass and char formation
on thermal effects of the process obtained through calculations, using the developed and
experimentally verified model of a biomass fluidized bed gasification reactor [34,38]. The
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characteristic of wood pellets, taken for calculations is presented in Table 3. Table 7 presents
the basic design parameters of the system and the process data taken for calculations.

Table 7. Operational parameters of the novel DFB gasifier [29,30].

Parameter Gasification Reactor

Biomass feed rate, kg/h
- dry (moisture content 7.2%) 21.4
- dry ash free 19.8

Heat rate, MWth
(1) 0.091

Temperature, ◦C 940 (2)–970 (3)

Enthalpy of formation, kJ/kgdaf (−4405)

Circulation rate (kg/h) 334

Steam/biomass (daf) ratio 0.8
(1)—Based on biomass high heating value Qs, (2)—Lower gasification reactor; (3)—Higher gasification reactor.

The application of the enthalpy of biomass and char formation allows us to obtain
proper thermal effects of the process and, as a result, the process gas composition and
the required recirculation of the heat carrier. The results of thermal effects calculation for
biomass pyrolysis (Qpyr) and char gasification (Qgas) for the case with and without the
enthalpy of biomass and char formation are presented in Table 8.

Table 8. Results of thermal effects calculation for biomass pyrolysis and char gasification processes.

Parameter Unit With Enthalpy
of Formation

Without Enthalpy
of Formation

Heat demand for pyrolysis, Qpyr kJ/kg 2335.00 −2003.00
Heat demand for gasification, Qgas kJ/kg 857.00 973.00

Total kJ/kg 3192.00 −1036.00

Circulation rate (heat carrier) kg/h 333.73 −108.27

Omitting the enthalpy of formation in the computing results in unrealistic value of
process parameters. The pyrolysis and, and as a result, the steam gasification process
becomes an exothermic process (heat demand to the reactor is negative), and the value of
heat carrier recirculation in the system has a negative value (−108.3 kg/h; Table 8).

3.3. Pyrolysis Contribution to Gasification Process

In this paragraph the effect of formation enthalpy is discussed in details assuming
that pyrolysis reaction is the first stage of the gasification process. The energy balance for
pyrolysis, in which entire heat demand (Qpyr) must be delivered from the other exother-
mal reactions, can be sketched as follows (Figure 12, Equation (6)). It may be internally
generated in the case of the oxygen blown gasifier or externally in case of steam gasification.

Figure 12. The flow diagram for energy balance of pyrolysis.
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The heat demand for a pyrolysis reaction can be expressed by the Equation (6) assum-
ing that the fuel is fed at the standard temperature. In this case the physical enthalpy of the
feed takes zero value.

Qpyr = ∆fHPpyr + ∆phHPpyr − ∆fHF (6)

The pyrolysis reaction enthalpy at standard conditions (∆rxnHpyr) is defined by
Equation (7).

∆rxnHpyr = ∆fHPpyr − ∆fHF (7)

In the analysis it was assumed that heat losses can be neglected.
Discussing the gasification process it was assumed in this work that it consists of

two stages of fuel transformation: the first one being the pyrolysis reaction which is
non-isothermal stage, and the second one isothermal gasification of pyrolysis products.
(Figure 13). Both take place at the same final temperature regarding an energy balance.

Figure 13. The block diagram of the entire gasification process (Ppyr—intermediate products of pyrolysis stage).

In this case the heat necessary for the reaction of pyrolysis and gasification is generated
internally by exothermic gasification reactions including partial combustion of a char
delivered form the pyrolysis step or gaseous components. Air or oxygen separated from air
with steam can be used for gasification. This means that the total heat demand for pyrolysis
and heating the products to final reaction temperature needs to be covered internally. Total
reaction enthalpy can be expressed as a sum of enthalpy of pyrolysis and enthalpy of
gasification reactions. It results in Equation (8).

∆rxnHproc = ∆rxnHpyr + ∆rxnHgas (8)

Heat generated or demanded in a gasification process equals:

Qgas = −∆rxnHgas −Qpyr (9)

and shows amount of heat which is used only to cover demand of gasification reactions. The
described approach is used for the analysis of different gasification processes performance
in terms of thermodynamic data.

The analysis was carried out for three different gasification processes, using hard coal,
lignite and biomass. For analysis, it was assumed that all fuels have the same moisture
content equal to 7.2%. Fuel composition taken for analysis is presented in Table 9. In
order to balance the analysed processes, appropriate process parameters were calculated,
namely: physical enthalpy, chemical enthalpy and total enthalpy of the stream. For process
performance evaluation, the following parameters were calculated as well: total reaction
enthalpy, enthalpy of pyrolysis and gasification step, heat demand for the pyrolysis and
gasification step, and fuels enthalpy of formation.
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Table 9. Coal characteristic.

Parameter Symbol North Dakota Beulah
Zap Lignite Hard Coal SES Biomass

Content, wt. %
Carbon C 57.42 72.60 47.0
Hydrogen H 3.98 4.24 5.5
Oxygen O 19.44 9.13 39.9
Nitrogen N 1.17 1.16 0.2
Sulphur S 1.17 0.59 0.005
Water W 7.2 7.2 7.2
Ash A 14.31 5.07 0.195

3.3.1. Shell Entrained Bed Gasification

The Shell reactor is an oxygen entrained bed reactor with a dry feed of coal. The energy
balance is presented in Figure 14. The presented balance applies to a system gasifying
250,430 kg/h of coal featuring characteristics presented in Table 9 (North Dakota Beulah
Zap Lignite).

Figure 14. Energy balance of Shell process for lignite gasification per 1 kg of feed material.

In the case of coal processing by Shell technology the energy balance shows that
the enthalpy of lignite pyrolysis amounts to 341.1 kJ/kg and the total heat demand to
raise the temperature to 1509 ◦C is 3084.8 kJ/kg. The enthalpy of gasification reactions is
(−4631.3) kJ/kg. However the most interesting is the relation of heat demand for pyrolysis
and heat demand for gasification reactions. As can be seen the first one is almost twofold
higher then the value of the heat necessary for gasification reaction. This difference is
largely created by the value of the formation enthalpy of coal, which needs to be balanced
with a suitable amount of heat delivered to the pyrolysis stage and high final reaction
temperature. The share of formation enthalpy in heat demand for pyrolysis is almost 68%.
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3.3.2. SES Fluid Bed Gasification

Synthesis Energy Systems, Inc. [27] gasification technology (SGT) offers a flexible way
to convert lower quality fuels into syngas. A minimal LHV for a fuel to be converted in a
entrained bed reactor is 18 MJ/kg but in a fluid bed reactor can be as low as 14 MJ/kg due
to higher reactor inventory caused by fluid bed.

The energy balance is presented in Figure 15. The presented balance applies to a
system gasifying 27,856.46 kg/h of coal with characteristics presented in Table 9.

Figure 15. Energy balance of SES process for subbituminous coal gasification per 1 kg of feed material.

In the case of coal processing by SES technology, the energy balance shows that the
heat demand for pyrolysis to raise the temperature to 940 ◦C is 2062.0 kJ/kg. The heat
demand for gasification reactions is 1991.6 kJ/kg. This means that in this case the values
are comparable. This is a result of much lower formation enthalpy of coal than in a Shell
case and a lower final temperature of reaction. However, it is relevant that the share of
formation enthalpy is substantial as well amounting to almost 40% of heat demand for the
pyrolysis stage.

3.3.3. Biomass Gasification in a Dual Fluid Bed Reactor

The DFB steam gasification of biomass produces a nearly nitrogen-free medium
calorific product gas from solid fuel. The technology was developed mainly to use biogenic
feedstock. Fluidized bed technologies offer high levels of fuel flexibility relative to other
gasifiers. The gasification medium is pure steam without any addition of oxygen. The
heat for the reaction is generated by the combustion of remaining char and transferring
heat with circulating hot sand. The process block diagram following a two-step concept is
presented in Figure 16.
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Figure 16. Energy balance of dual fluidized bed (DFB) process for sub-bituminous coal gasification per 1 kg of feed material.

In the case of biomass processing, which was described in detail in [34], the energy
balance shows that heat demand to raise the temperature to 850 ◦C is 2335.5 kJ/kg (which
is close to that for the SES process). However, this is achieved at very high value of
enthalpy of formation, which is in this case (−4746.8) kJ/kg. This means that in the thermal
decomposition process an exothermic reaction takes place to an extent greater than in the
case of coal. This effect covers heat demand for the compensation of formation enthalpy.
On the other hand, the heat demand for gasification is much higher than in the SES case
due to highly endothermal reactions of steam gasification. As presented, the heat demand
for a process is mainly gasification reactions driven. It should be also noted that without
formation enthalpy the energy balance of pyrolysis would deliver a negative value of heat
of pyrolysis and the process would be self-sustained in terms of an internal heat source.
However, this is not the case in a real situation.

4. Conclusions

Considering thermodynamic analysis of the gasification process it was assumed that
it is composed of two successive stages, namely: pyrolysis reaction followed by a stage of
gasification reaction. An intensive thermal decomposition (pyrolysis) of the organic matter
dominates in the first period of fuel processing and because of that oxygen has no access to
the solid residue, i.e., char. Only after the release of volatile matter can the oxygen react
with it in the gaseous phase or with the char formed in the heterogeneous phase. This
approach allows us to formulate the models of a selected gasification processes dominating
in industrial applications. The data used for analysis were collected from industrial-scale
operation units in case of Shell and SES gasification. In the case of biomass gasification,
DFB demonstration-scale data were used.

Analysis of the energy balance, which is necessary for process modelling, leads to
the conclusion that the enthalpy of fuel formation is essential for the correctness of the
computed results. There was not a clearly validated formula on enthalpy of formation,
which can be used for an entire range of fuels, i.e., from coal to biomass and wastes. This
work delivers the computational formula for wide range of fuels enthalpy of formation,
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and discusses the impact of the enthalpy of formation on results of gasification process
modelling in terms of energy balance. The obtained results have been compared against
available literature data collected on real demonstration and industrial systems of coal or
biomass gasification.

Different configurations of process analysis for thermodynamic modelling were devel-
oped and suitable ChemCAD based computing was performed to show the conditions for
model validation. It was shown that in all three cases the enthalpy of formation play an
important role, particularly related to the fuel rank.

Splitting the gasification process into two stages the following categories were evalu-
ated in terms of energy balance:

• Total reaction enthalpy;
• Enthalpy of pyrolysis stage;
• Enthalpy of gasification stage;
• Heat demand for pyrolysis reaction;
• Heat demand for gasification reactions.

In all cases the effect of enthalpy of formation was under consideration.
Total reaction enthalpy is very much dependent on the value of fuel formation enthalpy.

It is clearly noticeable that the higher the enthalpy of the reaction the higher the formation
enthalpy and this is not dependent on the final temperature of the process. Enthalpy of the
pyrolysis stage is always positive as this is an endothermic reaction. However, the effect
for biomass is more than twice greater than for coal.

The most interesting are the results of comparable energy analysis of the considered
processes assuming the same moisture content in a fuel. In this case, the heat demand for
pyrolysis and gasification separately were identified.

Considering the Shell process it was shown that the relation of heat demand for
pyrolysis is almost twice greater than that of the heat necessary for gasification reaction.
This difference is largely created by the value of formation enthalpy of coal, which needs
to be balanced with a suitable amount of heat delivered to pyrolysis stage and high final
reaction temperature. The share of formation enthalpy in heat demand for pyrolysis is
almost 68%.

In the case of coal processing by SES technology, the energy balance shows that
the values of both parameters are comparable. This is a result of much lower formation
enthalpy of coal than in a Shell case and lower final temperature of the reaction. However
what is relevant is that the share of formation enthalpy is still substantial, amounting to
almost 40% of heat demand for pyrolysis stage.

In the case of biomass processing heat demand for pyrolysis is close to that for the SES
process. However, this is achieved at a very high value of enthalpy of formation, which
is almost fivefold greater (−4746.8) kJ/kg. It means that in the thermal decomposition
process some exothermic reactions take place to an extent greater than in the case of coal.
This effect covers heat demand for the compensation of formation enthalpy. On the other
side, the heat demand for gasification is much higher than in the SES case due to the
highly endothermal reactions of steam-based gasification. As presented, the heat demand
for a process is mainly gasification reaction driven. It should be also noted that without
formation enthalpy the energy balance of pyrolysis would deliver a negative value of the
heat of pyrolysis and the process would be self-sustained in terms of an internal heat source.
However, this is not the case in a real situation.

Concluding, it should be stated that thermodynamic analysis of fuel gasification
needs to be performed with a good knowledge of enthalpy of formation and an in depth
understanding of the process. It is valuable to analyse it in terms of a two-stage process,
namely: pyrolysis and gasification reactions. This delivers crucial information on the
energy balance in subsequent stages of the fuel conversion.
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List of Symbols

Symbols
∆H enthalpy difference
ν stoichiometric coefficient
Q heat
θ oxygen content
Subscripts
rxn reaction
f formation
t total
pyr pyrolysis
gas gasification
daf dry and ash free
th thermal
ph physical
proc process
c combustion
F feed
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