
Arce Energy, Sustainability and Society  (2015) 5:13 
DOI 10.1186/s13705-015-0042-z
ORIGINAL ARTICLE Open Access
The influence of parameters variability on
biomass selection for energy use
María Elena Arce
Abstract

Background: Biomass selection integrates heterogeneous variables such as fuel composition, fuel morphology and
operating conditions. One important challenge in fuel selection field is to determine the influence of each individual
variable in the combustion process to obtain the most efficient energy.

Methods: This paper investigates an optimization design of different combustion parameters for biomass combustion
in fixed-bed counter-current boiler. A new application of error propagation theory (EPT) and grey relational analysis
(GRA) has been proposed to analyse the combined effect of the most influential variables in the operating conditions;
i.e. the ignition mass flux and the maximum temperature. This methodology combines the GRA to rank the alternatives
and EPT to compute input measurement uncertainty propagation through the subsequent computing operations.

Results: The behaviour of seven biomasses [i.e. brassica pellet, poplar pellet, refuse-derived fuel pellet, wood pellets,
almond shell and olive stone] that are readily available in Spain, in southern Europe, was analysed. The results presented
are based on 43 experimental tests with these fuels.

Conclusions: This paper proposes a new tool based on grey relational analysis and error propagation theory, for making
quick and easy decisions regarding fuel performance. The main advantages of this new tool are its simplicity, versatility
and reliability, which have been verified by comparing obtained results with other studies. The influence of operational
parameters and fuel properties were analysed. The results showed that air supply injected on the bed basis and size
particle are the most influenced variables on the combustion.

Keywords: Fuel behaviour; Fixed-bed combustion; Parameters variability; Multi-criteria analysis; Energy efficiency
Background
The widespread use of biomass for power generation
has led to the expansion of the types of fuels used. These
types of fuels are highly versatile when undergoing
energy conversion treatments and differ significantly
from each other in efficiency [1]. Although various
thermochemical processes can obtain energy from biomass,
combustion is the most widely used [2].
Research related to the combustion of biomass focuses

on improving both the properties of the fuels and the
characteristics of the boilers [3]. Thus, many projects have
attempted to validate mathematical models of biomass
combustion processes based on experimental data obtained
from experimental plants [4]. Fixed-bed combustion
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technology is the most widely used because of its
simplicity [5].
The main influences on the combustion process have

been determined by research conducted in experimental
plants and can be grouped into the following: fuel
composition, fuel morphology and operating conditions
[6]. No single criterion can be used to select the best fuel
performance due to the multitude of influential parameters
in the fixed-bed combustion process [7]. The ignition
front velocity, the air mass flow rate and the maximum
temperature reached are the most influential variables in
the operating conditions [7,8]. Both variables depend
on the air flow injected on the bed. In this context,
determining the influence of each individual variable
in the combustion process to select the most efficient
fuel is a primary research focus [8]. The problem with
determining combustion process of influential variables
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Figure 1 Work module.
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lies with the fact that parameters are interrelated. That is,
it is a multi-criteria decision-making problem [9].
Thus, most papers published on this issue are based

on statistical techniques such as multivariate data analysis
[10] or mathematical models of dependence [11-13].
These multi-criteria decision analysis methods are used as
tools for the classification and selection of the best alter-
native amongst a set of options. However, these analysis
techniques have the disadvantage of requiring a minimum
quantity of data for application, and for technical or
economic reasons, this requirement cannot always be met.
Therefore, grey relational analysis (GRA) was proposed
[14] for accommodating inadequate data systems and
solving decision-making problems in which there are mul-
tiple interrelated criteria [15]. This tool has been largely
applied to multi-criteria decision-making problems in
addition to energy systems, both the fuel selection and
combustion process analysis [16-19].
In the biomass combustion process, several variables

are optimised in opposite directions (i.e., minimise the
maximum temperature and maximise the ignition mass
flux), which leads to increased difficulty in multi-objective
processes. In these cases, no single best alternative exists
[20]. Grey relational analysis classifies different input
sequences by determining the grey relational grade (GRG)
[21]. Higher GRG values indicate better alternatives.
Moreover, GRA may process a large number of variables
independent of the measuring units [22].
This method facilitates the selection of the best alternative

because it optimises a single GRG rather than multiple
parameters. In addition, GRA identifies the factors
that significantly influence the process [18]. However, the
GRA does not consider the uncertainty in the measure-
ments [23]. This omission can lead to confusion from
similar GRGs measured at different positions or find that
the GRG is uninteresting because of its high variability. In
this study, the GRA is applied by selecting the best
biomass fuel using the minimisation of the maximum
temperature and the maximisation of the ignition mass
flux as criteria. Experimental data are subject to measure-
ment error; thus, the variable measurement error should
be considered to determine how the error propagates
through the operations [24]. Otherwise, factors that also
influence the GRG may be not be considered, which could
affect the GRG interpretation and selection [23].

Methods
Experimental plant
The experimental plant (Figures 1 and 2) and the subse-
quent discussion indicate that the results of this study are
based on data presented by our research team [5]. The
burner is a cylindrical steel tube with a diameter of 20 times
the particle size to avoid edge effects resulting in the
emission of product gas directly to the atmosphere [25].
Along the tube, 12 type-K thermocouples are installed and
distributed helically. The time required to reach a pre-
determined temperature between two adjacent thermocou-
ples is used to calculate the velocity of the ignition front.
The distances between the thermocouples are known with
an associated uncertainty in both the temperature and
position. Data from first and final thermocouples are
rejected because in the first thermocouples the initial com-
bustion phase is unstable and in the last thermocouples res-
onance phenomena appear [25]. The fuel is introduced in
batches, forming the fixed bed. Each test is developed with
a single fuel charge. The different air mass flow rates are
supplied by a centrifugal fan and controlled by a flow meter.
Figure 1 provides scheme of the tube. The plenum located
on the tube is designed to ensure that the air flow in the
output grate is homogeneous and completely developed.

Fuels
Seven different types of biomass found in southern
Europe [26] were selected to include as many experimental



Figure 2 Detailed image of the joint between the plenum and the bottom tube base.
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parameters as possible (for a more detailed description, see
[5]) (Table 1). Five of them are pelletised fuels; two are
mixed woods (wood pellet type 1, wp1, and wood pellet
type 2, wp2). Two were derived from energy crops (bras-
sica pellet, bp, and poplar pellet, pp), and one is made from
municipal solid waste (rdfp). In addition, almond shell (as)
reclaimed from the nut industry and olive stone (os),
whose morphology is similar to a pellet but its com-
position and combustion behaviour are different, was
used.
The immediate analysis (Figure 3) shows similar water

content for the pellets (6% to 9.8%) except in the refuse-
derived fuel pellet (rdfp) (17.9%), which is due to its ori-
gin and manufacturing process. The highest ash content
levels were found in refuse-derived fuel pellet and the
brassica pellet (13.4% and 7%, respectively), while the
lowest ash contents were found in the almond shell and
Table 1 Properties of biomass fuels

Fuel type Formula d.b.a.f.a LHV (M

Wood pellet #1 (wp1) CH1.48O0.71 16

Wood pellet #2 (wp2) CH1.49O0.55 18

Brassica pellet (bp) CH1.41O0.78 13

Poplar pellet (pp) CH1.55O0.75 14

RDF pellet (rdfp) CH1.48O0.57 14

Olive stone (os) CH1.50O0.64 15

Almond shell (as) CH1.40O0.68 15
aDry basis ash free.
bKg of dry air per kg of fuel burnt.
cRadius of equivalent sphere. Er ¼ 3Svol

4π

� �1
3= ; Svol sphere volume (mm3).

dSphericity. S ¼ π
1=3 6Vpð Þ 2

=3

Ap
; Vp volume of the characteristic particle (m3); Ap surface
olive stone (0.6% in both cases). The minimal air re-
quirement range varies from 4.39 (rdfp) to 6.96 (wp2).
Wood pellet #2 also has the highest low calorific value

18:3⋅MJ
kg

� �
and the lowest concentration of oxygen in

the equivalent molecule (0.55 mol oxygen per mol car-
bon). In terms of particle size (Er), lowest values were
found in wood pellet #1.

Variables
Fixed-bed combustion process is influenced by multiple
parameters [7]. This process complexity means that
there is no single criterion for fuel selection. Thus, stud-
ies need to focus on a small number of variables. The
main parameters influencing the process have been
identified in the literature as the maximum temperature,
air excess and ignition mass flux [6,7]. These parameters
J kg−1) Sa (−)b Er (mm)c Sd

.3 5.79 3.8 0.87

.3 6.96 4.4 0.84

.1 5.21 4.1 0.86

.9 5.59 4.2 0.85

.6 4.39 7.4 0.87

.3 6.26 4.2 0.98

.6 5.89 6.5 0.54

area of the characteristic particle (m2).
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Figure 3 Properties of biomass fuels (immediate analysis, wet and ash basis).
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provide information regarding fuel composition, morph-
ology and the characteristics of the bed. These studies
found that air excess is directly linked to the ignition mass
flux and to the maximum temperature [13].
The fixed-bed combustion process is influenced by

characteristic fuel-dependent parameters. The most im-
portant are as follows [11,27-29]:

� Particle size and shape
� Water, volatile and ash content
� Particle density, packing density and total porosity of

the bed
� Calorific value
� Specific heat and thermal conductivity

The biomass parameters were considered constants
for the purpose of this investigation, establishing that
the packing density depends only on the particle size
and shape [6].
The ignition mass flux (fuel mass burned) and the max-

imum temperature are dependent on the supplied air flow,
which is controllable during the tests. Thus, the air mass
flow rate is not used to calculate the GRG. In other words,
the sequences analysed are combinations of the ignition
mass flux and the maximum temperature. Furthermore,
because the aim of this study is to choose the best-
performing fuel regardless of its composition or calorific
value, other parameters need not be considered. A good-
performing fuel is generally one that achieves a high igni-
tion mass flux with a low maximum temperature to avoid
slag problems due to ash melting [30], which hampers
the diffusion of the species and reduces the energy of the
bed. However, the risk of ash melting is difficult to quan-
tify because it is influenced by the temperature and other
uncontrollable variables [31]. It is important to emphasize
that ash melting temperature was not reached during fuel
tests. On the basis of the above, the GRA may provide a
useful tool for choosing a fuel based on its performance.
Experimental methodology
The experimental procedure may be summarised in the
following steps [25] with the goal of avoiding the influ-
ence of other factors that could add additional uncer-
tainty to the process. These eight procedures were
rigorously followed during each test:

1. Move the combustor to the test area. The work
module is connected to the power and control
module through the air supply tube.

2. Place the grate at the bottom of the tube, and fill the
tube with a fuel batch.

3. Introduce the thermocouples in their seatings, and
ensure that they are straight and in the correct
order.

4. Install the ignitor, and connect the temperature
transducer power cables and the data bus.

5. Start the control panel and the data acquisition
system.

6. Switch the ignitor feeding on, and start the test.
7. Remove the thermocouples from their seatings as

the ignition front advances to protect them from the
high temperatures. Once a thermocouple is
removed, a hand-held probe is introduced in its
seating to determine if the maximum ignition front
temperature was reached.

8. Once the ignition front has run through the entire
tube and the remains have been burnt over the
grate, the test is complete.
Grey relational analysis and error propagation
Grey relational analysis
The GRA method may be summarised into four steps:
Step 1 Data normalisation
The first step in GRA is to normalise the measure-

ments in the range between zero and one. To do this, ref-
erence sequence must be defined (the smaller-the-better
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or the larger-the better: Equations 1 and 2, respectively).
The purpose of this pre-processing is to obtain dimen-
sionless variables to compare the different sequences. It
should be noted that variables are expressed in different
units and scales.
A grey system with a set of I variables has yi dependent

factors; the J original measurement sequences may be
normalised using the following expressions:

� If larger is the better:

xi;j ¼
yi;j−minjyi;j

maxjyi;j−minjyi;j
∈ 0; 1½ �; i ¼ 1;…; I; j ¼ 1;…; J

ð1Þ

� If smaller is the better:

xi;j ¼
maxjyi;j−yi;j

maxjyi;j−minjyi;j
∈ 0; 1½ �; i ¼ 1;…; I; j ¼ 1;…; J

ð2Þ

For a given value of i, extreme values are achieved in
the measurements yi;mi

¼ minjyi;j and yi;Mi
¼ maxjyi;j to

yield xi;mi∈ 0; 1f g and xi;Mi∈ 0; 1f g
Step 2 Grey relational coefficient
After grey relational generation, the next step is to

calculate the grey relational coefficient using Deng’s for-
mula as follows:

ξ i;j ¼
mini;j xi;0−xi;j

� �þ ζmaxi;j xi;0−xi;j
� �

xi;0−xi;j
� �þ ζmaxi;j xi;0−xi;j

� � ; i ¼ 1;…; I; j ¼ 1;…; J

ð3Þ

in which ζ represents the distinguishing coefficient
(0 ≤ ζ ≤ 1). xi,0 is the normalised ideal result of the ith
variable and consequently, xi,0 ≥ xi,j; j = 1,…, J.
The grey relational coefficient range will compress

depending on the value of the distinguishing coeffi-
cient [20].
Step 3 Grey relational grade
The grey relational grade (GRG), γ, is calculated based

on the average of the grey relational coefficients.

γ j ¼
1
N

XI

i¼1

ξ i;j; j ¼ 1;…; I ð4Þ

The GRG expresses the degree of correlation between
the reference sequence (larger-the-better or smaller-the-
better) and the comparison sequence [32]. The best al-
ternative is selected based on the grey relational grade
(GRG) value.
Step 4 Grey relational rank
Once the GRG is calculated, the different sequences
are ranked according to their GRG values. Higher values
indicate better options [33]. That is, the higher the GRG
is, the more similarity exists between the reference se-
quence and the compared sequence.
Optimisation criterion
The grey theory is applied in this study to select the best
fuel and air flow rate configuration. The best configur-
ation is that which has the highest ignition mass flux
with the lowest maximum temperature.
The fuel selection criteria depend on the combustion

process, thus requiring multiple selection procedures.
The analysed factors were the composition, the morph-
ology and the supplied air mass flow rate. The systematic
and statistical uncertainties associated with measuring
processes are considered in calculating the GRG. The total
uncertainty is the quadratic sum of the systematic (nom-
inal) and statistical (associated with uncontrollable param-
eters) uncertainties: σT ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

σN 2 þ σS
2

p
[5]. Within the

total uncertainty, the uncertainty associated with the
uncontrollable factors is shown to have a greater weight
than the nominal uncertainty, in terms of both time and
space [34]. The straightness of the thermocouples is an
important parameter for calculating both the ignition
front velocity and the maximum temperature. A thermo-
couple tip deflection may result to variable distances be-
tween the thermocouples, and this could cause variations
in the ignition mass flux value because temperature waves
could reach the thermocouple at different points. Thermo-
couple tip deflection was analysed; the average variability
in the positioning is 2.06 mm [25]. The uncertainty in the
process is also affected by the time variable because data
signals are sent every 4 s, while the thermocouple
temperature time adaption requires less than a second.
Thus, the limiting factor is the sampling time and the
uncertainty may be expressed as Δt ¼ Δ�t � 4s [25]. Once
the tests are performed and the uncertainties estimated,
the uncertainty propagation can be calculated for each
GRG to obtain the grey relational grade error (GRGe).
The GRG value is not affected by the GRGe, but the
GRGe provides additional information to facilitate the
decision-making process.
Error propagation
To be thorough, measurement results should include
information regarding uncertainty [35]. The uncertainty
associated with a measurement represents the disparity
between the measurement result and the actual measured
value. Despite the importance of this parameter, it is not
always quantified.
The EPT evaluates and quantifies how uncertainty in

an input measurement is propagated to the final results.
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As the error associated with a variable combines other
variable values, the error may not be calculated as the
sum of the uncertainties in the constituent terms be-
cause the error would be overestimated. The error propa-
gation theory allows one to know the error associated
with the GRG, considering that the GRG is computed
by averaging the grey relational coefficient correspond-
ing to each process response. The error associated with
the GRG calculation (GRGe) is determined by the fol-
lowing equation [22]:
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Figure 5 The GRG rank, GRG and GRGe values for seven fuels. Almond she
wood pellet type 1, and wood pellet type 2. The GRGe is represented by th
Δ γ j

� �
≈þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XI

i¼1

1

I2
σ2 ξ i;j
� �þ 2

XI−1
i¼1

XI

k¼iþ1

1

I2
σ ξ i;j
� �

σ ξk;j
� �

ρ ξ i;j; ξk;j
� �

vuut

ð5Þ

in which σ(ξk,j) represents the grey relational coefficient
error that depends on the error in initial uncertainty of
the measurements and ρ(ξi,j, ξk,j) is the correlation
coefficient. Grey relational coefficient error quantifies
how the initial uncertainty is propagated through the
poplar
pellet

refuse derived
fuel pellet

wood pellet
type 1

wood pellet
type 2

ll, brassica pellet, olive stone, poplar pellet, refuse-derived fuel pellet,
e bars.



Table 2 Experimental results, grey relational grade (GRG) and grey relational grade error (GRGe)

Fuel AMF IMF AE MT GRG GRGe GRGe(%) Order Order

(GRG) (GRG + GRGe)

Almond shell (as) 0.08 0.02 0.65 800 0.57 4.51E-03 0.79 24 5

0.13 0.04 0.52 910 0.54 2.72E-02 5.04 27 12

0.15 0.05 0.57 1,000 0.56 7.31E-02 13.08 25 19

0.23 0.06 0.60 1,010 0.67 1.80E-01 26.93 5 17

0.35 0.04 1.26 1,030 0.49 3.96E-02 8.07 37 29

0.38 0.04 1.53 940 0.53 2.91E-02 5.53 31 14

0.43 0.04 1.87 970 0.50 2.86E-02 5.76 36 25

0.48 0.03 2.80 910 0.50 8.25E-03 1.66 35 16

Brassica pellet (bp) 0.08 0.04 0.39 740 0.70 1.79E-02 2.56 3 2

0.15 0.05 0.49 910 0.58 5.18E-02 8.91 16 8

0.18 0.06 0.55 1,240 0.56 1.38E-01 24.76 26 36

0.23 0.06 0.72 1,300 0.53 1.28E-01 24.10 29 37

0.35 0.07 0.97 1,290 0.60 2.01E-01 33.66 12 39

0.38 0.05 1.38 1,040 0.53 6.64E-02 12.42 28 24

Olive stone (os) 0.13 0.05 0.42 880 0.60 4.79E-02 8.03 13 6

0.15 0.05 0.54 930 0.59 6.71E-02 11.40 14 9

0.23 0.06 0.66 1,010 0.57 8.39E-02 14.71 23 18

0.28 0.05 0.87 1,100 0.51 6.08E-02 12.03 33 30

0.35 0.06 0.85 960 0.60 9.65E-02 15.99 10 13

Poplar pellet (pp) 0.18 0.06 0.52 1,030 0.62 1.38E-01 22.26 8 20

0.23 0.06 0.66 1,160 0.58 1.39E-01 24.13 19 33

0.28 0.06 0.77 1,130 0.62 1.79E-01 28.77 7 31

0.33 0.06 0.94 1,200 0.58 1.50E-01 26.05 17 34

0.43 0.05 1.33 1,170 0.51 8.06E-02 15.91 32 35

Refuse-derived fuel pellet (rdfp) 0.05 0.02 0.53 730 0.67 3.59E-03 0.54 4 3

0.08 0.03 0.61 810 0.58 7.45E-03 1.29 18 4

0.13 0.03 0.89 980 0.47 1.15E-02 2.46 38 28

0.15 0.04 0.96 1,180 0.43 2.99E-02 6.92 39 38

0.23 0.04 1.25 1,260 0.41 2.69E-02 6.59 41 41

0.23 0.04 1.58 1,250 0.41 2.60E-02 6.40 42 42

0.33 0.04 1.80 1,250 0.41 2.80E-02 6.82 40 40

0.35 0.04 2.13 1,240 0.40 2.18E-02 5.46 43 43

Wood pellet #1 (wp1) 0.15 0.05 0.43 890 0.60 6.02E-02 10.01 11 7

0.33 0.07 0.81 1,020 0.75 2.67E-03 0.36 1 1

0.35 0.07 0.98 990 0.72 2.55E-01 35.28 2 23

0.43 0.06 1.21 1,040 0.62 1.53E-01 24.76 9 26

0.48 0.05 1.63 1,100 0.51 6.55E-02 12.95 34 32

Wood pellet #2 (wp2) 0.13 0.05 0.35 940 0.58 6.05E-02 10.50 20 10

0.15 0.06 0.38 1,010 0.59 9.95E-02 16.92 15 15
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Table 2 Experimental results, grey relational grade (GRG) and grey relational grade error (GRGe) (Continued)

0.35 0.06 0.81 1,040 0.63 1.59E-01 25.28 6 22

0.43 0.05 1.04 930 0.58 6.22E-02 10.81 21 11

0.48 0.06 1.40 1,100 0.57 1.16E-01 20.31 22 27

0.50 0.05 1.44 1,010 0.53 5.46E-02 10.35 30 21

AMF, air mass flow (kg m−2 s−1); IMF, ignition mass flux (kg m−2 s−1); AE, air excess; IMFU, ignition mass flux uncertainty (kg m−2 s−1); MT, maximum temperature (°C).
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calculations. It is important to remark that the GRG
error is the result of the sequential calculation. That is,
GRG error is determined from experimental data: input
variable error propagation. Thus, the error propagation
theory is an additional tool for GRA (Figure 4).

Results and discussion
The results presented herein are based on 43 experimen-
tal tests: eight almond shells (as), six brassica pellets
(bp), five olive stones (os), five poplar pellets (pp), eight
refuse-derived fuel pellets (rdfp), five wood pellet type 1
and six wood pellet type 2.
After all GRGs and GRGes have been calculated, the

data are sorted according to the GRG value (Figure 5
and Table 2). The high GRGe values in the sequences
are due to the uncertainty and values of the variables.
Figure 5 shows the GRG rank indicating that the wp1

is the best option as confirmed by the fact that GRGe
associated with the first wp1 GRG is sufficiently small.
Figure 5 indicates that best fuel performances come
from those in pellet form. This result is consistent with
the literature research on the influence of morphology
on the ignition mass flow rate [27]. The references also
found that a small particle size is associated with a rapid
devolatilisation and that spherical particles are linked
with tighter packing. Bed porosity is affected by size and
shape of the particles. Maximum ignition front propaga-
tion registered by wood pellet type 1 is based more on
the small size particle, rather than the shape (sphericity).
as

bp

os

0.3

0.4

0.5

0.6
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Figure 6 The GRG rankings for seven fuels at the same air mass flow 0:35
�

pellet (pp), refuse-derived fuel pellet (rdfp), wood pellet type 1 (wp1) and w
Furthermore, pellet fuels have higher adiabatic tempera-
tures [5].
In the specific case of the best alternative, wp1, the

low water and ash content, together with and a small
particle size and the characteristics of pellet fuels (high
LHV and adiabatic temperature) caused the high GRG
values that are consistent with those found in the litera-
ture [5,25,36]. This fact indicates that there is an inverse
correlation between ash content and heating value, be-
cause the ash does not contribute significantly to the
overall heat released [37,38].
Figure 5 also demonstrates that olive stone behaves

similarly to the pellet-shaped fuels likely because the
olive stone morphology is similar to that of the pellet-
shaped fuels [5].
When data were analysed based on GRG +GRGe

(Table 2), the order changes. This is because of the air
excess coefficient influence. That is, the higher air excess
coefficient used is, the worse combustion process effi-
ciency is [39]. Previous works found that if oxygen
supply increases, ignition mass flow increases until the
reaction-limited mode is reached. This boundary line is
defined by air excess. Moreover, air mass flow is a key
factor to define and identify the combustion process
regime. Three regimes were identified in fixed-bed com-
bustion process: oxygen-limited mode, reaction-limited
mode and extinction phase [40,41]. Best combinations
attending GRG +GRGe criteria belong to reaction-
limited mode, where maximum ignition flow values
pp

rdfp

wp1

wp2

d GRGe (bars)
nless values

2 kg
m2s

�
: Almond shell (as), brassica pellet (bp), olive stone (os), poplar

ood pellet type 2 (wp2).
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were reached. This phase is characterised by increasing
primary air supply. In this regime, the ignition mass
flow is controlled by the oxygen supply to it [40].
Optimal combustion conditions occur in the sub-
stoichiometric zone, because maximum rates are always
reached under fuel-rich conditions [40]. As can be
expected, optimal point conditions are a function of the
fuel type.
It is important to point out the effect of maximum

temperature uncertainty. Analysing changes in data order
between the GRG rank and the GRG + GRGe rank, it is
found that best alternatives are not related with points
where highest maximum temperature values are ob-
tained. This is due to the fact that maximum tempera-
tures were registered with portable thermocouples
which precision is reduced due to variability of the fit of
thermocouples in their seatings.
Most of the studies on this subject indicate that the

supplied air mass flow is the most important operative
parameter [6].
The air mass flow range differs depending on the fuel

because the ignition front is extinguished when certain
air mass flows are applied. Thus, fewer sequences were
examined in certain fuels such as olive stone or wood
pellet 1. In order to compare fuel performance under
the same conditions, a common air mass flow was

selected 0:352 kg
m2s

� �
:

Figure 6 indicates that wp1 remains the best option
due to both the high GRG and to the small GRGe
values. No significant changes in the rankings have been
identified. The rdfp is clearly the worst option because
of the tendencies exhibited in Figure 5. This variable
rdfp behaviour is mainly due to its high water content
that decreases the ignition mass flow velocity [25]. How-
ever, the water content does not affect the maximum
temperature of the bed.

Thus, one can conclude that the fixed-bed combustion
process is influenced by parameters that depend on the
characteristics of the fuels. However, these parameters are
interrelated, so selecting the best-performing fuel is diffi-
cult because their individual effects cannot be isolated and
evaluated. Thus, the GRG+GRGe rank serves as a criter-
ion for multi-objective decision-making.

Conclusions
In conclusion, this paper proposes and supports the
effectiveness of the grey relational analysis and error
propagation theory for making quick and easy decisions
regarding fuel performance. The influence of operational
parameters and fuel properties were analysed. The rank
of the grey relational grade shows that morphology is a
key factor on the combustion efficiency. The smaller size
particle, the more bed porosity and heat transfer. In
contrast, high water content in fuel composition is asso-
ciated with low mass flow of ignition. However, the
humidity does not affect the maximum temperature
reached in the bed.
Fuel optimal conditions belong to the sub-stoichiometric

regime. This fact reflects the importance of the adverse
effect of convection counterflow fixed-bed combustion.
Two value zones are distinguished in the GRG rank:
sub-stoichiometric regime zone and excess air regime
zone. This is due to the maximum combustion velocities
that are reached in fuel-rich conditions. Naturally, the
optimum point depends on the fuel analysed.
Besides, ignition mass flow, the other study parameter,

is a function of air mass flow. Moreover, maximum
temperature measurement uncertainty influence has to
be considered on optimal fuel performance.
That is, air supply injected on the bed basis and size

particle are the most influenced variables on the com-
bustion. As can be expected, the ignition mass flux
correlates greater with the size particle than with the air
mass flow in order to select the best fuel combustion
performance.
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