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Abstract. The aim of the study was modelling of HHV of oat (grain and
straw) biomass. The content of ash, carbon, hydrogen, nitrogen, moisture,
volatile materials and the higher heating value of oat (grain and straw)
biomass was measured. The possibility of using twenty models from the
literature to describe HHV of oat was examined. The following models:
HHV=19.914-0.2324A and HHV=-3.0368+0.2218VM+0.2601FC are
recommended for determining of HHV of oat (RMSE of the range 0.13-
0.28). The models based on ultimate analysis gave worse results in
determination of HHV for oat.

1 Introduction

The heating value (HV) of a fuel is a measure of this fuel energy content. Heat of
combustion and the calorific value are the other names of HV. The lower heating value
(LHV) is a measure of the enthalpy change during combustion at constant pressure with
water in a vapour state, whereas the higher heating value (HHV) measures discussed
enthalpy change, but with water in a liquid state [1]. Generally speaking, the higher heating
value informs about the amount of heat released during the complete burning of a fuel unit
mass including the condensation enthalpy of liquid water as a combustion product under
standard conditions [2]. HHV of a fuel belongs to the most important properties of solid
fuels being necessary for the design and operation of the fuel combustion systems and
enabling comparison of different fuels [3].

The HHV of fuels can be determined experimentally by burning a specimen in a
adiabatic oxygen bomb calorimeter under controlled conditions. The calorimeter measures
the changes between reactants and products enthalpy [2,4]. The higher heating value can be
also approximately predicted using empirical models. As far as biomass fuels are concerned
discussed correlations are based on ultimate and/or proximate analysis, physical or
chemical composition, or structural analyses. Most of the developed models are linear [5,6],
however same of the correlations between HHV and the constituents of the analysis could
be nonlinear [7,8].

*Corresponding author: krzysztof_gornicki@sggw.pl

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons
Attribution License 4.0 (http://creativecommons.org/licenses/by/4.0/).



E3S Web of Conferences 154, 01003 (2020) https://doi.org/10.1051/e3sconf/202015401003
ICoRES 2019

Empirical models based on ultimate analysis correlate the HHV with the elemental
composition of solid fuels (contents of C, H, O, N, S, CI, P). Among mentioned models are
these taking into account only influence of carbon [9,10] or carbon and hydrogen [11,12].
These are however models considering impact of several elements on HHV, e.g.: carbon,
hydrogen, and oxygen [10,13], carbon, hydrogen, oxygen, and nitrogen [4,14] or carbon,
hydrogen, oxygen, nitrogen, chloride, and phosphor [15].

Correlations based on proximate analysis give the relationship between the higher
heating value and the results of the proximate analysis. Such an analysis determines the
content of moisture, volatile matter, sulfur, fixed carbon, and ash. Among discussed
correlations can be find ones considering impact of, among others, content of fixed carbon
[7], ash [10], fixed carbon and volatile matter [13,16], fixed carbon, volatile matter, and ash
[17].

Demirbas [18] developed empirical models for calculation of higher heating values of
such liquid fuels as alcohols, alkanes, and vegetable oils. These models take into account
the influence of fuel density and viscosity on HHV. Empirical formula based on chemical
composition correlates the HHV with the saponification value and iodine value of vegetable
oils [19] whereas formulas considering structural composition of lignocellulosic fuels pay
respect to lignin content and extractive content [7,20].

The higher heating value of biomass fuels can be predicted by applying artificial neural
network ANN [2,3,5,21,22].

Plants cultivated for energy purposes should have the following characteristic features:
low solid requirements, high resistant to diseases and pests, high annual growth and high
energy content namely higher heating value [23]. Therefore oat can be treated as a very
good energy source because its calorific value is higher than the other cereals and it does
not need high quality soil for growing. Moreover oat is very important as a phytosanitary
plant in the cereal crops rotation. It should be underlined also that the oat grains show the
lowest importance as far as consumption and fodder is concern [24,25].

The objectives of this study were to investigate the carbon, hydrogen, nitrogen, ash,
moisture, and volatile materials content and the higher heating value and modelling of
HHYV of oat (grain and straw) biomass.

2 Material and methods

The studied material consisted of grains and straw of the Bingo variety oat.

The contents of moisture (MC), ash (A), and materials volatile (VM) were measured in
the LECO TGA 701, whereas the contents of carbon, hydrogen and nitrogen in the LECO
628 CHN analyser. The higher heating value was measured in a calorimetric bomb placed
in calorimeter LECO AC 600. Fixed carbon content (FC) was calculated using formula
[26]:

100=A+FC+MC+VM (N

Twenty of mathematical models were used to prediction of HHV (Table 1).

Values of the considered models constants (Table 1) are presented in Table 2.

The goodness of fit of the models to the experimental data was evaluated with the root
mean square error RMSE:
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where n denotes number of data, y.,, means experimental value, and y,. denotes predicted
value.

Table 1. Mathematical models for prediction of biomass HHV.

Model No.| Model References
1 HHV=x0tx1A [10]
2 HHV=x¢+x1FC [7,14]
3 HHV=xotx1FC+ x2A [27]
4 HHV=xo+tx1A+ x2/FC [27]
5 HHV=x/FC+ xxVM [11,14,16]
6 HHV=xo+tx1FC+ xo/ VM [27]
7 HHV=xotx1A+ x2/VM [27]
8 HHV=xo+ xiVM+ x2FC [10,27]
9 HHV=xotx1VM+ x2A [16,27]
10 HHV=x¢tx1(VM+FC) [13]
11 HHV=xotxiMC+ x2FC+ x3A [6]
12 HHV=x0tx1VM+ x2FC+ x3A [27]
13 HHV=x0+tx1FC+ x2A+x3/VM [27]
14 HHV=x1FC+ x;VM+ x3A [17]
15 HHV=x0+x:C [1,9,10]
16 HHV=x¢+x1(C+H) [1]
17 HHV=x1C+ x2H [11]
18 HHV=x1N+ x,C [4]
19 HHV=xotx1IN+ x2C [4]
20 HHV=xo+x1N+ x2C+ x3H [4]

*A — ash content, wt%, C — carbon content, wt%, FC — fixed carbon content, H —
hydrogen content, wt%, N — nitrogen content, wt%, VM — volatile materials content, wt%,
Xo - x3 — models constant

Significance of the impact of biomass kind (grain and straw of oat) on ash, carbon,
hydrogen, nitrogen, moisture and volatile materials content and on the HHV was
determined using ANOVA (after accepting the uniformity test of Lavene’s variance).
Tukey test HSD was applied for division into uniform groups. The ANOVA (p<0.05) was
done using the Statistica 13 software.
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Table 2. The constants of the HHV models (HHV in MJ/kg).

Model Model constants values
Model
constants References

No. No. Xo X1 X2 X3
1 cl 19.914 -0.2324 [10]
2 cl 14.119 0.196 - - [7,14]
3 cl 22.3418 -0.1136 | -0.3983 - [27]
4 cl 18.297 -0.4128 35.8 - [27]

cl - 0.312 0.1534 - [14]
5 c2 - 0.3543 0.1708 - [16]

c3 - 0.1905 0.2521 - [11]
6 cl 44,366 0.286 -2394.7 - [27]
7 cl 28.296 -0.2887 | -656.2 - [27]
8 cl -3.0368 0.2218 0.2601 - [10]

c2 -17.507 0.3985 0.2875 - [27]
9 cl 0.03543 -0.1835 | -0.3543 - [16]

c2 10.982 0.1136 -0.2848 - [27]
10 cl -10.8141 | 0.3133 - - [13]
1 cl 23.068 -0.157 -0.047 -0.583 [6]

c2 22.543 -0.234 -0.0343 -0.344
12 cl 167.2 -1.449 | -1.562 | -1.846 [27]
13 cl -18.37 -0.8469 |-1.1251 | 4420 [27]
14 cl - 0.3536 0.1559 -0.0078 [17]

cl 1.3178 0.3699 - - [1]
15 c2 -0.459 0.4084 - -

c3 -1.6701 | 0.4373 - - [9]

c4 3.4597 0.3259 [10]

cl -1.6938 0.3856 - -
16 c2 -3.4085 0.4182 - - (1]
17 cl - 0.2949 0.8250 - [11]
18 cl - 0.2828 0.4061 - [4]
19 cl -2.0611 0.3003 0.4508 - [4]
20 cl -3.5208 0.2424 0.4037 0.6131 [4]

3 Results

Results of measurement of ash, carbon, fixed carbon, hydrogen, moisture, volatile materials
content, nitrogen and HHV are presented in Table 3.

Table 3. Results of ultimate, proximate analysis and HHV measurement of the oat.

Content (Wt%) HHV.
9

A C FC H MC* VM N MJ/kg
Oat grain| 2.5+0.1% 43.7£0.2°| 14.5£0.7*| 5.6+0.1° 10.7+0.5*| 83x0.5* |1.70.1°| 19.4x0.1°
Oat straw| 9-2£2.3°| 40.2£1.2°| 18.2+1.2°| 4.8+0.2° 12.5£0.5| 72.6+1.5°0.620.2%| 17.6+0.6

a5 the same letters in the columns indicated homogenous groups (p<0.05)
*MC — moisture content, wt%

Material
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The oat grain contains 43.7% of carbon, 5.6% of hydrogen, and 1.7% of nitrogen.
Comparing with oat straw, oat grain contains more C, H, N by 3.5%, 0.8%, and 1.1%,
respectively. Differences are statistically significant.

The oat grain contains 2.5% of ash, 14.5% of fixed carbon content, and 83.0% of
volatile materials content (comparing with oat straw: less by 6.7% for ash and by 3.7% for
fixed carbon content and more by 10,4% for volatile materials content). Differences are
statistically significant.

Table 4 shows the contents of ash, C, H, N and the values of HHV in the grain and
straw of oat as presented in the literature.

Table 4. Contents of A, C, H, N and the values of HHV in the grain and straw of oat.

Content (Wt%)

Material HHV, MJ/kg
A C H N

230281 3.1[29], 134] 29 b o341 ¢ €291 ar3a1 ~ Ao | 18-4128, 17,680, 193631,

Oat grain | 2.20301, 2,931 4527, 4767, 17.277, 6,610 47, 2.2 77 16.60331, 17,3051 18,0123,
43.60301 54801 12,1301 1,831
5.80321 2 4133] ’ 18.612%
4.990331, 6.434, 14034, 19.15861% 19,6631,

Oat straw 3 31361 46.2034, 40,6061 5 9361 0.60361 19.0606*

*calculated form LHV in accordance with [37]

The obtained contents of carbon, hydrogen and nitrogen in the grain and straw of oat
are lower than presented in the literature (only Gtowacka et al. [30] reported lower contents
of H). The ash content in oat grain was similar to reported in the literature, however
Heinzel et al. [32] and Bifver et al. [29] noted higher values (5.8 and 3.1%, respectively).
The ash content in oat straw was higher than presented in the literature.

The obtained HHV of grain is higher than HHV of straw oat (Table 3) and differences
are statistically significant. The obtained values of oat grain HHV are higher and values of
oat straw HHV are lower than presented in the literature (Table 4).

Results of HHV modelling are presented in Table 5.

The possibility of using twenty models from the literature to describe HHV of oat
grain, oat straw and both were examined. As can be seen from the analysis results, models
(1) and (8).; (model (8) with constants ¢/) can be considered as the best for describing the
HHYV of oat. The RMSE values were 0.13, 0.19 and 0.16 for model (1) and 0.28, 0.21 and
0.25 for model (8).; for grain, straw and both grain and straw, respectively.

The following models can be accepted for determining the HHV of oat grains: model
(1) (RMSE=0.13), model (5).2 (RMSE=0.20), model (11).; (RMSE=0.21), models (8).; and
(6) (RMSE=0.28), models (12) and (7) (RMSE=0.29), models (9).> and (3) (RMSE=0.31).
The models: (14), (1), (8) (10) and (2) can be used for estimation of the HHV of oat straw.
The RMSE values were following: 0.12, 0.19, 0.21, 0.21 and 0.36, respectively. Whereas
the models: (1), (8).; and (10) are also recommended for modelling both oat grain and straw
HHV. The RMSE values were equal 0.16, 0.25 and 0.29, respectively.

Models (2) and (14) recommended for straw HHV calculation, give bad results
(RMSE: 2.45 and 1.37) for grain HHV. Similarly, model (5).2 is recommended for HHV of
grain calculation, while this model for HHV of straw and the model with other constants
(cI and c3) give bad results for both oat grain and straw (1.24<RMSE<4.22). For the other
recommended for grain models: (9), (12), (3), (6), (7), the accuracy for HHV of oat straw
calculation is worse (RMSE> 1.05).
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Table 5. Results of oat HHV modelling.

Model | Model RMSE Model | Model RMSE
No. constants | oat oat oat (grain No. constants | oat oat oat (grain
No. grain | straw | and straw) No. grain | straw | and straw)
1 cl 0.13 0.19 0.16 cl 0.21 1.52 2.01
11
2 cl 245 0.36 1.75 c2 0.35 2.55 1.10
3 cl 0.31 1.05 0.77 12 cl 0.29 1.07 0.78
4 cl 0.35 1.19 0.88 13 cl 0.41 0.85 0.67
cl 2.15 0.80 1.63 14 cl 1.37 0.12 0.97
5 c2 0.20 1.24 0.89 cl 1.92 1.44 1.70
c3 4.28 4.16 4.22 c2 2.02 1.67 1.85
6 cl 028 | 111 0.81 15 c3 196 | 1.72 1.85
7 cl 0.29 1.07 0.78 c4 1.71 1.08 1.43
cl 0.28 0.21 0.25 cl 2.07 1.96 2.02
8 16
c2 0.35 1.00 0.75 c2 2.18 2.21 2.20
cl 3.34 1.50 2.59 17 cl 1.87 2.83 1.83
9
c2 0.31 1.05 0.77 18 cl 1.19 1.14 1.16
19 cl 1.26 1.39 1.33
10 cl 0.35 0.21 0.29
20 cl 1.42 1.83 1.64

Recommended models are based on the proximate analysis. They are the relationship
between the HHV and content of ash, fixed carbon, moisture and volatile materials. Taken
into account models based on ultimate analysis give worse results for oat HHV calculation
than proximate models.

4 Conclusions

1. The following models are recommended for the prediction of HHV of oat (grain, straw
and both grain and straw): HHV=19.914-0.2324A and HHV=-
3.0368+0.2218VM+0.2601FC (0.13<RMSE<0.28).

2. The following model: HHV=19.914-0.2324A is recommended for the calculation of
HHYV of oat grain (RMSE=0.13).

3. The following model: HHV=0.3536FC+0.1559VM-0.0078A is recommended for the
estimation of HHV of oat straw (RMSE=0.12).

4. The models based on ultimate analysis give worse results for oat HHV calculation than
models based on proximate analysis.
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