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Abstract: In this study, dimethyl ether (DME) syngas using a biomass pyrolysis reactor was produced. Gas production 

parameters, including pyrolysis temperature (PT), pumping frequency (PF) of the root blower, and the feeding rate (FR) 
of the pyrolysis chain motor, were optimised. The H2 and CO content of the biomass gas, as well as the H2:CO ratio, 
were examined. The relationship between gas production parameters and the biomass gas content was analysed using 

grey relational analysis (GRA). The result shown that PT had the greatest effect on H2 and CO content and the H2:CO 
ratio of the biomass gas. FR was the second most influential parameter, followed by PF. CO content was influenced 
most by the three parameters. The optimal DME syngas H2:CO ratio was approximately 2, and this ratio was improved 

using GRA, which increased the H2 and CO content as well as the H2:CO ratio during DME synthesis from biomass gas. 
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INTRODUCTION  

Biomass energy is a renewable energy source that 

can be transported and used in liquid form. Biomass 

offers the possibility to produce carbon-neutral fuels 

and thus plays an important role in the development 

and utilisation of renewable energy sources [1-3]. The 

conversion of lignocellulosic biomass, such as residual 

wood or straw, into synthetic fuels and chemicals is 

currently being examined using the bio-liquid concept 

[4]. CO2 emissions from the transportation sector can 

be reduced by increasing the use of biofuels, especially 

when the biofuels are produced from lignocellulosic 

biomass and biofuel crops [5-7]. As an alternative fuel, 

dimethyl ether (DME) can address energy security, 

energy conservation, environmental concerns, and the 

rapid depletion of petroleum reserves [8]. Because of 

its oxygen content and improved combustion, as well 

as the lack of carbon–carbon bonds, DME burns 

cleaner than oil-derived diesel and can be used for 

domestic applications [9,10].  

DME can be produced from biomass syngas in a 

two-stage fixed bed [11] or using a single-step process 

[12]. Gasification of forestry and agricultural residues 

can also be used for DME syngas production [13,14]. 

DME syngas production can be achieved using low-

temperature gasifiers, nitrogen dilutes gasifiers, steam 

and oxygen blown circulating fluidised bed gasifiers,  
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and steam and oxygen blown gasifiers [15-17]. 

However, few studies have generated syngas directly 

from biomass gasification. Lv et al. studied syngas 

production from biomass-derived char, oil, and gas and 

intended to explore syngas production from direct 

biomass gasification, which may be more economically 

viable [18]. At this time, the relationship between gas 

production parameters and gas content has not been 

analysed. 

In the study, a biomass pyrolysis reactor was 

designed to produce DME syngas in the absence of 

oxygen. The experiment indicated that gas production 

parameters affected the H2 and CO content, and also 

observed some inter-influence between different 

parameters. Although the gas production parameters 

(pyrolysis temperature (PT), pumping frequency (PF) of 

the root blower, and the feeding rate (FR) of the 

pyrolysis chain motor) and the gas composition (H2 

content, CO content, and H2:CO ratio) are related, 

quantitative analysis remains difficult. Grey relational 

analysis (GRA) offers several advantages over 

traditional regression analysis, including minimal data 

requirements, simplicity of use, and reasonable 

projected outcomes [19]. The Grey theory has been 

applied previously to energy-related studies. Lu et al. 

[20] used GRA to explore the dynamic characteristics 

of different factors affecting the transportation system 

and to evaluate the relative influence of fuel price, 

gross domestic product, number of motor vehicles, and 

travel distance. Lee et al. [21] proposed a perspective 

of multiple objective outputs to evaluate the energy 

performance of 47 office buildings and then used the 
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multiple-attribute decision-making approach of GRA to 

rank their energy performance. This case study 

illustrated the effectiveness of GRA. Chang et al. [22] 

used GRA to investigate how energy-induced CO2 

emissions from 34 industries were affected by the 

production and use of coal, oil, gas, and electricity. 

Sensitivity and stability tests (seldom discussed in most 

GRA studies) were conducted to enhance the reliability 

of the outcomes. In addition, Yuan et al. [23] examined 

the relationship between China’s energy consumption 

and economic growth. In the present study, GRA was 

used to investigate the inter-relationships among gas 

production parameters and gas composition. The 

purpose of this study was to identify conditions that 

increase H2 and CO production and achieve a 

reasonable H2:CO ratio, which can allow biomass 

resources to be used for DME generation. 

EXPERIMENTS 

Biomass Pyrolysis Reactor 

DME syngas production using a gasifying device is 

required for synthesis. Thus, a biomass pyrolysis 

reactor was designed to produce DME syngas. 

Pyrolysis is thermal decomposition in the absence of 

oxygen. Low process temperatures and long vapour 

residence times favour the production of charcoal, high 

temperatures and long residence times increase 

biomass conversion to gas, and moderate 

temperatures and short vapour residence times are 

optimal for producing liquids. Figure 1 shows a 

schematic diagram and photographic view of the 

pyrolysis reactor used in this study, which consisted of 

a biomass feeder, a heater, a charcoal outlet, a motor 

for the pyrolysis chain, a gas outlet, and a cooler. 

Biomass pellets entered the pyrolysis reactor via the 

biomass feeder, and the residence time in the reactor 

was adjusted by controlling the pyrolysis chain motor. 

Gas product was drawn out using the root blower, 

charcoal production was obtained from the charcoal 

outlet, and bio-oil was obtained from the exhaust 

smoke after cooling.  

The control system of the pyrolysis reactor 

modulated the PT, PF, and FR to alter the gas content 

and composition. PT, PF, and FR were the main 

regulating parameters of the pyrolysis reactor. 

Materials 

Corn stalk pellets from a straw fuel plant in Henan 

province of China were used as biomass fuel for all 

tests. The average corn stalk pellet diameter and 

density were 8 mm and 1.1 t/m
3
, respectively. Table 1 

presents the proximate and final properties and final 

composition analyses for this pellet fuel. The volatile 

matter and fixed carbon contents were about 70% and 

18%, respectively. The pellets had low ash and sulphur 

contents. 

PROCEDURE AND TEST RESULTS 

Gas composition from biomass pyrolysis reactor 

was analysed using two gas chromatograph (GC) 

apparatuses (GC-9800-TCD-FID, China). Gases 

analysed by the first GC were H2, O2, N2, CO, CH4, and 

 

Figure 1: Pyrolysis reactor. (a) Schematic diagram of the reactor and (b) photographic view of the reactor. 
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CO2. The first GC used a carbon molecular sieve 

(TDX-01) as a separation column, He as the carrier 

gas, and a thermal conductivity cell (TCD) detector. 

Gases analysed by the other GC were CH4, C2H4, C2H6 

and C
3+

. The second GC used a Porapak Q (PQ) 

separation column, N2 as the carrier gas, and a flame 

ionization detector (FID). Post-gasification analyses of 

the corn stalk pellet and charcoal from the corn stalk 

pellet were carried out using an automatic ultimate 

analyser (EA3000, Italy). LHVs for pellets, pellet 

charcoal, and bio-oil were obtained using a rapid 

screening device (5E-KCIII, China). Additional analyses 

of the properties of pellets and pellet charcoal were 

carried out using an automatic proximate analyser (5E-

MAC/GIII, China). 

Gas from the biomass pyrolysis reactor flowed 

through a condenser and a root blower, and finally into 

the gas tank for DME storage or into the gas 

chromatogram for analysis. The PT and FR in the 

pyrolysis reactor, cooling rates upon condensation, and 

the PF of the root blower were all centrally controlled 

(Figure 2).  

Gas production parameters and gas compositions 

are provided in Table 2. 

GREY RELATIONAL ANALYSIS 

Methodology 

The purpose of GRA is to explore the qualitative 

and quantitative relationships among abstract and 

complex sequences, to capture their dynamic 

characteristics during the development process, and to 

measure the relative influence of the compared series 

on the reference series [24,25].  

Table 1: Properties and Final Composition Data of Corn Stalk Pellets (Air Dry Basis) 

Properties (wt%) Analysis of Final Composition (wt%) LHV (MJ kg
-1

) 

V FC A M C H O N S 

71.45 17.75 5.93 4.87 39.04 6.16 42.76 1.05 0.19 
16.80 

V: volatile; A: ash; FC: fixed carbon; M: moisture. 

 

Figure 2: Schematic diagram of the biomass pyrolysis reactor and subsidiary facilities. 
 

Table 2: Gas Production Parameters and Content under Different Conditions 

Number of test 
 

1 2 3 4 5 6 7 8 

PT (ºC) 382 423 395 460 511 505 476 492 

PF(Hz) 5.0 5.9 5.3 5.8 6.0 7.7 7.0 5.5 

Gas  

production 
parameters  

FR( r min
-1
) 100 150 180 120 300 270 320 230 

H2(vol. %) 23.20 34.06 31.22 35.89 36.31 33.65 30.18 32.37 

CO(vol. %) 19.63 25.38 22.10 26.52 25.81 25.76 24.23 26.01 Gas content 

H2:CO 1.182 1.342 1.413 1.353 1.407 1.306 1.246 1.245 
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(1) Standardized treatment 

Assume that X0 = {x0(k), k = 1, 2, …, n} is the 

sequence of parameters, Xj = {xj(k), k = 1, 2, …, n} (j = 

1, 2, …, m) is the sequence of sub-parameters, n is the 

length of the sequence, i.e., the number of data points, 

and m is the number of sub-parameters. The 

dimensions and units of the original statistical data 

index are different; thus, the original data shall be 

subject to a dimensionless standardized treatment. The 

standardized treatment involves the use of an initial 

value, a mean, and a regional value. The regional 

value used in this paper is defined as follows: 

  

x
j

k( ) =
x

j
k( ) min x

j
(k)

max x
j
(k) min x

j
(k)

         (1) 

(2) Calculation of the relational coefficient 

The Grey relational coefficient is defined as the 

following: 

  

0 j
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min
j

min
k

x
0

k( ) x
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j
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k

x
0

k( ) x
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x
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For the identification coefficient, 
 

0,1 ; 
 

= 0.5  

is commonly used. 

 (3) Calculation of the relational degree 

The relational degree indicates the relational 

between two sequences, or the mean value of the 

relational coefficients. The relational degree (r0j) 

between the sub-sequence (j) and sequence (0) is:  

  

r
0 j
=

1

n 0 j
k=1

n

k( )            (3) 

(4) Sequencing of the relational degree 

Arrange the relational degrees of m sub-sequences 

in the same sequence, to compose the relational order 

and reflect the relational degree of each sub-sequence 

to sequence. If there are t sequences {Y1}, {Y2}, …, {Yt} 

(t  1) and m sub-sequences {X1}, {X2}, …, {Xm} (m  

1), then the relational degree of each sub-sequence to 

sequence {Y1} is [r11, r12, …, r1m], and the relational 

degree of each sub-sequence to sequence {Yt} is [rt1, 

rt2, …, rtm], in which (i = 1, 2, …, t; j = 1, 2, …, m). The 

resulting relational degree matrix, R, is given below: 

 R = r
ij( ) =

r
11

r
12

... r
1m

r
21

r
22

... r
2m

... ... ... ...

r
t1

r
t2

... r
tm

          (4) 

In the Grey relational matrix, the elements in row i 

are the Grey relational degrees of sequence (Yi) to 

each sub-sequence {X1}, {X2}, …, {Xm}; the elements in 

line j are the Grey relational degrees of each sequence 

{Y1}, {Y2}, …, {Yt} to sub-parameter {Xj}. If every 

element in one line of R is higher than that in other 

lines, then the sub-parameter in this line is the superior 

sub-parameter. If every element in one row of R is 

higher than that in other rows, then the parameter in 

this row is the superior parameter.  

Relational Analysis 

The gas production parameters and content (Table 

2) after the standardised treatment according to Eq. (1) 

are listed in Table 3. 

According to Table 3 and Eq. (2), the number of 

tests was used as the x-coordinate, and the grey 

relational coefficient was used as the y-coordinate. 

Calculation of the grey relational coefficients of each 

sequence to each sub-sequence is shown in Figures 3-

5. 

Table 3: Gas Production Parameters and Content after Data Standardisation 

Number of test 
Relational sequences 

1 2 3 4 5 6 7 8 

X1 0 0.3178 0.1008 0.6047 1.0000 0.9535 0.7287 0.8527 

X2 0 0.3333 0.1111 0.2963 0.3704 1.0000 0.7407 0.1852 
Gas production  

Parameters  

X3 0 0.2273 0.3636 0.0909 0.9091 0.7727 1.0000 0.5909 

Y1 0 0.8284 0.6117 0.9680 1.0000 0.7971 0.5324 0.6995 

Y2 0 0.8345 0.3585 1.0000 0.8970 0.8897 0.6676 0.9260 Gas content 

Y3 0 0.6926 1.0000 0.7403 0.9740 0.5368 0.2771 0.2727 
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Figure 3: Grey relational coefficient of Y1 and X1,X2,X3.  

 

 

Figure 4: Grey relational coefficient of Y2 and X1,X2,X3. 

 

 

Figure 5: Grey relational coefficient of Y3 and X1,X2,X3. 

 

Based on Figures 3-5, the relational degree 

between the sequence and the sub-sequence can be 

obtained based on the area formed by each relational 

coefficient and x-coordinate. However, the relational 

degree was not obvious and requires further 

investigation. 

According to Eq. (3) and (4) and the above 

calculated data (Table 3), the relational degree of gas 

production parameters to gas content is as follows: 

The relational degree of each gas production 

parameter to gas content {Y1} was [r11, r12, r13] = [0.705, 

0.571, 0.682], where r11 r13 r12 (r1j, j = 1,2,3, 

representing the relational degree of each gas 

production parameter to H2 content. r11 shows the 

influence of PT on H2 content, r12 shows the influence 

of PF on H2 content, r13 shows the influence of FR on 

H2 content.), which shows that the influence of PT on 

H2 content was the most significant.  

The relational degree of each gas production 

parameter to gas content {Y2} was [r21, r22, r23] [0.760, 

0.628, 0.709], where r21 r23 r22 (r2j, j = 1,2,3, 

representing the relational degree of each gas 

production parameter to CO content. r21 shows the 

influence of PT on CO content, r22 shows the influence 

of PF on CO content, r23 shows the influence of FR on 

CO content.), which shows that the influence of PT on 

CO content was the most significant.  

The relational degree of each gas production 

parameter to gas content {Y3} was [r31, r32, r33] [0.641, 

0.585, 0.600], where r31 r33 r32 (r3j, j = 1,2,3, 

representing the relational degree of each gas 

production parameter to ratio of H2:CO. r31 shows the 

influence of PT on H2:CO ratio, r32 shows the influence 

of PF on H2:CO ratio, r33 shows the influence of FR on 

H2:CO ratio.), which shows that the influence of PT on 

H2:CO ratio was the most significant.  

The completed relational degree matrix, R, is given 

below: 

     X
1

X
2

X
3

 

  

R = r
ij( ) =

r
11

r
12

r
13

r
21

r
22

r
23

r
31

r
32

r
33

Y
1

Y
2

Y
3

 

            

 

=

0.705 0.571 0.682

0.760 0.628 0.709

0.641 0.585 0.600

 

Based on the above analysis and the relational 

matrix R, we determined the following: 

The relational degree value of X1 was highest; every 

element of X1 in the relational matrix R was higher than 

the element in any other line, with a relational degree of 

[0.705, 0.760, 0.641]. Thus, the sub-parameter in this 

line was the superior sub-parameter, i.e., the influence 

of PT on the gas content was most significant.  

(X1 shows the influence of PT on the three gas content, 

X2 shows the influence of PF on the three gas content, 

X3 shows the influence of FR on the three gas content). 

The relational degree value of Y2 was highest; every 

element of Y2 in the relational matrix R was higher than 

that in any other row, with a relational degree of [0.760, 

0.628, 0.709]
T
. Thus, the parameter in this line was the 

superior parameter, i.e., the influence of the three 

parameters on the change in CO content was the most 

significant. (Y1 shows the influence of the three 

parameters on the change in H2 content, Y2 shows the 

influence of the three parameters on the change in CO 
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content, Y3 shows the influence of the three 

parameters on the change in H2:CO ratio.) 

The pyrolysis test in this study was mainly prepared 

for DME synthesis, and the optimal ratio of H2:CO in 

the syngas was 2. Based on Figure 6, the ratio of 

H2:CO varied with changes in the test conditions, and 

its ratio was often lower than 2. Therefore, DME 

synthesis was improved by increasing the ratio of 

H2:CO. Taking the four highest ratios of H2:CO, the 

average values of PT, PF and FR were 447.25
o
C, 5.57 

Hz, and 187.5 r min
–1

, respectively. Based on the 

above GRA, the influence of PT on the H2:CO ratio 

varied. Therefore, optimal PF and FR values were 

considered to be 5.57 Hz and 187.5 r min
–1

, 

respectively. The highest H2:CO ratio can be found by 

adjusting PT to approximately 447.25
o
C. 

 

Figure 6: Ratio of H2:CO under different test conditions.  

CONCLUSIONS 

Based on the pyrolysis tests, three major 

parameters were adjusted, and the relational data 

between the adjustable parameters and the H2 and CO 

contents were obtained for the biomass pyrolysis 

reactor. The relationship between the three major 

parameters and the H2 and CO contents and ratio of 

H2:CO was analysed by GRA. Based on the results, 

the following conclusions were made: 

(1) PT had the strongest effect on H2 and CO 

contents and the H2:CO ratio produced by the 

biomass pyrolysis reactor, and the relational 

degree of pyrolysis temperature to gas 

composition was [0.705, 0.760, 0.641]. FR was 

the secondary influencing parameter, while PF 

had the weakest effect. The influence of the 

three parameters on changes in CO content was 

the most significant, and the relational degree of 

CO content to the three parameters was [0.760, 

0.628, 0.709]
T
. When producing DME syngas 

from the biomass pyrolysis reactor, it is 

necessary to study the influence of PT on gas 

production and perform the related pyrolysis test. 

Temperature played an important role in the 

pyrolysis reactor, and the gas composition was 

influenced directly by the PT. 

(2) To produce DME syngas with an H2:CO ratio 

close to 2, the mean value of better parameters 

among the test data were calculated. Optimal PF 

and FR values were 5.57 Hz and 187.5 r min
–1

, 

respectively. The point with the highest H2:CO 

ratio could be found by adjusting PT.  

(3) The analysis of gas production parameters and 

the gas composition to produce DME syngas in 

biomass gasification tests using the GRA 

method differed from a pyrolysis dynamics 

analysis. Our results suggested that GRA could 

be used to supplement the latter, increasing the 

comprehensiveness of biomass pyrolysis, and 

identify preconditions for the production of DME 

syngas with higher H2 and CO contents and a 

suitable H2:CO ratio.  
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