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A B S T R A C T

Higher heating values (HHV), as well as carbon, hydrogen, sulphur, nitrogen and ash contents have been ex-
perimentally determined for eight lignin samples.

Systematization and analysis of equations for prediction of HHV for the different fuels (coal, wood, biomass,
waste, etc.) based on the carbon, hydrogen, oxygen, sulphur, nitrogen, chlorine, phosphorus, and ash content
were carried out.

The feasibility of 27 equations for predicting lignin HHV has been checked. A simple new equation for
predicting lignin HHV based on the carbon content has been proposed; its accuracy is 2.4%.

1. Introduction

Lignin is the second most widely available biopolymer in the world,
while its practical use is insignificant. This imbalance between the de-
mand and supply of lignin stimulates its study. In addition, lignin is a
renewable source of energy and raw material. The largest amounts of
lignin are generated as waste at wood chemical plants [1]. Lignin is
used to produce fuel [2,3], polymers [4,5], sorbents [6] and other
chemical products [7–9]. The utilization of lignin typically involves
thermochemical processes: direct combustion, pyrolysis, thermal li-
quefaction or hydrothermal conversion [10]. To evaluate the heat ef-
fects of such processes it is necessary to know the heating value of lignin
or that of compounds modeling fragments of its structure.

In the current study “higher heating value at constant volume”
(HHV) is considered, which is analogous to “gross calorific value at
constant volume” according to ISO 1928:2009, ISO 18125:2017 or
“gross heat of combustion at constant volume” according to ASTM D
240-17, ASTM D 4809-18 or “energy of combustion” in the definition of
chemical thermodynamics [11]. The result of the experimental de-
termination of HHVw is recommended to be presented as HHVd

(sometimes HHVdaf) according to ISO 16993:2016. HHVdaf is used when
discussing the maximal HHV value or HHV organic part of fuel.

Lignin species differ in the method of isolation from the wood or
plant matrix: Kraft process, hydrolysis, extracting with organic solvents,
etc. [9]. HHVdaf of the lignin depends on the origin of the raw materials
(softwood, hardwood, straw, etc.), the degree of chemical modification
of native lignin, and the ratio of aromatics (or lignin)/carbohydrates as

well. The latter factor makes the main contribution to the value of
HHVdaf, since the cellulose HHVdaf is less than that of lignin and has a
constant value of 17.35 ± 0.05 MJ kg−1 [12] with the following
elemental composition Cdaf = 44.4 wt%, Hdaf = 6.2 wt%,
Odaf = 49.4 wt%. For lignin samples that do not contain carbohydrates
the value of HHVdaf can reach 29.2 MJ kg−1 [13] with the elemental
composition Cdaf = 70.0 wt%, Hdaf = 6.5 wt%, Odaf = 23.5 wt% [14].
Therefore HHVdaf of lignins (including lignocellulose samples) varies in
a wider range than that of the biomass, from 17.3 to 29.2 MJ kg−1,
which makes it reasonable to develop a special equation for predicting
HHV of the lignin.

HHV is determined experimentally using bomb calorimeter or by
calculation based on proximate analysis, ultimate analysis, structural
(or chemical) composition, or their combinations [15]. The first cal-
culation method was based on the determination of HHV by the ele-
mental composition [16]. It has been theoretically justified for coals by
P.-L.Dulong (1785–1838) even before P.Vieille (1854–1934) created a
calorimetric bomb. Since Dulong did not have reliable HHV values in
due time, his postulates in the form of the equations were presented by
other researchers much later [16,17]. Therefore, one can find various
variants of Dulong’s formula in the literature, as well as modifications
of Dulong’s formula [18].

The use of bomb calorimeters for HHVw or HHVd measurements
designed at the end of the 19th century by P.Mahler and M.Berthelot
led to the accumulation of reliable HHVd values for different materials.
This allowed D.I.Mendeleev (1834–1907) to propose the first universal
formula for HHVd calculation [16] based data points for 70 coals, 7
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liquid petroleum products, graphite and cellulose. A review of the
theoretical criteria of Dulong, Mahler and Mendeleev, which form the
basis of the formulas of the XIX century for calculation of the HHV, was
considered by us previously [19], and a complete review has been
fulfilled by [20]. Many similar and original dependencies were pro-
posed in the twentieth century: relationships for coals until the middle
of the twentieth century were analyzed in two reviews [21,22], while
data from the second half of the twentieth century to 2010 were re-
garded in the review [23]; equations for biomass and waste have been
published since the 1980s [24] and the equations up to 2011 were re-
viewed [25], recent developments are presented by two works [26] and
[27]. Beginning from the second half of the twentieth century formulas
based on different statistical processing of experimental data have
dominated. Along with regression analysis Monte-Carlo method is used
[28], and neural networks technique is especially widely applicable
[29]. A new universal equation [20] based on data for 6 gaseous fuels,
40 liquid fuels, 49 coals and cokes, 95 biomass materials, 21 wastes
including refuse derived fuel (RDF) and municipal solid waste (MSW),
14 chars. Recently several authors [27,30,31] have presented thermo-
chemical models for calculation of the HHVdaf based on the use of the
mass fraction of oxygen consumed by combustion. The dominance of
the statistical approach in the development of equations for calculation
of the HHV has led to an abrupt increase in their number in the twenty-
first century, which now exceeds 250. Table 1 presents a sampling of
100 equations systematized in a chronological order and, as far as
possible, they are brought to a single form regarding the contributions
of individual elements (including ash) and fuels the equations are de-
veloped for. Principles of selection 100 equations from 250 were the
following: at least 1 equation from each reference, author’s re-
commendation, maximum correlation coefficient (R2), minimum
number of parameters. Such a number of equations require their com-
parative analysis to limit this variety and to offer a simple equation for
lignin.

Although there are many data on determination of HHV and ele-
mental composition for lignin in the literature, there are few works that
provide both sets of data simultaneously. Thus, it seems reasonable to
determine both HHV and elemental composition on dry basis for variety
of lignin samples to check the applicability of the equations for calcu-
lating their HHV.

2. Materials and methods

2.1. Materials and sample preparation

Original samples of wood lignin from hydrolysis plants in Bobruisk,
Belarus (LN-BBY), Rechitsa, Belarus (LN-R1BY, LN-R2BY, LN-R3BY, LN-
R4BY), Kedainiai, Lithuania (LN-KLT), Kirov, Russia (LN-KRU) and
lingosulphonate, Vyborg district, Russia (LS-VRU) were used as the test
samples.

The preparation of general analysis samples for experimental

measurements was performed according to ISO 14780:2017.
Laboratory samples were pre-dried in the laboratory to an air-dry
condition, ground in an electric mill to pass a sieve with mesh size of
0.25 mm.

2.2. Experimental measurements

Measurements of all experimental values were carried out with the
same general analysis sample in parallel with its moisture content
measurements.

Moisture was determined by drying 1–2 g at (105 ± 2) °C in the
aluminum cylindrical container of 70 cm3 to a constant weight for at
least 3 h (ISO 18134–3:2015). Before removing the hot containers from
the drying oven, they were tightly covered with lids, placed in a de-
siccator with anhydrous CaCl2 and weighed after 15 min. The con-
tainers were opened for a few seconds before weighing.

Aw was determined by baking of ~1 g of preliminarily carbonized
sample at 550 °C for 120 min in porcelain crucibles (ISO 18122:2015).
The hot crucibles were kept in the air for 5 min after being removed
from the oven, then placed in the desiccator and weighed after 15 min.
In moisture determining the drying oven SNOL 24/200 was used, in the
case ash the muffle furnace MIMP-3P was applied. The accuracy of
temperature maintenance in the test chambers was± 2 °C. Three par-
allel determinations were made during the measurements, with the
maximum difference between the determinations not exceeding 0.2%.

HHVw was determined according to ISO 18125:2017 using the
bomb isoperibolic calorimeter BIC 100 with the water jacket described
earlier [99]. Calibration of the calorimeter was carried out with a
standard reference material – benzoic acid (calorimetric standard, trade
mark K-3, VNIIM, St. Petersburg) which has a certified value of the
specific energy of combustion equal to 26.454 ± 0.005 MJ kg−1, when
weighing in the air [100]. Certified conditions are T = 298 К,
P = 2941955 Pa, m (benzoic acid), kg / V (bomb), m3 = 3, m (water
added to the bomb), kg/V (bomb), m3 = 3. Samples of lignin weighing
of 1.0–1.2 g were obtained with an accuracy of 0.1 mg with a Sartorius
CPA 225D balance and burned as air-pressed pellets in heat-resistant
stainless steel crucible. Copper wire of 0.5 mm diameter was used as a
fuse. The correction for the combustion copper wire was made 0.013 kJ
in all experiments. The repeatability of the measurement results aver-
aged 0.05 MJ kg−1, with a maximum discrepancy not exceeding
0.12 MJ kg−1.

Cw, Hw and Nw were determined simultaneously according to ISO
16948:2015 using VarioEL III (Elementar Analysensysteme GmbH) and
Flash 2000 (ThermoFisher Sci.). The weighted samples were 2–3 mg in
the case of the Flash 2000 and 5–10 mg for the VarioEL III. The certified
sample of sulfanilic acid was used to calibrate the instruments. Three
parallel determinations were made during the measurements, with the
maximum difference not exceeding 0.5 wt% for carbon, 0.2 wt% for
hydrogen and 0.05 wt% for nitrogen.

Sw was determined by the gravimetric method through sulfate ions

Nomenclature

HHV higher heating value (MJ kg−1)
wt% weight percent
C carbon content (wt%)
H hydrogen content (wt%)
O oxygen content (wt%)
S sulphur content (wt%)
N nitrogen content (wt%)
Cl chlorine content (wt%)
P phosphorus content (wt%)
A ash content (wt%)
QC coefficient at C (MJ kg−1 wt%−1)

QH coefficient at H (MJ kg−1 wt%−1)
QO coefficient at O (MJ kg−1 wt%−1)
QS coefficient at S (MJ kg−1 wt%−1)
QN coefficient at N (MJ kg−1 wt%−1)
QCl coefficient at Cl (MJ kg−1 wt%−1)
QP coefficient at P (MJ kg−1 wt%−1)
QA coefficient at A (MJ kg−1 wt%−1)
w wet basis, not excluding ash
d dry basis, not excluding ash
daf dry basis, ash-free
waf wet basis, ash-free
Const absolute term (MJ kg−1)
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precipitating from the calorimetric bomb washings with 10 wt% BaCl2
solution.

Experimental values of HHVw, Aw, Cw, Hw, Nw and Sw determined
for the general analysis sample have been recalculated to HHVd, Ad, Cd,
Hd, Nd and Sd, respectively, taking into account moisture according to
ISO 16993:2016.

3. Results and discussion

3.1. Analysis of equations for HHV calculation

It is reasonable to consider the questions of universality (applic-
ability to different fuels) and independence of equations by checking
the presence or absence of correlations between them. The basis is
dropped from the predicting equations provided that the compositions
and HHV are consistently used. The vast majority of equations are de-
veloped for a certain type of fuels (Table 1). A priori, the equations for
coals are not applicable for calculation of HHV of the biomass and vice
versa. However was found [49] that Eq. (20) [46] is quite acceptable
for calculating HHV of the biomass and char. In the work [20] con-
cluded that the equations for coals predict underestimated HHV values
for biomass and overestimated values for MSW and sewage sludges.
Rönsch and Wagner [101] confirmed that correlations developed for
coals tend to underestimate HHV of the biomass, and was showed [23]
that Eq. (54) for biomass [72] is not acceptable for calculating HHV of
the coal. Peduzzi et al. [102] compared the HHVd of the biomass values
calculated from Eqs. (2), (15), (16), (20), (24), (44), (50), (54) and
found that all models except Eq. (2) gave values close to the experi-
mental data and average absolute error being within 1.9–2.4%.

A limited number of equations (4), (44), (45), (84), (87), (101), (16)
apply for universal formulae. The most well-known and widely used
empirical expressions belong to Mendeleev [16] and Channiwala and
Parikh [20]. Calculated from these two Eqs., (4) and (44), HHVd values
for wood with Cd = 50 wt%, Hd = 6 wt%, Od = 44 wt% differ by
0.3 MJ kg−1, which corresponds to the reproducibility limit of the
HHVd calorimetric determination for solid biofuels according to ISO
18125:2017.

The equations from the Table 1, with the exception of Eqs. (7), (9),
(10), (15), (24), (40), (43), (50), (51), (61), (75), (76), (79), (94) can be
represented as

HHV=QCC+QHH+QOO+QSS+QNN+QClCl+QPP+QAA+Const(102)

The values of QC, QH, QO, QS, QN, QCl, QP, QA and Const are in-
dependent of basis type (w, d, daf or waf). It means, that the basis of
HHV in all equations will be determined by the type basis of C, H, O, S,
N, Cl, P, A taken for HHV calculation, since the conversion HHV and C,
H, O, S, N, Cl, P, A from one basis to another is carried out by the same
formulas (ISO 16993:2016).

In our opinion, for comparative analysis of equations it is advisable
to consider values of the first three coefficients (QC, QH, QO) and Const
without reference to specific data sets. These values vary widely enough
and QC, QH, QS are usually positive (+) and QO negative (−). The most
“stable” is the QC, the numerical values of which are in the range from
0.29 to 0.48 MJ kg−1 wt%−1 for 85% of the equations from the Table 1.
This is due to the fact that HHVdaf of the carbon for the standard re-
ference material Graphite EC-22 (VNIIM, St.Petersburg) is
32.792 ± 0.007 MJ kg−1, which corresponds to
QC = 0.33 MJ kg−1 wt%−1. Equations obtained on the basis of sta-
tistical data processing only often contain Const and the coefficients,
which have no physical meaning. For example, in the widely known Eq.
(50) the main contribution is made by Const = 20.6 MJ kg−1, while the
QC, QH, QN and others, only slightly reduce it since HHVd of the biomass
varies in the range from 18.4 to 20.4 MJ kg−1 [102]. Thus, the ap-
plicability of the equation is determined not by the degree of “funda-
mentality” of its coefficients, but by the accuracy of the HHV values

Fig. 1. Dependence of QC vs QH in equations of the type of (103) for Eqs. (60),
(64), (86), (88), (95).

Fig. 2. Dependence QC vs. Const in equations of the type of (104) for Eqs. (21),
(22), (33), (34), (48), (49), (55), (56), (58), (63), (67)–(70), (78), (82), (93).

Fig. 3. Dependence of the QC, QH and QO (3D format) in the equations of the
type of (105) for Eqs. universal (4), (44), (45), (66), (84), (87), (100); coal ●
(2), (3), (5), (6), (8), (12)–(14), (16), (20), (26), (28), (36); MSW (19), (46),
(52), (53), (62), (85), (92); biomass (37)–(39), (42), (65), (74), (89), (91),
(96), (98).
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obtained. Approximately half of the authors use the equations con-
taining term Const, the value of which varies widely from −24.826 for
Eq. (71) to 37.4541 MJ kg−1 for Eq. (40), and most of them are limited
to Const value in the range from −6 to 6 MJ kg−1.

In order to establish possible correlations between QC, QH, QO and
Const we formed three groups of equations (despite the basis):

HHV = QCC + QHH (103)

HHV = QCC + Const (104)

HHV = QCC + QHH + QOO + (QSS + QNN + QClCl + QAA) (105)

Five Eqs. for biomass refers to the type of Eq. (103), 17 Eqs. for
biomass - to Eq. (104), 37 Eqs. - to Eq. (105), of which 7 equations are
universal, 13 for coals (including one liquid fuel), 10 for biomass, 7 for
waste. We not considered Eq. (99) and Eq. (41) because of low accuracy
[27].

A linear approximations QC = f (QH), QC = f (Const) and QC = f
(QH, QO) in equations of the type (103), (104), and (105), respectively
was carried out by least square method. The following linear de-
pendences are obtained

QC = (0.4011 ± 0.0046) − (0.1240 ± 0.0067)QH, R2 = 0.99(106)

QC = (0.3961 ± 0.0052) − (0.0242 ± 0.0010)Const, R2 = 0.97

QC = (0.4220 ± 0.0036) + (0.0145 ± 0.0748)
QO − (0.0598 ± 0.0088)QH, R2 = 0.93 (108)

and shown in Figs. 1–3, respectively.
The uncertainty of regression coefficients for the Eqs. (106) - (108)

is calculated as a confidence interval at a probability of 95%.
Eqs. of the type (103) and (104) for calculation of HHV biomass are

equivalent. Eq. (108) is obtained provided the inputs of other elements
are small and can be neglected. Analysis of Fig. 3 and Eq. (108) shown
that inputs of C, H and O are sufficient to estimate fuel HHV.

3.2. Development of the equation for prediction lignin HHV by the elemental
composition

The results of experimental determinations for the lignin samples
studied alongside with similar literature data are presented in
Table 2.To check the applicability of different models for calculation of
HHVd of the lignin from Table 1, we chose 27 widely used and new
equations developed for different fuels. Using the equations selected
and taking elemental compositions from Table 2 we calculated HHVd

values and compared them with experimental ones. To estimate the
deviations between the calculated and experimental values we used
statistical parameters, which are usually applied in similar studies
[69,75]: SER (standard error of prediction), AAE (average absolute
error), ABE (average bias error). In addition, Table 2 data set was
processed by the least squares method using one, two, three and five
parameters. The results are shown in Table 3.To calculate HHVd of the
biomass, it is optimal to use equations with no more than two para-
meters [97]. The most appropriate way is to use the type of Eq. (103)
taking into account the C and H, since in automatic analyzers carbon
and hydrogen are determined simultaneously and H being used to
calculate the lower heating value, which has practical significance [11].
From the equation Eq. (106) (Fig. 1) describing the dependence of the
QC on QH in the equations of the type of Eq. (103), at QH = 0, we obtain
the value QC = 0.402 ± 0.028 MJ kg−1 wt%−1. Similarly, from Eq.
(107) (Fig. 2) representing the dependence of QC on Const in the
equations of Eq. (104) at Const = 0, we obtain the value of
QC = 0.396 ± 0.025 MJ kg−1 wt%−1. Both QC values agree (within
the error of their determination) with the QC value from Eq. (109)
obtained by linear processing of Table 2 data:

HHVd = (0.4059 ± 0.0024)Cd, R2 = 0.999 (109)

As it follows from the analysis of Table 3 the mutual consistency of
experimental data for lignins from Table 2 with the value of AAE equal
to 2.4% for Eq. (109) is at least 2 times worse than for wood fuels with
AAE = 1.2% [11]. The lowest errors (AAE less than 3.2%) of Table 3
are obtained for three (Eqs. (4), (44), (66)) of the five universal equa-
tions; for all Eqs. (17), (20), (90) in the case of coal, for 6 Eqs. (22),

Table 2
Composition (wt%) and HHV (MJ kg−1) for lignin on dry basis.

Origin Cd Hd Sd Nd Od Ad HHVd Ref.

softwood (tree waste) 62.17 5.89 0.06 0.15 31.1 0.62 23.50 [103]
hardwood (yellow poplar) 51.20 5.70 0.24 1.07 38.4 3.40 21.45
LignoBoost proccess 63.5 5.69 1.80 0.1 28.8 0.2 26.55 [104]

66.0 6.18 3.19 0.2 23.0 1.4 27.23
sulfuric/rape straw 58.2 5.62 1.54 3.29 29.7 1.62 24.70 [105]
hydrolytic/straw 57.8 5.7 0.14 1.2 23.0 12.1 22.8 [106]
H2SO4, pH 3/hemp, flax 63.64 5.93 0.49 1.18 28.3 0.43 25.88 [107]
Kraft Bukoza/H2SO4, pH 3 55.68 4.62 3.91 0.28 31.7 3.85 23.62
HNO3, pH 3/hemp, flax 62.06 5.91 0.01 1.85 28.3 1.91 25.23
HCl, pH 3/hemp, flax 58.69 5.72 0.01 1.20 32.3 2.13 23.86
CH3COOH, pH 4.3/hemp 62.48 5.91 0.01 1.21 24.4 5.99 25.40
CAS 8068–05-1 65.54 5.21 1.45 0.48 23.3 4.07 26.87 [108]

56.82 5.21 1.32 0.11 34.6 2.92 23.25 [109]
63 5.6 1.5 0.6 27 2.3 25.8 [110]

residue/rice straw 39 4.7 0.27 1.9 27 27.1 16.8
46 5.4 0.4 3.0 28 17.2 18.1
42 5.3 0.27 2.1 32 18.4 17.7

alkaline liquor/rice straw 49 5.2 2.1 2.9 31 9.8 19.5
Kraft, LignoBoost process 61.8 5.8 2.5 0.2 27.6 2.1 25.54 [111]
LN-BBY 55.6 5.26 0.89 0.19 28.0 10.05 22.98 this work
LN-R1BY 50.5 4.92 0.42 0.39 26.9 16.91 19.35
LN-R2BY 56.3 5.27 0.17 0.29 32.2 2.79 22.50
LN-R3BY 50.9 6.11 0.06 0.17 41.4 1.37 20.25
LN-R4BY 55.8 5.66 0.06 0.23 35.7 2.52 21.75
LN-KLT 57.6 5.14 0.32 0.38 24.4 12.20 22.88
LN-KRU 64.2 5.26 0.10 0.07 28.4 1.92 25.98
LS-VRU 43.4 4.61 5.27 0.59 26.2 20.0 17.74

Od = 100 – Cd – Hd – Nd – Sd – Ad.
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(24), (50), (86), (89), (97) of the 16 equations for biomass and for one
Eq. (85) of the 2 equations for MSW. This confirms the proposition that
the main criterion for selecting an equation to calculate HHVd of the
lignin is the accuracy of the estimated values HHVd, rather than the
type of fuel for which the equation was originally developed.

4. Conclusions

1. The linear correlations QC = f (QH), QC = f (Const) and QC = f (QH,
QO) indicate the equivalence of Eqs. (103), (104) and (105), re-
spectively. The verification of applicability of 27 different equations
and both with different number and type of parameters for calcu-
lation of the HHVd for 27 lignins of different origin has shown that
the accuracy of calculation of the HHVd based on the elemental
composition on dry basis is determined by numerical values of QC,
QH, QO and poorly depends on the number of parameters and spe-
cificity of the equation according to the type of fuel.

2. It is possible to justify the adequacy of considering only Cd for
prediction of HHVd of the lignin as follows. In lignin, unlike wood or
plant biomass, there are no extractives and its HHVd is the sum of
the HHVdaf of aromatic and carbohydrate parts. When hydrogen of
carbohydrate part is burnt heat is not released because 50 wt% of
hydrogen is in OH groups to which 50 wt% of hydrogen from C-H is
added followed by the formation of water (H-OH), with C–H bond

dissociation energy being approximately equal to H-OH bond en-
ergy. When hydrogen of aromatic part is burnt the heat released is
added to the combustion heat of carbon of aromatic and carbohy-
drate parts, resulting in a higher value of QC = 0.41 MJ kg−1 wt
%−1 in Eq. (109) as compared to QC = 0.33 MJ kg−1 wt%−1 for
graphite.
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