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Abstract: Measurements reported in the literature on ultimate analysis of various types of torrefied
woody biomass, comprising 152 data points, have been compiled and empirical correlations are
developed to predict the carbon content, hydrogen content, and heating value of a torrefied wood as
a function of solid mass yield. The range of torrefaction temperature, residence time and solid yield
of the collected data is 200–300 ◦C, 5–60 min and 58–97%, respectively. Two correlations are proposed
for carbon content with a coefficient of determination (R2) of 81.52% and 89.86%, two for hydrogen
content with R2 of 79.01% and 88.45%, and one for higher heating value with R2 of 92.80%. The root
mean square error (RMSE) values of the proposed correlations are 0.037, 0.028, 0.059, 0.043 and
0.023, respectively. The predictability of the proposed relations is examined with an additional set of
experimental data and compared with the existing correlations in the literature. The new correlations
can be used as a useful tool when designing torrefaction plants, furnaces, or gasifiers operating on
torrefied wood.
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1. Introduction

The energy demand of the world has been increasing consistently due to growing population
and rising living standards [1]. As a result, fossil fuel reserves are ending gradually [2,3]. These fuels
also cause severe environmental contamination with a high level of greenhouse gas emissions [4,5].
The research on renewable energy and alternative fuels has attracted many scholars worldwide.
Woody biomass has been recognized as a promising source of renewable energy due to its availability
in most parts of the globe [6]. Major shortcomings of biomass that limit its wider utilization for
power generation are low bulk density, high moisture content, low heating value, and high energy
requirement for grinding [7].

To improve the fuel properties of biomass, it needs to be pretreated. Torrefaction technology is a
thermal treatment that greatly improves the heating value and grindability of biomass [8]. It is a mild
pyrolysis where raw biomass loses its moisture content and a fraction of volatiles at a temperature
between 200–300 ◦C in an inert atmosphere. The thermophysical properties of the torrefied biomass
such as its elemental compositions and heating value are required for optimum design of a torrefaction
plant or the furnace of a boiler which uses torrefied biomass as a fuel. Experimental determination of
the elemental compositions through ultimate analysis is costly and requires sensitive equipment [9].
A predictive model that can help estimate the composition and heating value of torrefied solid obtained
from different operating conditions is expected to be a useful tool for process modeling purposes.
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To the best knowledge of the authors, the literature lacks a general correlation for prediction of the C,
H and O content of a torrefied biomass.

Some past studies have presented correlations for predicting the elemental compositions and
HHV of raw biomass using proximate and ultimate analysis [10–13]. Parikh et al. [10] considered
Volatile Matter (VM) and Fixed Carbon (FC) and proposed the following correlations:

C = 0.637FC + 0.455VM (1)

H = 0.052FC + 0.062VM (2)

O = 0.304FC + 0.476VM (3)

The average absolute errors of Equations (1)–(3) are 3.21%, 4.79%, 3.4% with bias errors of 0.21%,
0.15% and 0.49%, respectively, for predicting C, H and O content of raw biomass. Shen et al. [11]
developed the following relations based on fixed carbon, volatile matter and ash content (ASH) of raw
biomass to predict the elemental compositions of the same raw biomass.

C = 0.635FC + 0.460VM − 0.095ASH (4)

H = 0.059FC + 0.060VM + 0.010ASH (5)

O = 0.340FC + 0.469VM − 0.023ASH (6)

The average absolute errors of correlations given in Equations (4)–(6) are 3.17%, 4.47% and 3.16%,
with average bias errors of 0.19%, 0.34% and 0.19%, respectively. Yin [12] used 44 sets of data and
proposed two separate relationships for HHV of raw biomass using proximate analysis and ultimate
analysis. Friedl et al. [13] proposed a correlation using 122 samples of plant materials for estimation of
the HHV of raw biomass using the elemental composition. A comprehensive review of the models for
estimating the heating value of biomass is reported in Ref. [14].

Due to the significant difference between the thermophysical properties of raw and torrefied
biomass, the existing correlations in the literature are not suitable for estimating the elemental
compositions. It is worth noting that the correlation of Friedl et al. [13] has been successfully applied
for prediction of the heating value of torrefied biomass in some studies [15,16]. Nhucchen [17] used the
data of proximate analysis of raw and torrefied biomass and proposed correlations for predicting the
C, H and O contents of torrefied biomass. Nhucchen et al. [18] developed two correlations for the HHV
of torrefied biomass using both proximate analysis and ultimate analysis. The latter correlation is alike
that of Friedl et al. [13]. A model for predicting the HHV of torrefied biomass using the kinetics of
decomposition with an average absolute error of 7.03% is also reported by Soponpongpipat et al. [19].

Although the proposed relations of Nhucchen et al. [17,18] appear to be useful, they do not
eliminate the need for experiment. One would still need to have the measured values of the fixed
carbon, volatiles, and ash. This article aims to introduce simple but accurate correlations to estimate the
elemental compositions and the heating value of a torrefied biomass without a need to experimentation.
The new relations developed using ordinary least squares regression model are described in terms of
solid mass yield. The ultimate analyses of various types of wood, torrefied at different experimental
conditions, are collected from several past studies. The proposed correlations are validated using an
additional set of data. They are also compared with other correlations reported in the literature.

2. Methodology

2.1. Biomass Samples

Data related to 152 measurements were compiled from several sources that included ultimate
analysis and HHV of raw and torrefied woody biomass, solid yield (Ys), torrefaction temperature,
and residence time. The data were categorized into 15 different types of wood with 43 different
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torrefaction conditions. Table 1 summarizes the categorized data according to the torrefaction
temperature and residence time for each type of feedstock. The sources of the collected experimental
data are also provided in Table 1. For instance, the torrefaction data for birch were obtained from four
different sources [20–24] with a minimum and a maximum torrefaction temperature of 200 ◦C and
280 ◦C respectively, and the residence times varying between 10 and 60 min.

Table 2 presents an overview of the compiled data based on the wood type including the number
of measurements (n), the minimum (Min), maximum (Max), and mean of experimentally measured Ys,
C, H, N contents, and the HHV. Table 2 does not provide the oxygen content since it can be determined
by subtracting the sum of C, H and N contents from 100%. The average torrefaction temperature and
residence time including all types of wood are 257 ◦C and 38 min, respectively. The mean of C, N, H
and O contents are 53.5%, 0.17%, 5.7% and 40.5% in weight basis, respectively. The average Ys is 78%,
and the average HHV is 20.95 MJ/kg. The range of C, H, N, O contents, temperature, residence time,
solid yield and HHV are 45.1–64.4%, 3.45–6.99%, 0–0.9%, 20.89–47.3%, 200–300 ◦C, 5–60 min, 58–97%
and 16.6–26.92 MJ/kg, respectively.

Table 1. Summary of the experimental conditions of torrefaction (categorized by the feedstock type).

Feedstock
Type

Temperature (◦C) Residence Time (min)
References

Minimum Maximum Minimum Maximum

Birch 200 280 10 60 [20–24]
Pine 200 300 15 60 [22,25–30]

Spruce 200 300 5 60 [21,23,31–33]
Willow 230 300 30 60 [32,34,35]

Eucalyptus 240 290 15 60 [25,34,36]
Poplar 220 300 20 50 [27,37]

Beech Wood 240 300 15 60 [38]
Leaucaena 240 300 5 40 [39,40]

Wood Mixture 230 290 30 60 [34,41]
Lauan 220 250 30 60 [35]

Sawdust 220 300 10 60 [42]
Cedarwood 200 290 50 50 [43]
Black Locust 225 250 60 60 [44]

Ash 250 265 39 43 [32]
Aspen 240 280 15 60 [20]

2.2. Data Analysis

The observed relationships between the considered dependent and independent variables are
highly linear as shown in Figures 1 and 2. Therefore, ordinary least squares regression (OLS), which is
a linear regression method, was employed for analyzing the data to model the C and H content,
and HHV of torrefied biomass. The assumptions made for the OLS were that the errors in the resulting
prediction: (1) have an expected mean value of zero, (2) have the same variance, and (3) are not
correlated with each other [45]. The correlations are developed for the HHV, carbon and hydrogen
yields by excluding the nitrogen and oxygen contents as the nitrogen is assumed to remain in the solid
and the oxygen content can be determined by difference. Three dimensionless parameters Cr, Hr and
HHVr defined in Equations (7)–(9), are introduced for the regression analysis.

Cr =
C × Ys

100 × Co
(7)

Hr =
H × Ys

100 × Ho
(8)

HHVr =
HHV × Ys

100 × HHVo
(9)

where the subscript “o” refers to the raw biomass.
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Table 2. Summary of the collected data (dry and ash free) categorized by the wood type.

Wood Parameter n Min Max Mean Wood Parameter n Min Max Mean

Birch

Ys (%) 19 58.01 97 76.33

Pine

Ys (%) 24 65 95 80.53
C (% wt.) 19 49.61 56.92 52.65 C (% wt.) 24 49.47 59.03 53.74
N (% wt.) 19 0.06 0.15 0.12 N (% wt.) 24 0.06 0.55 0.17
H (% wt.) 19 5.51 6.18 5.88 H (% wt.) 24 4.78 6.74 5.8

HHV (MJ/kg) 19 18.83 22.93 20.97 HHV (MJ/kg) 24 18.07 25.38 20.96

Spruce

Ys (%) 26 68.40 97 81.3

Eucalyptus

Ys (%) 13 58 86.0 71.64
C (% wt.) 26 50.6 57.49 53.89 C (% wt.) 13 50.92 63.5 55.37
N (% wt.) 26 0.06 0.21 0.1 N (% wt.) 13 0.00 0.2 0.1
H (% wt.) 26 5.60 6.39 5.9 H (% wt.) 13 5.3 6.31 5.85

HHV (MJ/kg) 26 20.46 22.97 21.6 HHV (MJ/kg) 13 19.45 25 21.9

Willow

Ys (%) 4 63 68.76 66.09

Poplar

Ys (%) 7 73 95.0 82.14
C (% wt.) 4 54.0 56.9 55.65 C (% wt.) 7 47.12 55.1 50.69
N (% wt.) 4 0.00 0.42 0.16 N (% wt.) 7 0.2 0.31 0.24
H (% wt.) 4 5.7 6.41 6.02 H (% wt.) 7 5.3 5.98 5.78

HHV (MJ/kg) 4 21.3 23.71 22.5 HHV (MJ/kg) 7 18.5 20.8 19.6

Beech
Wood

Ys (%) 10 60 91 76.35

Leaucaena

Ys (%) 5 60.0 79.8 67.92
C (% wt.) 10 48.22 55.86 50.6 C (% wt.) 5 53.2 60.2 56.59
N (% wt.) 10 0.13 0.23 0.16 N (% wt.) 5 0.7 0.9 0.81
H (% wt.) 10 4.9 5.88 5.46 H (% wt.) 5 5.06 5.9 5.61

HHV (MJ/kg) 10 19.01 22.00 19.93 HHV (MJ/kg) 5 21.3 24.7 22.84

Lauan

Ys (%) 3 59.8 82.3 74.73

Sawdust

Ys (%) 16 58.0 97 86.85
C (% wt.) 3 54.33 64.4 57.88 C (% wt.) 16 46.9 61.0 51.16
N (% wt.) 3 0.12 0.17 0.15 N (% wt.) 16 0.02 0.1 .06
H (% wt.) 3 6.37 6.99 6.73 H (% wt.) 16 5.1 6.0 5.61

HHV (MJ/kg) 3 23.2 26.92 24.45 HHV (MJ/kg) 16 16.6 26.0 18.61

Wood
Mixture

Ys (%) 14 58.8 90.5 73.07

Cedar
Wood

Ys (%) 5 69 85 77.9
C (% wt.) 14 45.1 61.4 53.82 C (% wt.) 5 48.82 56.13 53.34
N (% wt.) 14 0.0 0.21 0.83 N (% wt.) 5 0.48 0.83 0.61
H (% wt.) 14 4.75 6.3 5.64 H (% wt.) 5 4.01 5.49 4.76

HHV (MJ/kg) 14 17.8 24.3 21.34 HHV (MJ/kg) 5 19.35 21.25 20.62

Black
Locust

Ys (%) 2 79 87.0 83

Ash &
Aspen

Ys (%) 4 64.5 86.4 74.23
C (% wt.) 2 50.59 52.77 51.68 C (% wt.) 4 50.0 53.0 51.65
N (% wt.) 2 0.21 0.23 0.22 N (% wt.) 4 0.02 0.16 0.08
H (% wt.) 2 3.45 4.39 3.92 H (% wt.) 4 5.9 6.1 6.0

HHV (MJ/kg) 2 19.35 20.38 19.86 HHV (MJ/kg) 4 20.0 21.1 20.55

2.3. Error Estimation

Any empirical correlation is associated with prediction error. The accuracy of regression models
in this study is examined by the root-mean-square error (RMSE), bias of the model, and the coefficient
of determination (R2) [46]. They are defined as follows:

RMSE =

√
∑n

i=1
(
y∗

i − y
)

n

2

(10)

Bias =
1
n

n

∑
i=1

(y∗
i − yi) (11)

R2 = 1 − ∑n
i=1(y

∗
i − yi)

2

∑n
i=1
(
y∗

i − y
)2 (12)

where y*, y and y represent the predicted, measured and average value of the dependent variables,
respectively, and n is the number of data points used for the derivation of a particular correlation.
The RMSE is considered as the absolute measure of the model’s fit to the data and preferred over the
mean absolute error as it places more weight on the larger error terms. On the other hand, the R2 value
is the relative measure of the model’s fit and represents the explained percentage of variability in the
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response variable as compared to the mean alone. RMSE is used for measuring the accuracy of the
model along with the R2 value when the main objective of the model is prediction. Small RMSE values
and high R2 values (between 0 and 1) imply a good fit for the model. The bias of a model measures the
degree of overestimation or underestimation of the prediction as obtained from the model. Positive
values of bias error suggest that the predicted values by the model will be greater than the actual
values and vice versa [47].

3. Results

3.1. Elemental Compositions

Before performing a regression analysis, it is required to examine the relationship between the
variables. Figure 1 shows how the C, H and N contents of torrefied woody biomass vary with solid
yield using scatter plots. From Figure 1a, it is observed that the carbon content decreases linearly with
the increase of solid yield for every type of feedstock. Almost every type of wood forms a data cluster.
Figure 1b indicates that the hydrogen percentage increases with increasing solid yield. As the amount
of nitrogen is very low, its change is not significant. However, Figure 1c shows that the nitrogen content
increases with an increase in the solid yield for some of the data of pine, willow and eucalyptus, but it
decreases for other types of wood. Figure 2 depicts the HHV of torrefied wood versus the carbon and
hydrogen yields. A linear relation between the heating value and the carbon content is evident in
Figure 2a for all types of torrefied wood. However, no distinct relation between HHV and hydrogen
content can be seen in Figure 2b.
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Figure 1. Variation of (a) Carbon (% wt.) (b) Hydrogen (% wt.) and (c) Nitrogen (% wt.) with solid
yield for different types of torrefied wood.

3.2. Modeling of C, H and HHV

As mentioned previously, 152 samples have been used in regression analysis to develop
correlations for C and H contents and HHV of torrefied wood. Table 3 provides five different regression
equations that are evaluated for three dependent variables and their corresponding prediction
measures. For instance, in the case of Cr, the first regression equation that includes only Ys as
the independent variable, Equation (13), results in an R2 of 81.52% and RMSE of 0.037. By including C
as a second independent variable, Equation (14), the R2 value increases to 89.86% and RMSE decreases
to 0.028. Similar observations are made for Hr. That is, an R2 of 79.01% and RMSE of 0.059 are found
for the model when Ys is used as the only independent variable, Equation (15), whereas the second
regression model, Equation (16), yields an R2 value of 88.45% and RMSE of 0.043.

Cr = a1 + b1Ys (13)

Cr = a2 + b2Ys + a3C (14)

Hr = a3 + b3Ys (15)

Hr = a4 + b4Ys + a4H (16)

HHVr = a5 + b5Cr (17)

Table 3. Regression models for predicting the C and H contents and HHV of torrefied wood.

Dependent
Variable

Independent
Variable(s) RMSE Bias R2 (%) Eq. No.

Cr
Ys 0.037 1.4 × 10−19 81.52 13

Ys, C 0.028 1.5 × 10−19 89.86 14

Hr
Ys 0.059 3.2 × 10−21 79.01 15

Ys, H 0.043 8.4 × 10−20 88.45 16
HHVr Cr 0.023 −4.7 × 10−19 92.80 17
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For prediction of the HHVr, an R2 value of 92.80% with an RMSE of 0.023 is obtained by taking
Cr as the only independent variable. Hr is not included as an additional variable because it does not
have significance impact on HHV, which is also evident in Figure 2b. The values of the coefficients of
Equations (13)–(17) in Table 3 are given in Table 4.

Table 4. The coefficients of Equations (13)–(17).

Eq. No Eq. No

13
a1 b1 14

a2 b2 c2
0.2847 7.405 × 10−3 −0.47289 9.8562 × 10−3 1.0633 × 10−2

15
a3 b3 16

a4 b4 c4
−0.1145 1.067 × 10−2 −0.55735 9.9884 × 10−3 8.6329 × 10−2

17
a5 b5

4.6508 × 10−2 0.94497
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Figure 3 shows the deviation between the experimental and predicted values obtained from the
regression models of Equations (14), (16) and (17) for Cr, Hr and HHVr, respectively. The predicted
values that are in the close vicinity of the solid lines in Figure 3a–c imply a good accuracy of prediction
by the model. The data points in Figure 3a show that they form a cluster at the upper region of the
solid line. The maximum points of Cr lie between 0.7 and 1. However, data for Hr are distributed
through the solid line as shown in Figure 3b with 96% of the data being in the range 0.5 to 1. On the
other hand, for HHVr in Figure 3c, most of the data points are gathered in the upper region of the solid
line like Cr. All the data points of HHVr point lie between 0.65 and 1.
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Introducing Equations (7)–(9) into Equations (13)–(17) and using the values of the coefficients
given in Table 4, the final form of the correlations for carbon and hydrogen contents and HHV of a
torrefied biomass can be represented as:

C
Co

= 0.7405 +
28.47

Ys
(18)

C
Co

=
−0.47289 + 9.8562 × 10−3Ys

0.01Ys − 0.010633Co
(19)

H
Ho

= 1.067 − 11.45
Ys

(20)

H
Ho

=
−0.55735 + 9.9884 × 10−3Ys

0.01Ys − 0.086329Ho
(21)

HHV
HHVo

=
4.6508

Ys
+ 0.94497

C
Co

(22)

where C, H and Ys are expressed on a dry mass percentage basis.

3.3. Comparison with the Existing Correlations in the Literature and Experimental Data

As discussed previously, the proposed correlations in the literature are based on proximate
analysis of raw biomass. The predictability of the correlations developed in this study are compared
with those proposed by others. Parikh et al. [10] and Shen et al. [11] developed equations based
on proximate analysis to predict elemental composition of raw biomass. Nhucchen [17] used the
proximate analysis to predict the C and H percentage of both raw and torrefied biomass. To compare
the HHV model, five different correlations from three different sources [12,13,18] are selected.
Yin [12] and Friedl et al. [13] correlations are based on the proximate and ultimate analysis, whereas
Nhucchen et al. [18] estimates the HHV of torrefied biomass using either proximate or ultimate analysis
of torrrefied biomass.
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Table 5 compares the proposed correlations for C, H and HHV in the current study to other
published correlations. Average biased error (ABE) and root-mean-square error (RMSE) are calculated
for all models using additional 12 samples obtained from Refs. [48,49]. Bridgeman et al. [48] torrefied
willow and miscanthus at 240 ◦C and 290 ◦C with a residence time of 10 and 60 min. Broström et al. [49]
reported the ultimate analysis of spruce torrefied at 260, 280 and 310 ◦C and a residence time of 8,
16.5 and 25 min. Although, miscanthus is a non-woody biomass, it is considered here to examine the
applicability of the correlations developed in this study to non-woody biomass.

Table 5. Comparison of the newly developed C, H and HHV correlations with others.

Correlation Reference ABE a (%) RMSE
C
Co

= 0.7405 + 28.47
Ys

C
Co

= −0.47289+9.8562×10−3Ys
0.01Ys−0.010633Co

Current
Study

−2.4
4.0

2.12
3.30

C = 0.637FC + 0.455VM [10] −12.1 7.39

C = 0.635FC + 0.460VM − 0.095ASH [11] −11.7 7.23

C = −35.9972 + 0.7698VM + 1.3269FC + 0.3250ASH [17] −6.1 3.86
H
Ho

= 1.067 − 11.45
Ys

H
Ho

= −0.55735+9.9884×10−3Ys
0.01Ys−0.086329Ho

Current
Study

−2.4
−4.8

0.24
0.88

H = 0.052FC + 0.062VM [10] −1.8 0.26

H = 0.059FC + 0.060VM + 0.010ASH [11] −1.4 0.26

H = 55.3678 − 0.4830VM − 0.5319FC − 0.5600ASH [17] 11.9 0.82

HHV
HHVo

= 4.6508
Ys

+ 0.94497 C
Co

Current Study −3.1 b 1.02

2.93 c 1.24

HHV = 0.1905VM + 0.2521FC [12]
[12]

−8.7 2.32

HHV = 0.2949C + 0.8250H −3.2 0.92

HHV = 3.55C2 − 232C− 2230H+ 51.2CH+ 131N+ 20600 [13] 1.3 0.44

HHV = 0.1846VM + 0.3525FC [18]
[18]

−0.6 0.78

HHV = 32.7934 + 0.0053C2 − 0.5321C − 2.8769H +
0.0608CH − 0.2401N

2.2 0.55

a ABE = 1
n

n
∑

i=1
(y∗

i − yi)/yi,
b carbon content calculated using Equation (18), c carbon content calculated using

Equation (19).

The first model developed in this study for carbon content, Equation (18), gives an ABE of −2.4%
and RMSE of 2.12 whereas the second correlation, Equation (19), yields an ABE of 4% and RMSE of 3.3.
The correlations of Parikh et al. [10] and Shen et al. [11] give higher negative values of −12.1% and
−11.7% for ABE with RMSE of 7.39 and 7.23, respectively, as their models are originally developed for
raw biomass. The correlation proposed by Nhucchen [17] shows an ABE of −6.1% and RMSE of 3.86.
In the case of hydrogen, the correlations of this study, Equations (20) and (21), show an ABE of −2.4%
and −4.8% with an RMSE of 0.24 and 0.88, respectively. The highest ABE is found for the correlation
of Nhucchen [17]. The correlation developed by Prikh et al. [10] gives an ABE of −1.8% and RMSE of
0.26 and that of Shen et al. [11] yields an ABE of −1.4% and RMSE of 0.26.

For HHV, this study shows an ABE of −3.1% and RMSE of 1.02 when Equation (18) is used to
determine the carbon content. These figures slightly change to 2.93% and 1.24 if the carbon content is
calculated using Equation (19). Yin et al. [12] developed two correlations for HHV of raw biomass.
As shown in Table 5, the first one gives an ABE of −8.7% and RMSE of 2.32 whereas the second relation
yields an ABE of −3.2% and RMSE of 0.92. Friedl et al. correlation [13] developed using raw biomass
data shows an ABE of 1.3% and RMSE of 0.44. The two correlations developed by Nhucchen et al. [18]
give ABE of −0.6% and 2.2% with RMSE of 0.78 and 0.55.
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Figure 4 compares the predicted values of the carbon content, the hydrogen content, and heating
value obtained from Equations (18)–(22) with the measured data reported in Refs. [48,49]. It is evident
from Figure 4a that Equations (18) and (19) satisfactorily predict the C content. A maximum error of
7.23% is found for miscanthus when C is predicted by Equation (18). For woody biomass, a maximum
error of 8.6% is found for spruce from Equation (19). In the case of H, as shown in Figure 4b, the largest
difference between the predicted and measured values found for miscanthus is 12.33% when Equation
(21) is used. Also, a reasonable accuracy of prediction is found for HHV in Figure 4c with a maximum
error of 8.2%. Overall, the agreement between the predicted and measured values in Figure 4 is
acceptable for engineering applications.

It must be noted that as the proposed correlations are obtained using the data of different types
of wood, their application to a non-woody biomass is not recommended. Furthermore, the new
correlations are developed for a solid yield in the range 58% to 97%. Whether torrefied biomass
is used in a combustion or gasification process, one would need to know the composition of the
torrefied solid to accurately predict the gaseous products (combustion gases or producer gas). For this,
Equations (18)–(22) are expected to be a useful tool for designers and researchers.

Energies 2018, 11, x FOR PEER REVIEW  11 of 15 

 

error of 8.6% is found for spruce from Equation (19). In the case of H, as shown in Figure 4b, the 
largest difference between the predicted and measured values found for miscanthus is 12.33% when 
Equation (21) is used. Also, a reasonable accuracy of prediction is found for HHV in Figure 4c with a 
maximum error of 8.2%. Overall, the agreement between the predicted and measured values in 
Figure 4 is acceptable for engineering applications. 

It must be noted that as the proposed correlations are obtained using the data of different types 
of wood, their application to a non-woody biomass is not recommended. Furthermore, the new 
correlations are developed for a solid yield in the range 58% to 97%. Whether torrefied biomass is 
used in a combustion or gasification process, one would need to know the composition of the 
torrefied solid to accurately predict the gaseous products (combustion gases or producer gas). For 
this, Equations (18)–(22) are expected to be a useful tool for designers and researchers. 

 
(a) 

 
(b) 

48 52 56 60 64 68

48

52

56

60

64

68

 Measured Carbon (%wt.)  

 P
re

di
ct

ed
 C

ar
bo

n 
(%

w
t.)

Willow (Eq.18)Willow (Eq.18)
Willow (Eq.19)Willow (Eq.19)
Spruce (Eq.18)Spruce (Eq.18)
Spruce (Eq.19)Spruce (Eq.19)
Miscanthus (Eq.18)Miscanthus (Eq.18)
Miscanthus (Eq.19)Miscanthus (Eq.19)

5 5.25 5.5 5.75 6 6.25 6.5
5

5.25

5.5

5.75

6

6.25

6.5

 Measured Hydrogen (%wt.)

Pr
ed

ic
te

d 
Hy

dr
og

en
 (%

w
t.)

Willow (Eq.20)Willow (Eq.20)
Willow (Eq.21)Willow (Eq.21)
Spruce (Eq.20)Spruce (Eq.20)
Spruce (Eq.21)Spruce (Eq.21)
Miscanthus (Eq.20)Miscanthus (Eq.20)
Miscanthus (Eq.21)Miscanthus (Eq.21)

Figure 4. Cont.



Energies 2018, 11, 2443 12 of 15

Energies 2018, 11, x FOR PEER REVIEW  12 of 15 

 

 
(c) 

Figure 4. Comparison of the predicted and measured values of (a) Carbon content, (b) Hydrogen 
content and (c) HHV. 

4. Conclusions 

New correlations are developed using the ultimate analyses of torrefied woody biomass 
comprising 152 data points and 15 different types of wood, for predicting the carbon content, 
hydrogen content, and heating value of a torrefied wood. The proposed relations given in Equations 
(18) through (22) allow estimation of the C and H contents and HHV of a torrefied wood as a function 
of solid mass yield, composition and heating value of untreated wood. The accuracy of the proposed 
correlations is examined using additional experimental data related to torrefaction of willow, 
miscanthus, and spruce. Overall, the agreement between the predicted and measured quantities of 
the carbon, hydrogen and HHV is satisfactory. The proposed correlations provide a useful tool that 
can be incorporated in process models of energy systems operating on torrefied wood. 

Author Contributions: Conceptualization, Y.H.; Methodology, Y.H.; Validation, M.H.; Formal Analysis, M.H. 
and Y.H.; Investigation, M.H. and Y.H.; Data Curation, M.H.; Writing-Original Draft Preparation, M.H.; Writing-
Review & Editing, Y.H. and E.K.; Supervision, Y.H. and E.K. 

Funding: This research received no external funding. 

Acknowledgments: The funding support of Central Michigan University is gratefully acknowledged. 

Conflicts of Interest: The authors declare no conflict of interest. 

Nomenclature and Subscript 

C Carbon content (%wt.) 
O Oxygen content (%wt.) 
HHV Higher heating value (MJ/kg) 
VM Volatile matter (%) Yୱ Solid mass yield (%) y∗ Predicted value yത Average value 
daf Dry and ash free 
RMSE Root mean square error 
H Hydrogen content (%wt.) 

19 21 23 25 27
19

21

23

25

27

 Measured HHV (MJ/kg)

 P
re

di
ct

ed
 H

HV
 (M

J/
kg

)

Willow (C of Eq.18)Willow (C of Eq.18)
Willow (C of Eq.19)Willow (C of Eq.19)
Spruce (C of Eq.18)Spruce (C of Eq.18)
Spruce (C of Eq.19)Spruce (C of Eq.19)
Miscanthus (C of Eq.18)Miscanthus (C of Eq.18)
Miscanthus (C of Eq.19)Miscanthus (C of Eq.19)

Figure 4. Comparison of the predicted and measured values of (a) Carbon content, (b) Hydrogen
content and (c) HHV.

4. Conclusions

New correlations are developed using the ultimate analyses of torrefied woody biomass
comprising 152 data points and 15 different types of wood, for predicting the carbon content, hydrogen
content, and heating value of a torrefied wood. The proposed relations given in Equations (18) through
(22) allow estimation of the C and H contents and HHV of a torrefied wood as a function of solid mass
yield, composition and heating value of untreated wood. The accuracy of the proposed correlations is
examined using additional experimental data related to torrefaction of willow, miscanthus, and spruce.
Overall, the agreement between the predicted and measured quantities of the carbon, hydrogen and
HHV is satisfactory. The proposed correlations provide a useful tool that can be incorporated in
process models of energy systems operating on torrefied wood.
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Nomenclature and Subscript

C Carbon content (%wt.)
O Oxygen content (%wt.)
HHV Higher heating value (MJ/kg)
VM Volatile matter (%)
Ys Solid mass yield (%)
y∗ Predicted value
y Average value
daf Dry and ash free
RMSE Root mean square error
H Hydrogen content (%wt.)
N Nitrogen content (%wt.)
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FC Fixed carbon (%)
ASH Ash content (%)
n Number of measurements
y Measured value
N Number of data
ABE Average biased error (%)

o Raw biomass
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