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Effect of Colombian coal rank and its feeding technology 
on substitute natural gas production by entrained 
gasification

Efecto del rango de carbones colombianos y su tecnología de 
alimentación en la producción de gas natural sustituto, mediante 
gasificación en lecho arrastrado

Efeito da gama de carvões colombianos e sua tecnologia de 
alimentação na produção de gás natural substituto, mediante 
gaseificação em leito arrastado

Juan Fernando Pérez-Bayer*

Rolando Barrera-Zapata**

Carlos Alberto Salazar-Jiménez***

Abstract

The effect of coal rank (from sub-bituminous to semi-anthracite) and type of fuel feeding technology (slurry and dry) on 

mines were selected. The process is modeled under thermochemical equilibrium using Aspen Plus, and its performance 

meets the natural gas (NG) quality standards in Colombia, the substitute gaseous fuel could be directly transported through 
pipelines. Therefore, the coal-to-SNG process is a technically feasible and unconventional alternative for NG production.

Key words
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Resumen

Presenta los resultados de un estudio del efecto del rango del carbón usado (desde subbituminoso hasta semiantracita) 
y de la tecnología de alimentación (seca o húmeda) sobre el proceso de producción de gas natural sustituto (GNS) en 

*  Ph.D. Universidad de Antioquia (Medellín-Antioquia, Colombia). jfernando.perez@udea.edu.co.

** Ph.D. Universidad de Antioquia (Medellín-Antioquia, Colombia). rolando.barrera@udea.edu.co.

*** M.Sc. Celsia S.A. ESP. (Barranquilla-Atlántico, Colombia). csalazar@celsia.com.

Juan Fernando Pérez-Bayer - Rolando Barrera-Zapata - Carlos Alberto Salazar-Jiménezo

. pp. 41-53



42 Revista Facultad de Ingeniería (Fac. Ing.), Enero-Abril 2016, Vol. 25, No. 41

Effect of Colombian coal rank and its feeding technology on substitute natural gas production by entrained gasification

rendimiento del proceso se evaluó en términos de parámetros de salida, que incluyen el poder calórico del GNS, el índice 

de producción de GNS, entre otros. En orden descendente, el proceso carbón-GNS mejora energéticamente con el uso de 

transportarse directamente por gasoductos. Por lo anterior, es técnicamente viable considerar el proceso carbón-GNS como 

una alternativa no convencional para la producción de GN.

Palabras clave

alimentación del carbón, Aspen Plus.

Resumo

Apresenta os resultados de um estudo do efeito da gama do carvão usado (desde sub-betuminoso até semi-antracita) e da 

do processo avaliou-se em termos de parâmetros de saída, que incluem o poder calórico do GNS, o índice de Wobbe, a 

Consequentemente, é tecnicamente viável considerar o processo carvão-GNS como uma alternativa não convencional para 
a produção de GN.

Palavras chave:
alimentação do carvão, Aspen plus.

Nomenclature

ASTM: American Society for Testing and Materials

C
n m

O
p
N

q
S

r
: Coal substitution formula

D-FT: Dry coal feeding technology
ER: Equivalence ratio (oxygen/coal)
ER

absolut
: Real oxygen/coal ratio

ER
stq

: Stoichiometric equivalence ratio (oxygen/coal)

i

Nm3)

MMCFD: Million cubic feet per day
M

i
: Molecular weight for substance i (kg/kmol)

i
m

NG: Natural Gas

R/P: reserves to production ratio (years)
S-FT: Slurry coal feeding technology (S-FT)
SNG: Synthetic or substitute natural gas
UPME: Colombia Mining and Energy Planning Unit

WGSR: Water-gas shift reactor
WI: Woobe index (MJ/Nm3).

i
: Mass fraction of substance i (%)
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I. INTRODUCTION

According to the Colombian Mining and Energy 

Planning Unit (UPME), the NG consumption in 

Furthermore, the existing gas reserves and production 

reports in Colombia indicate that local demand of 

it is necessary to search for alternatives to reduce NG 

primary energy consumption in the country [2]. Coal 

the world, with a reserves-to-production ratio (R/P) of 

around 126 years. In addition, coal is a decentralized 

resource with lower cost than oil and gas [3]. In 

Colombia, which has the largest coal reserves in Latin 

the world, coal production has experienced an annual 

nowadays the country exhibits a 91 years R/P ratio. On 

the other hand, coal price has been declining from its 

outlook fosters the use of coal as an alternative fuel for 

shortages of NG in Colombia.

The quality of the coal, i.e., coal rank, reactivity, heating 

et al.

and sub-bituminous coals with petroleum coke in a 

bituminous coal (high moisture and volatile content) + 

the char from lignite was slightly more reactive than 

the char from sub-bituminous coal. Karcz and Porada 

reported that the mid-range coals produced the highest 

coal conversion rates. Lee et al.

effect of four different bituminous coals in the SNG 

conversion is directly proportional to the temperature 

higher volatile content reached the higher conversion 

et al. [11] modeled an IGCC plant 

in Aspen Plus, using two technologies (Shell D-FT 

rank using S-FT. Yun et al. [12] evaluated the effect 

of nine types of coal on IGCC Korean power plants, 

recommending the selection of coals with low ash 

content, low sulfur content, high VM/FC ratio, and low 

coal slag viscosity. Gräbner and Meyer [13] analyzed 

the coal rank effect (standard and high-ash content 

were reached with ConocoPhillips (S-FT) and Shell 

(D-FT) using the standard coal. Kunze and Spliethoff 

the effect of the fuel feed system (S-FT and D-FT) 

The literature review indicates, thence, that the effect 

of coal rank on the SNG production process by means 

been fully investigated.

The aim of this work is, therefore, to perform a detailed 

analysis on the coal-to-SNG process with ten different 

Colombian coal rank (from sub-bituminous to semi-

anthracite, covering the whole range of coal produced 

in Colombia [5]) and different solid fuel feeding 

thermo-equilibrium model as simulation tool [15]. 

The characterization of coal used is shown in Table I 

and corresponds to coal samples from mines located 

in different Colombian states: Cesar, Santander, 

Cundinamarca, , and Cauca [16]. The 

Wobbe Index. These parameters can be used to select 

coal and fuel feeding technology using optimization 

process criteria. Furthermore, the energy analysis 

described in this work contributes to assess global 

alternatives for the unconventional NG production.
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TABLE I

CHEMICAL CHARACTERIZATION OF SELECTED COLOMBIAN COAL

Parameter / 

Code C1 C2 C3 C5 C6 C9

Proximate analysis

VM 21,9 11,22

FC 59,99

Ashes 6,5 12,33 13,19

Moisture (%wt) 3,12

Ultimate analysis i

C 53,51

5,56 5,66

N 1,59

O 19,63

S 1,36 1,1

Ashes 6,5 12,33 13,19

i(kJ/kg) 31115

i

Campo Alegre (semi-anthracite).

II. METHODOLOGY

A. Model description and simulation details

Figure 1 displays the model used to simulate coal-to-

SNG process. In the slurry-feed technology (S-FT) 

the coal is supplied as a mixture of coal and water to 

[15]. The dry-feed technology (D-FT) model, on the 

other hand, considers feeding dry coal and CO
2
 as gas 

are comparable to the slurry-feed process taking 

processes, i.e., the model for the D-FT considers just 

FIG. 1. Block diagram of the coal-to-SNG production by 
et al. [15].

The main assumptions in the Aspen Plus models are: 
steady-state, chemical equilibrium approach (Gibbs 

and complete transformation of coal ash into slag. 
A detailed description of the model implemented in 
Aspen Plus to simulate SNG production by means of 

presented elsewhere [15]. The relationships used in the 
calculation of the energy parameters to characterize 

Table II [5].



45Revista Facultad de Ingeniería (Fac. Ing.), Enero-Abril 2016, Vol. 25, No. 41

Juan Fernando Pérez-Bayer - Rolando Barrera-Zapata - Carlos Alberto Salazar-Jiménezo

TABLE II

RELATIONSHIPS FOR THE CALCULATION OF COAL PROCESSING ENERGY PARAMETERS

Parameter Relationship Eq.

Equivalence Ratio 

(ER) (1)

S t o i c h i o m e t r i c 

Equivalence Ratio 

(ER
stq

)

Considering the stoichiometric reaction:
(2)

Coal Conversion 

CCE, 

%)

(3)

Cold Gas 

%)

(PE, %) (5)

SNG higher heating 

SNG
)

(6)

(GE, %)

Wobbe Index, WI 

(MJ/Nm3)
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coals) and fuel feeding technology (2 different 

feeding technologies) on the coal-to-SNG process, a 

simulation is conducted under constant ER. The ER 

The ER values used in this work were set according 

described in technical reports available in the literature 

around 125 ton/h. Moreover, our goal is to simulate 

make the project feasible in Colombia [15]. Thereby, 

it is considered that the coal-to-SNG plant will use 

conditions used to simulate both feeding technologies 

in Aspen Plus are presented in Tables III and IV.

agent fed to the process to achieve the desired ER for 

each coal rank (composition) and feeding technology, 

by the model as a function of the input parameters. 

therefore, two temperatures associated to each stage 

are calculated. The dry-feed reactor is modeled as a 

amount of water required in the water gas shift reactor 

2

 yields 

was estimated with a sensitivity analysis in Aspen 

in Table IV for both feeding technologies, regardless 

of the coal type. The as-received-coal to water ratio 

simulations. The CO
2 

Pressure and temperature in the WGSR, as well as in 

the methanation reactor were constant and were taken 

from the literature [15].

TABLE III

OPERATING CONDITIONS USED IN SIMULATIONS CONDUCTED TO STUDY THE EFFECT OF THE TYPE COAL

C1 C2 C3 C5 C6 C9

O
2

136,1 132,1

1322 1222

911 916

Steam to WGSR (ton/h) 66,5 62,2 69,3 111,2

O
2

195,3 155,2 163,3

1336 1259 1522 1199

Steam to WGSR (ton/h) 199,1 169,9

*Operating temperature estimated from simulations.
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TABLE IV

OPERATING CONDITIONS USED IN SIMULATIONS 

CONDUCTED TO STUDY THE EFFECT OF THE 

FEEDING TECHNOLOGY

Operation condition
Feeding technology

Slurry Dry

--

CO
2

-- 153,23

--

Pressure WGSR (bar)

Temperature WGSR (°C)

Pressure methanation (bar)

Temperature methanation (°C)

III. RESULTS AND DISCUSSION

syngas
, cold 

are presented as a function of the ultimate analysis 

coal
, and proximate analysis 

(VM/FC ratio), for all coal types and feeding 

syngas
 ranges from 

9 to 12 MJ/Nm3, Figure 2a and 2b, the higher values 

2
 and 

ER than D-FT the formation of combustible gases is 

syngas

coal
, because the chemical equilibrium of the 

reactions involved in the production of combustible 

2 2 2 2
O 

2

2
 is related to 

the higher concentration of reactive components such 

diminishes with higher oxygen content in the coal, 

which leads to a decrease of the content of combutible 

gases in the syngas. In this work similar results were 

observed (Figure 2a and 2b). Therefore, it is concluded 

ratio produce a syngas with higher energy density 

syngas

raw materials that produce syngas with the highest 

syngas

content and lower oxygen content (Table 1), and to the 

coal
.

with a slight trend to improve with the elemental 

(slurry or dry). On the other hand, an increase in CGE 

with VM/FC ratio is noticed (see Figure 2d), which 

with higher VM content in the solid fuel (Figure 2e).

VM is a consequence of the higher coal conversion 

and reactivity with the increase in volatile matter [16]. 

Therefore, there is a raise in the amount of volatile 

compounds released in the pyrolysis stage which leads 

to lower amount of char to react in further reaction 

In regard to the feeding technology, S-FT achieves 

higher CGE values, around 3% larger than D-FT (Figure 

the higher concentration of CO produced by the D-FT. 

In general, CGE values are comparable in both feeding 

technologies. Notwithstanding, the composition of 

the syngas varies with feeding technology, which is 

of great relevance for the performance of the global 

process when further processing units are considered 

(i.e., WGSR and methanation).

The concentration of gaseous fuels increases with 

coal
content 

2
 molar ratio is desired for further 

because of the lower amount of CO required to shift 

2 2
/

2 2
O). Moreover, the lower 

2
 molar ratio reduces the carbon losses due to 

CO
2 2

O ó CO
2 2

). 

Therefore, S-FT requires around 65% of the syngas 

produced reacting with water in the WGSR, while the 

WGSR.
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FIG. 2.

B. SNG production process (transformation of 

syngas to SNG)

The feeding technology and type of coal do not have 

SNG
 (average 39.3 

MJ/m3) and WI (average 52.9 MJ/m3) at the outlet of 

the process. SNG yield at the outlet of the process is 

quite similar for both technologies and all types of 

2
/CO 

to the methanation stage. It can be concluded that 

SNG produced in all scenarios meets the NG quality 
3 

NG 
3 3 < WI

NG

3), 

required for being directly transported by pipeline 

[22].
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FIG. 3.
coal

) for slurry (s) and dry (d) fuel feeding technologies

The energy parameters that characterize the SNG 

coal
 

and the effect of feeding technology, on PE, GE and 

CCE are analyzed. No clear relationship is observed 

between coal type and PE (i.e., SNG energy/syngas 

energy). This behavior is expected because the coal 

characterization is not directly involved in the PE 

calculation (Eq. (5)). Even when coal characterization 

SNG syngas
, no clear 

 (average 

2 
in the syngas, which translates 

into diminishing coal losses by CO
2
 formation in 

19], which were used in the simulations, the ER of the 

The lower value in the former is a consequence of 

2
) in 

of paramount importance for the further methanation 

process [23]. A clear relationship between global 

syngas 

production.

Regarding the proximate analysis, an increase of GE 

with VM/FC ratio is observed, due to the higher syngas 

production associated with the volatile matter content 

ratio), the larger the process GE because of the higher 

et al.

found similar results, stressing the higher reactivity 

associated with low rank coals and its positive effect 

2 
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FIG. 4. Effect of coal-type and fuel feeding technology [slurry (s) and dry (d)] on energy parameters of coal-to-SNG 

the operating conditions of the technologies: the slurry 

one reaction step and oxygen-CO
2
 as gasifying agent. 

The difference of ER and gasifying agent leads to 

 in the syngas. Furthermore, 

 concentration in the syngas affects directly the 

production of SNG because this species does not react 

in the WGSR (differently from CO, which reacts with 

2 2
 and CO

2

production capacity increases in the process by lower 

losses of coal as CO
2 
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FIG. 5.

steam required in the process

Similarly, CCE is affected by the coal type, i.e., 

ultimate analysis, and the coal heating value. 

As described previously, increasing the reactive 

coal
), the 

amount of gaseous fuels in the syngas is favored. 

Therefore, CCE increases due to the higher syngas 

bituminous coals reach lower GE and CCE despite 

of its low reactivity, associated with higher ash 

capacity to transform a solid fuel to a gaseous one.

Coal C3 (sub-bituminous B) displays a CCE 19% 

higher in the dry process than that in the slurry 

VM and lower ash content, as well as the higher CO 

concentration in the syngas reached with the D-FT. 

Therefore, a higher amount of steam is required in 

the WGSR and thus SNG increases because increases 

the amount of reactants. Based on the GE, coals with 

higher VM/FC ratio and low ash content (i.e., more 

reactive coals) lead to higher coal conversion in the 

thermochemical process. GE is also favored with 

slurry-feed technology. The best performance is 

reached by fuel with higher volatile content, such as 

see equation 3. Figure 5a shows that SNG volumetric 

the higher carbon and hydrogen present in the reaction. 

This trend would explain the relationship found 

between CCE and the elemental coal composition 
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The SNG production rate tends to increase with 

coal
 (Figure 5b), as a consequence of the higher 

gaseous fuel concentration in the syngas that leads to 

larger amounts of steam required in the WGSR, to shift 

2
. Therefore, while increasing the amount 

of reactants an increment in the SNG production is 

obtained. The steam required in the WGSR is shown 

in Figure 5c.

As previously discussed, the amount of steam used in 

2
/

concentration. The SNG 

production process with S-FT requires between 66.5 

and 135 ton/h of steam, while the D-FT requires 

is a consequence of the higher CO concentration in 

2| syngas

2

2|syngas

energy parameters in the SNG production process 

descending order of importance) with higher coal 

coal
.

IV. CONCLUSIONS

The effect of coal type and F-FT on the SNG production 

process has been evaluated in this study, by simulating 

ten Colombian coals from sub-bituminous to semi-

anthracite. According to the results, the following 

conclusions can be drawn.

1. The CGE increases with VM/FC ratio, due to high 

levels of coal conversion by higher reactivity. On the 

other hand, coals with higher ash content achieve 

lower SNG production because the syngas production 

capacity diminishes with higher inert material in coals.

SNG
 

differences between the different types of coal were 

2

for all coals previous to the methanation stage. The 

The SNG produced by simulation meets the quality 

standards for Colombia NG and, therefore, can be 

directly transported by pipeline.

SNG
 and WI 

favorably. Notwithstanding, these coals do not reach 

the higher yields by themselves. This is due to their 

coal
 (i.e., with 

than D-FT for the SNG production, which may be 

ascribed to the better quality of the syngas produced 

 is 

D-FT because of the absence of steam as a gasifying 

2|dry 
ratio 

2

2 | Slurry

2
 concentrations 

leads to increase the GE and PE.

5. The best energy parameters for the SNG production 

with higher VM/FC ratio, lower ash content, higher 

coal
, in descending order 

of importance. The coals with better yields were: C3 

and C9 (high volatile A bituminous). On the other 

hand, coals with lower energy performance, lower 

SNG conversion rate and lower SNG production (less 

such as C5 (high volatile A bituminous), C6 (medium 
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