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ABSTRACT 
Reliable data for the standard enthalpies and Gibbs free energies of formation, Δ𝐻𝐻�∘ and Δ𝐺𝐺�∘ , are 
essential for process synthesis, energy integration, and lost-work analysis. However, many bio-
mass-derived compounds lack reliable thermodynamic property data, limiting optimization of en-
ergy and carbon utilization in biomass conversion processes. This study proposes a composition-
based method to estimate Δ𝐻𝐻�∘ and Δ𝐺𝐺�∘  for compounds containing carbon, hydrogen, and oxygen. 
The method exploits widely available heats of combustion data and establishes a linear correlation 
between the enthalpy and Gibbs free energy of combustion, Δ𝐻𝐻� and Δ𝐺𝐺�, using tabulated organic 
compounds. The applicability of this relationship to biomass-derived compounds is tested using 
published data for cellulose, starch, and glucose. Thornton’s correlation between heat of combus-
tion and oxygen demand is then incorporated to derive simple expressions for estimating for-
mation properties directly from elemental composition. The results show that the proposed frame-
work provides sufficiently accurate estimates for conceptual thermodynamic analysis, enabling 
rapid evaluation of reaction enthalpies, minimum work requirements, equilibrium constants, and 
reaction driving forces. The method is therefore well suited for early-stage process synthesis and 
screening of biomass conversion pathways. 

Keywords: Biomass, Biosystems, Energy Systems, Energy Efficiency, Modelling and Simulations

INTRODUCTION 
The optimization of energy utilization in industrial 

processes involving reacting systems requires reliable 
values of the standard heats of formation, Δ𝐻𝐻�∘, of all re-
acting components [1]. A complementary and more fun-
damental measure of process efficiency is the extent to 
which the chemical potential of the feed streams, to-
gether with process workflows, is conserved in the 
chemical potentials of the product streams. Any deviation 
from this ideal corresponds to lost work arising from irre-
versibilities associated with chemical reaction, separa-
tion, heat transfer, and mixing. Quantification and target-
ing of this lost work require accurate values of the stand-
ard Gibbs free energies of formation, Δ𝐺𝐺�∘ , for all com-
pounds appearing in the feed and product streams [2]. 

Conversion of biomass feedstocks into chemicals 
and fuels represents a key pathway toward improving the 
sustainability of the chemical industry. From a thermody-
namic perspective, knowledge of the Gibbs free energy 
of biomass feedstocks is essential for evaluating how ef-
ficiently chemical potential in the feed, together with sup-
plied work, is transferred to the product streams. This in-
formation is required to quantify minimum work require-
ments, assess unavoidable irreversibilities, and deter-
mine how closely a process can approach its thermody-
namically imposed limits on energy use and 𝐶𝐶𝐶𝐶2 emis-
sions. A representative example is the conversion of lig-
nocellulosic biomass to bioethanol, for which accurate 
Gibbs free energy data are necessary to distinguish fun-
damental thermodynamic constraints from inefficiencies 
arising from process structure and operation [3]. 
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Such analyses and optimizations have been signifi-
cantly hindered by the scarcity of reliable thermodynamic 
data for biomaterials, as well as by inconsistencies 
among reported values arising from differences in exper-
imental methods, thermodynamic models, and sample 
characteristics [4-5]. In the case of cellulose, the wide 
range of reported thermodynamic properties may partly 
reflect its historically low economic value, as it was pre-
dominantly combusted rather than utilized as a chemical 
feedstock, reducing the incentive for detailed thermody-
namic characterization. More recently, however, large 
quantities of underutilized lignocellulosic residues have 
become attractive as renewable feedstocks, motivating 
renewed interest in their thermodynamic properties [6-
7]. 

Compounding this challenge, many biomass-de-
rived compounds, including cellulose and xylan, exhibit 
polymorphism, with multiple allomorphs differing in crys-
tallinity and molecular structure [5, 8]. These structural 
variations give rise to corresponding differences in ther-
modynamic properties and are further complicated by 
the inherently amorphous and heterogeneous nature of 
components such as lignin. Collectively, these gaps and 
uncertainties in thermodynamic property data constrain 
rigorous process optimization, 𝐶𝐶𝐶𝐶2 utilization studies, 
and the development of reliable life cycle and techno-
economic analyses for biomass conversion processes. 
More critically, they preclude the application of lost-work 
and exergy-based targeting methods, which are central 
to early-stage process synthesis and the identification of 
fundamentally efficient process structures. 

While values of Δ𝐻𝐻�∘ for biomass-derived com-
pounds are generally absent from standard thermody-
namic tables, heats of combustion, Δ𝐻𝐻�, have been re-
ported for many biocompounds and bio-feedstocks (9-
10). These reported values often exhibit substantial vari-
ability, which may be attributed to differences in ele-
mental composition, crystallinity, and moisture content of 
the samples (10-11). If the elemental composition of a 
compound is known, Δ𝐻𝐻�∘ can be calculated from the 
measured value of Δ𝐻𝐻� using the appropriate combustion 
stoichiometry. 

In contrast, the determination of Δ𝐺𝐺�∘  is considerably 
more challenging, as neither Δ𝐺𝐺�∘  nor the Gibbs free en-
ergy of combustion, Δ𝐺𝐺�, can be measured directly. In 
some cases, reaction equilibrium measurements may be 
used to estimate Δ𝐺𝐺�∘ ; however, this approach is not fea-
sible for many biomass-derived compounds. An alterna-
tive route is provided by the Third Law of Thermodynam-
ics, which requires knowledge of the compound’s heat 
capacity from 0 to 298 K. For biomass materials, such 
data are rarely available and typically rely on a combina-
tion of assumptions and indirect measurements. 

In this paper, a method is proposed for estimating 

Δ𝐺𝐺� for a general organic compound of the form C�H�O� 
based on its heat of combustion, Δ𝐻𝐻�. The approach is 
based on the observation of a linear correlation between 
Δ𝐻𝐻� and Δ𝐺𝐺� across a wide range of organic compound 
families, including alkanes, alkenes, alcohols, ketones, al-
dehydes, and carboxylic acids. We hypothesize that this 
linear relationship, established for organic compounds 
composed of carbon, hydrogen, and oxygen, also holds 
for biomass-derived compounds. This hypothesis is 
tested using published values of Δ𝐻𝐻�,Δ𝐻𝐻�∘ , and Δ𝐺𝐺�∘  for 
compounds such as cellulose, starch, xylan, and glucose. 
It is shown that the reported biomass data lie slightly 
above the correlation obtained for general organic com-
pounds but nevertheless obey the same linear relation-
ship to a good approximation. Consequently, for any 
compound of the form C�H�O�, we proposed that the 
value of Δ𝐺𝐺� may be estimated from the measured Δ𝐻𝐻�, 
from which Δ𝐺𝐺�∘  can be calculated directly using reaction 
stoichiometry. 

The method is further extended by incorporating the 
linear relationship between ΔH� and oxygen demand pro-
posed by Thornton, yielding a simple linear relationship 
between Δ𝐺𝐺�∘  and the elemental C:H:O ratio of the com-
pound. This framework provides a practical basis for lost-
work targeting in processes that convert one organic or 
biomass-derived compound into another, enabling early 
identification of minimum work requirements and una-
voidable irreversibilities prior to detailed flowsheet de-
velopment. Moreover, it enables estimation of reaction 
enthalpies, Gibbs free energies, equilibrium constants, 
and their temperature dependence for reactions involv-
ing organic and biomass compounds. These estimates 
offer high-level insight into minimum energy and work re-
quirements and reaction driving forces, giving an under-
standing of the overall thermodynamic difficulty and en-
ergy operating costs of biomass conversion processes. 

METHODS 

Analysis of Enthalpy and Gibbs Free Energy 
of Tabulated Organic Compounds 

To maintain a consistent thermodynamic basis, data 
for organic compounds were obtained from the NIST 
Chemistry WebBook [12]. For each compound, the data-
base provides the standard heat of formation, Δ𝐻𝐻�∘, in the 
appropriate standard state, together with the standard 
molar entropy, 𝑆𝑆∘, at 298.15 K. These quantities were 
used to calculate the standard entropy of formation, Δ𝑆𝑆�∘ , 
relative to the elements in their standard states at 298.15 
K and 1 atm, and subsequently the standard Gibbs free 
energy of formation, Δ𝐺𝐺�∘ , on the same basis. 

The formation of a general organic compound of the 
form CxHyOz from its constituent elements is described 
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by Eq.1. 

𝑥𝑥𝑥𝑥(𝑠𝑠) + y

2
𝐻𝐻2(𝑔𝑔) + �

2
𝑂𝑂2(𝑔𝑔) = 𝐶𝐶�𝐻𝐻�𝑂𝑂�  (1) 

The standard entropy of formation for each com-
pound was calculated following Eq.2. Then standard 
Gibbs free energy of formation was obtained from Eq. (3), 
with 𝑇𝑇 = 298.15 𝐾𝐾 and entropy expressed in kJ mol-1 K-1. 

∆𝑆𝑆�0 = 𝑆𝑆������
0 − 𝑥𝑥𝑆𝑆�0 −

�

2
𝑆𝑆�2
0 − �

2
𝑆𝑆�2
0   (2) 

∆𝐺𝐺�0 �𝐶𝐶�𝐻𝐻�𝑂𝑂�� =  ∆𝐻𝐻�0 �𝐶𝐶�𝐻𝐻�𝑂𝑂�� − 𝑇𝑇∆𝑆𝑆�0   (3) 

Thermodynamic data for 53 organic compounds 
were extracted from the NIST WebBook. The compounds 
span a range of chemical families, including alkanes, al-
kenes, alcohols, and carboxylic acids. The values of 
Δ𝐻𝐻�∘ ,𝑆𝑆∘, and the calculated Δ𝐺𝐺�∘  are listed in Table S1 of 
the Supplementary Material. A plot of Δ𝐺𝐺�∘  versus Δ𝐻𝐻�∘ for 
these compounds is shown in Fig. 1. 

Although the data exhibit scatter, clear trends are 
observed within individual chemical families. For exam-
ple, oxalic acid exhibits one of the lowest values of Δ𝐺𝐺�∘ , 
indicating that its formation from the elements is both 
highly exothermic and strongly spontaneous. In contrast, 
ethyne exhibits a large positive Δ𝐻𝐻�∘ and a correspond-
ingly large positive Δ𝐺𝐺�∘ , implying that its formation from 
the elements is highly endothermic and would require the 

input of approximately 200 kJ mol-1 of work. 
Sempuga et al. [13] introduced a useful representa-

tion of thermodynamic feasibility by plotting Δ𝐺𝐺 versus 
Δ𝐻𝐻, in which the axes correspond to reaction work and 
energy requirements, respectively. In this representation, 
compounds lying in the upper-right and lower-left quad-
rants are particularly attractive for thermocatalytic pro-
cesses, as the temperature of the heat flow associated 
with the reaction may carry sufficient equivalent work to 
drive chemical conversion. 

To evaluate combustion thermodynamics, the con-
version of carbon dioxide and liquid water to a general 
organic compound C�H�O� and oxygen was considered: 

𝑥𝑥𝑥𝑥𝑂𝑂2 + �

2
𝐻𝐻2𝑂𝑂(𝑙𝑙) =  𝐶𝐶�𝐻𝐻�𝑂𝑂� + �𝑥𝑥 + �

4
− �

2
�𝑂𝑂2 (4) 

This reaction corresponds to the photosynthetic 
production of organic matter and is equivalent to the re-
verse of the combustion reaction. When water is in the 
liquid phase, the heat of combustion corresponds to the 
higher heating value (HHV) of the compound.  

The ∆𝐺𝐺�  and ∆𝐻𝐻�  were calculated from Eqs. (5) and 
(6). 

−∆𝐺𝐺� = ∆𝐺𝐺��𝐶𝐶�𝐻𝐻�𝑂𝑂��+ �𝑥𝑥 + �

4
− �

2
�∆𝐺𝐺�(𝑂𝑂2)−

𝑥𝑥∆𝐺𝐺�(𝐶𝐶𝑂𝑂2)−
�

2
∆𝐺𝐺�(𝐻𝐻2𝑂𝑂)    (5) 

  
Figure 1. Standard Gibbs free energy of formation, Δ𝐺𝐺�∘ , versus standard heat of formation, Δ𝐻𝐻�∘, for organic 
compounds grouped by chemical family (kJ mol-1). The dotted line represents 45° line corresponding to Δ𝐺𝐺�∘ =
Δ𝐻𝐻�∘. Data extracted from NIST WebBook [12] and listed in Table S1. 
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−∆𝐻𝐻� = ∆𝐻𝐻��𝐶𝐶�𝐻𝐻�𝑂𝑂��+ �𝑥𝑥 + �

4
− �

2
�∆𝐻𝐻�(𝑂𝑂2)−

𝑥𝑥∆𝐻𝐻�(𝐶𝐶𝑂𝑂2)−
�

2
∆𝐻𝐻�(𝐻𝐻2𝑂𝑂)    (6) 

Using the values of Δ𝐺𝐺�∘  and Δ𝐻𝐻�∘ obtained from Eqs. 
(2) and (3), the quantities −∆𝐺𝐺� and −∆𝐻𝐻� were calcu-
lated for the 53 organic compounds in the dataset, rep-
resented in Table S2. A plot of −∆𝐺𝐺� and −∆𝐻𝐻� is shown 
in Figure 2. The data collapse onto a linear relationship of 
the form in Eq. (7) where ∆𝐺𝐺� and ∆𝐻𝐻� are expressed in 
kJ mol-1. The regression coefficient 𝑅𝑅 = 0.9997 indicates 
the linear model in Eq. (7) gives a very good fit. 

∆GC = 0.9725∆HC − 9.62   (7) 

From Fig. 2 it is evident that, for the set of organic 
compounds studied, which span a wide range of ele-
mental C:H:O ratios, there exists a strong linear relation-
ship between ∆𝐺𝐺� and ∆𝐻𝐻�. The slope is close to unity, 
and the intercept is small relative to the magnitude of the 
combustion energies, which typically lie in the hundreds 
to thousands of kJ mol-1. 

This simplified examination of organic compounds 
holds a mean average percent error, MAPE, of 1.71% with 
a mean average error, MAE, of 24.53 kJ/mol, proving 
there is very nominal error with this estimation. 

 

Hypothesis 
Based on the observed linear correlation in Fig. 2, it 

is hypothesized that that relationship described by Eq. (7) 
applies generally to compounds in the form CxHyOz. Ac-
cordingly, the Gibbs free energy of combustion, ∆𝐺𝐺�, for 
any biomass-derived compound containing only carbon, 
hydrogen and oxygen may be estimated directly from its 
measured heat of combustion, ∆𝐻𝐻�. Given the elemental 
C:H:O ratios and estimated value of ∆𝐺𝐺�, the standard 
Gibbs free energy of formation, Δ𝐺𝐺�∘ , may then be calcu-
lated using Eq. (5), and the corresponding heat of for-
mation, Δ𝐻𝐻�∘, using Eq. (6).  

Hypothesis Testing 
To test the hypothesis that the linear relationship 

between the Gibbs free energy of combustion, Δ𝐺𝐺�, and 
the heat of combustion, Δ𝐻𝐻�, applies to biomass-derived 
compounds of the form C�H�O�, published thermody-
namic data for cellulose, starch, and glucose were exam-
ined. In particular, data for several allomorphic forms of 
cellulose with chemical formula C6H10O5, reported by Ioe-
lovich [14], were used. In this work, values of the stand-
ard heat of formation, Δ𝐻𝐻�∘, were derived from measured 
heats of combustion, Δ𝐻𝐻�. In addition, published values 
of Δ𝐻𝐻�∘ and Δ𝐺𝐺�∘  for α-D-glucose and potato starch 

 
Figure 2. −∆𝐺𝐺� versus −∆𝐻𝐻�.for organic compounds grouped by chemical family. The dotted line represents the 
45° line corresponding to ∆𝐺𝐺� = ∆𝐻𝐻�; the solid line shows the linear regression given by Eq. (7). 
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reported by Kabo et al. [15] were included in the test. The 
thermodynamic data used in this analysis are summa-
rized in Tables 1 and 2. 

Table 1. Δ𝐺𝐺�∘  and Δ𝐻𝐻�∘ of formation of cellulose allomorphs 
as determined by Ioelovich [14].  

Cellulose  
Allomorph 

 −𝚫𝚫𝑯𝑯𝒇𝒇
∘  (kJ mol-) −𝚫𝚫𝑮𝑮𝒇𝒇∘  (kJ mol-) 

CI   
CII   
CIII   
CIV   
CA   

Table 2. Δ𝐺𝐺�∘  and Δ𝐻𝐻�∘ of formation of glucose and starch 
as reported by Kabo et al. [15].  

Compound Formula −𝚫𝚫𝑯𝑯𝒇𝒇
∘   

(kJ mol-) 
−𝚫𝚫𝑮𝑮𝒇𝒇∘   
(kJ mol-) 

α-D-Glucose CHO   
Potato Starch CHO   

 
Using the tabulated values of Δ𝐻𝐻�∘ and Δ𝐺𝐺�∘  from Ta-

bles 1 and 2, Δ𝐻𝐻� and Δ𝐺𝐺� were calculated using Eqs. (5) 
and (6). These calculated quantities are denoted as 
−Δ𝐻𝐻�∗  and −Δ𝐺𝐺�∗ , respectively, and are listed in Table 3.  

Table 3. −Δ𝐻𝐻�∗  and −Δ𝐺𝐺�∗  for cellulose allomorphs, glu-
cose, and starch derived from published formation data 
[14, 15].  

Compound Formula −𝚫𝚫𝑯𝑯𝑪𝑪
∗   

(kJ mol-) 
−𝚫𝚫𝑮𝑮𝑪𝑪∗   

(kJ mol-) 
CI Cellulose CHO   
CII Cellulose CHO   
CIII Cellulose CHO   
CIV Cellulose CHO   
Amorphous 
Cellulose 

CHO   

α-D-Glucose CHO   
Potato Starch CHO   

 
The values of −Δ𝐻𝐻�∗  and −Δ𝐺𝐺�∗  for the biomass-de-

rived compounds were combined with the 53 organic-
compound data points obtained from the NIST WebBook 
and plotted together in Fig. 3. Both the biomass-derived 
data and the tabulated organic compounds lie close to 
the linear relationship described by Eq. (7); although all 
the biomass-derived data points lie above the trendline. 
The deviation from the line is generally less than 100 kJ 
mol-1, which is small relative to the absolute magnitudes 
of the combustion energies. 

This level of agreement indicates that, for the pur-
poses of conceptual thermodynamic analysis and early-

 
Figure 3. Comparison of −Δ𝐺𝐺�∗  and −Δ𝐻𝐻�∗  for biomass-derived compounds from references [14, 15] with −Δ𝐺𝐺� 
versus −Δ𝐻𝐻� for 53 organic compounds from the NIST database. The dotted line represents the 45° line 
corresponding to Δ𝐺𝐺� = Δ𝐻𝐻�. 
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stage process synthesis, the proposed linear relationship 
provides sufficiently accurate estimates of Δ𝐺𝐺� from 
Δ𝐻𝐻�. On this basis, it can be concluded that the hypoth-
esis holds: thus, the value of Δ𝐺𝐺� for biomass-derived 
compounds of the form CxHyOz can be calculated from 
Δ𝐻𝐻� using Eq. (7). It then follows that the value of Δ𝐺𝐺�∘  
can be calculated using Eq. (5).  

Thornton’s Model 
Thornton proposed that, for an organic compound 

of the form C�H�O�, the heat of combustion is directly re-
lated to the amount of oxygen consumed during combus-
tion [16]. He observed that the heat released per unit 
mass of oxygen consumed is approximately constant at 
about 13.1 MJ kg-1 O2, leading to the linear relationship 
where 𝜈𝜈�2 = �𝑥𝑥 + �

4
− �

2
� is the stoichiometric oxygen de-

mand for complete combustion, as defined in Eq. (4). 

−∆𝐻𝐻�� = 𝜃𝜃0 + 𝑘𝑘�2𝜈𝜈�2    (8) 

The experimentally derived values of Δ𝐻𝐻� were plot-
ted against oxygen demand for three datasets: organic 
compounds from NIST WebBook, cellulose allomorphs 
from Ioelovich [14] and starch and glucose from Kabo et 
al. [15]. These results are shown in Fig. 4. A linear regres-
sion by least squares was conducted on the data using 
Python’s sklearn.linear_model package. 

Regression of the combined dataset yields an excel-
lent fit with 𝑅𝑅2 = 0.9898 in the form of Eq. (9). The fitted 

slope of 422.84 kJ mol-1 O2 agrees well with Thornton’s 
estimate of approximately 460 kJ mol-1 O2, confirming the 
applicability of the model to both organic and biomass-
derived compounds. 

−∆𝐻𝐻�� = 151.67 + 422.84�𝑥𝑥 + �

4
− �

2
�  (9) 

Eq. (9) implies that compounds with identical ele-
mental composition will exhibit the same heat of combus-
tion. Accordingly, all cellulose allomorphs examined by 
Ioelovich [14], which share the formula C6H10O5, are pre-
dicted to have identical Δ𝐻𝐻�. Although starch and glu-
cose differ chemically, their oxygen demand is identical 
to that of cellulose and therefore fall at the same point in 
Fig. 4.  

Using Eq. (9), the predicted heat of combustion for 
all seven bio compounds is −∆𝐻𝐻�� = 2688.72 kJ mol-1. 
Comparison with the calculated values −∆𝐻𝐻�∗  derived 
from formation data (Table 3) is shown in Table 4. Devi-
ations are on the order of 4-5%, indicating that 
Thornton’s model provides sufficient accuracy for con-
ceptual thermodynamic analysis.  

The mean absolute percentage error corresponds to 
a mean absolute error of 78.82 kJ mol-1. For compounds 
with large combustion energies, this results in small per-
centage errors. For compounds with lower Δ𝐻𝐻�, percent-
age errors increase. For example, oxalic acid ((COOH)2) 
exhibits a 48.9% error, whereas 1-4-dimethylbenzene 
(C8H10) shows an error of only 0.85%. This indicates that 

 
Figure 4. -Heat of combustion, -Δ𝐻𝐻� , versus oxygen demand, 𝜈𝜈�2, for organic and biomass-derived compounds. 
Circles denote NIST data, triangles Ioelovich data [14], squares Kabo et al. data [15], and stars Domalski et al [17]. 
The solid line corresponds to the linear regression. 
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the proposed framework is most suitable for biomass-
derived and other high-molecular-weight organic com-
pounds. 

Table 4. Comparison calculated heats of combustion, 
−∆𝐻𝐻�∗ , with Thornton-model predictions −∆𝐻𝐻�� .  

Compound −∆𝑯𝑯𝑪𝑪
∗   

(kJ mol-) 
−∆𝑯𝑯𝑪𝑪

𝑻𝑻   
(kJ mol-) 

Percent  
Error (%) 

CI    
CII    
CIII    
CIV    
CA    

α-D-Glucose    
Potato Starch    

Comparing HHV Data from Domalski et al. with 
Thornton Model 

The applicability of Thornton’s model to biomaterials 
was further examined using biomass compounds for 
which only higher heating values (HHV) are available. Do-
malski et al. [17] reported HHV values for several bio-
mass-derived compounds (Table 5). These values were 
converted to heats of combustion using molecular 
weights derived from elemental composition, assuming 
pure components. 

Table 5. HHV and chemical composition of select bio-
mass compounds from Domalski et al [17].  

Compound Formula HHV (BTU lb-) 
Cellulose CHO  

Lignin CHO  
Starch CHO  
Xylan CHO  

Hemicellulose CHO  
 
When plotted in Fig. 4, all compounds except lignin 

follow the Thornton correlation closely. Using the nominal 
formula C10H12O3, the Thornton model predicts −∆𝐻𝐻�� =
5014 kJ mol-1, whereas Domalski et al. report a value 
equivalent to 3819 kJ mol-1. The deviation for lignin could 
be attributed to its structural complexity and composi-
tional heterogeneity, leading to 𝜈𝜈�2 not being estimated 
correctly.  

Relationship between Δ𝐻𝐻�∘ ,Δ𝐺𝐺�
∘  and Oxygen 

Demand 
By combining the linear relationship between ∆𝐺𝐺� 

and ∆𝐻𝐻� established in Eq. (7) with Thornton’s oxygen-
demand model Eq. (9), a simple framework is obtained for 
estimating the standard heats and Gibbs free energies of 
formation of organic and biomass-derived compounds of 
the form CxHyOz.  

Combining Eq. (6) and (9), the standard heat of 

formation may be expressed directly as a function of el-
emental composition:  

∆𝐻𝐻�0 = 151.67 + 29.33𝑥𝑥 − 37.21𝑦𝑦 − 211.42𝑧𝑧 (10) 

Similarly, combining Eqs. (7) and (9) yields an ex-
pression for the Gibbs free energy of combustion:  

−∆𝐺𝐺� = 137.88 + 411.21𝑥𝑥 + 102.8𝑦𝑦 − 205.6𝑧𝑧 (11) 

Substitution of Eq. (11) into the combustion-free-en-
ergy balance, Eq. (5), allows the standard Gibbs free en-
ergy of formation to be estimated as:  

∆𝐺𝐺�0 = 147.5 + 16.65𝑥𝑥 − 15.77𝑦𝑦 − 205.6𝑧𝑧 (12) 

The units of enthalpy and Gibbs free energy are kJ 
mol-1. Eqs (10) and (12) therefore provide a closed, com-
position-based method for estimating both Δ𝐻𝐻�0  and Δ𝐺𝐺�0  
for any compound containing only carbon, hydrogen and 
oxygen. 

Estimation of Enthalpy and Gibbs Free Energy of 
Reaction 

Once formation properties are known, enthalpies of 
reaction, ∆𝐻𝐻��� and Gibbs free energy of reaction, ∆𝐺𝐺��� 
can be estimated for reactions between any organic or 
biomass-derived compounds. Consider the anaerobic 
conversion of reaction Cx1Hy1Oz1 to a product Cx2Hy2Oz2. 
Writing the reaction in terms of carbon dioxide and liquid 
water balance yields, in which 𝜈𝜈�2,� is defined in Eq. (14):  

𝐶𝐶�1𝐻𝐻�1𝑂𝑂�1 + �
𝜈𝜈�2,1
𝜈𝜈�2,2

𝑥𝑥2 − 𝑥𝑥1� 𝐶𝐶𝑂𝑂2 + 1
2 �
𝜈𝜈�2,1
𝜈𝜈�2,2

𝑦𝑦2 − 𝑦𝑦1�𝐻𝐻2𝑂𝑂 

=  
��2,1
��2,2

𝐶𝐶�2𝐻𝐻�2𝑂𝑂�2     (13) 

𝜈𝜈�2,� = �𝑥𝑥� + ��
4
− ��

2
�    (14) 

This can then be used to determine ∆𝐻𝐻��� and ∆𝐺𝐺��� 
by the following Eqs:  

∆𝐻𝐻��� = −∆𝐻𝐻�,1 +
�1−2�1−

�1
2

�2−2�2−
�2
2

∆𝐻𝐻�,2  (15) 

∆𝐺𝐺��� = −∆𝐺𝐺�,1 +
�1−2�1−

�1
2

�2−2�2−
�2
2

∆𝐺𝐺�,2  (16) 

Connection to Process Synthesis and Estimation 
of Minimum Operating Costs 

For a process exchanging a quantity of heat 𝑄𝑄0 at 
ambient temperature 𝑇𝑇0 and work 𝑊𝑊  with its surround-
ings, we can show that:  

∆𝐻𝐻��� = 𝑄𝑄0 +𝑊𝑊     (17) 

For a reversible process, the minimum reversible 
work, Wrev, requirement is given by Eq. (18) while for a 
real, irreversible process, Eq. (19) holds:  

𝑊𝑊��� = ∆𝐺𝐺���    (18) 



 

Anastasi et al. / LAPSE:2026.0370 Syst Control Trans 5:1318-1327 (2026) 1325  

𝑊𝑊 = 𝑊𝑊��� +𝑊𝑊 ����    (19) 

Thus, estimates of ∆𝐺𝐺��� provide direct insight into 
the minimum work requirements for a process and allow 
for estimation of irreversibilities if the work consumption 
of an actual process is known. In electrochemical and 
electrically driven processes, where operating costs are 
typically dominated by electricity consumption, the mini-
mum operating cost can be calculated from the cost of a 
quantity of electricity ∆𝐺𝐺���. Large deviations between 
actual work input and ∆𝐺𝐺��� indicate significant losses 
arising from reaction pathways, or equipment design and 
operation.  

Chemical Reaction Equilibrium Analysis 
The equilibrium constant at temperature 𝑇𝑇0 is given 

by:  

𝐾𝐾��(𝑇𝑇0) = exp�∆����(�0)

��0
�   (20) 

Accordingly, Eq. (16) may be used to estimate equi-
librium constants for reactions involving organic and bio-
mass-derived compounds. The temperature dependence 
of 𝐾𝐾��(𝑇𝑇) can then be evaluated using the Gibbs-Helm-
holtz equation, with ∆𝐻𝐻��� obtained from Eq. (15).  

Scope and Use 
The simplified composition-based estimation of Δ𝐻𝐻�0  

and Δ𝐺𝐺�0  developed here is particularly valuable for early-
stage process analysis and synthesis. It enables rapid as-
sessment of reaction driving forces, equilibrium limita-
tions, minimum work requirements and potential operat-
ing costs before detailed kinetic, separation, and flow-
sheet models are available. The only information that is 
required is the elemental composition of the components.  

DISCUSSION 
A central contribution of the proposed methodology 

is the establishment of a method for estimating ∆𝐻𝐻�� and 
∆𝐺𝐺�

�  for biomass-derived compounds of the form C�H�O�. 
At present, reported thermodynamic properties for bio-
mass materials span wide ranges, reflecting differences 
in feedstock origin, crystallinity, polymorphism, moisture 
content, and experimental methodology. While such var-
iability is important for detailed material characterization, 
it complicates early-stage techno-economic and thermo-
dynamic analyses, where the objective is to assess fea-
sibility, energy requirements, and fundamental limits ra-
ther than to resolve fine material distinctions. For many 
other biomass-derived compounds, reliable values of 
Gibbs free energy of formation are simply unavailable 
due to the difficulty of direct measurement. The frame-
work proposed here provides a physically grounded ref-
erence point that is sufficiently accurate for conceptual 
analysis of heat and work requirements. 

From a process systems perspective, the ability to 
estimate both Δ𝐻𝐻�∘ and Δ𝐺𝐺�∘  on a consistent basis is par-
ticularly valuable. Many process analysis tasks, including 
energy integration, lost-work analysis, reaction screen-
ing, and equilibrium assessment, require at least one of 
these properties. When different compounds within a 
flowsheet rely on inconsistent data sources or assump-
tions, the resulting calculations can be internally incon-
sistent and misleading. By expressing formation proper-
ties directly in terms of elemental composition, the pro-
posed approach enables thermodynamically consistent 
calculations across all compounds in a system, facilitat-
ing reliable comparison of alternative process pathways. 

The integration of the linear correlation between 
Δ𝐻𝐻� and Δ𝐺𝐺� with Thornton’s oxygen-demand model 
provides a clear physical basis for the method. The 
strong linearity observed across a broad set of organic 
compounds, and its extension to biomass-derived mate-
rials, supports the hypothesis that combustion thermo-
dynamics are dominated by elemental composition rather 
than molecular structure at a first-order level. The devia-
tions observed for complex materials such as lignin high-
light important practical considerations, most notably 
sample heterogeneity and hydration, but do not under-
mine the utility of the approach for early-stage analysis. 
Indeed, the ability to flag possible inconsistencies in ex-
perimental measurements could aid in identifying issues 
related to sample heterogeneity, incomplete drying, or 
other experimental issues. 

From the standpoint of process synthesis and opti-
mization, the principal value of the methodology lies in its 
connection to minimum work requirements and reaction 
driving forces. Estimates of Δ𝐺𝐺rxn provide direct insight 
into reversible work limits, equilibrium constants, and the 
magnitude of unavoidable irreversibilities. In electrically 
driven and electrochemical processes, where operating 
costs are dominated by electricity consumption, these 
estimates translate directly into lower bounds on operat-
ing cost. Conversely, large discrepancies between actual 
work input and estimated Δ𝐺𝐺rxn signal opportunities for 
improved reaction pathways, flowsheets or equipment 
design. In this sense, the proposed framework enables 
lost-work targeting for biomass systems that would oth-
erwise be inaccessible due to missing thermodynamic 
data. 

The methodology is subject to several limitations 
that define its intended scope of applicability. It is formu-
lated for compounds containing only carbon, hydrogen, 
and oxygen, and does not explicitly account for nitrogen, 
sulphur, or other heteroatoms. The linear correlation ob-
served between Δ𝐺𝐺� and Δ𝐻𝐻� in Fig. 2 is therefore ex-
pected to apply primarily to CHO compounds. In addition, 
the method does not distinguish between structural iso-
mers or polymorphs, assigning identical thermodynamic 
properties to compounds with the same elemental 
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composition. While this limits its use for detailed materi-
als characterization, it may be appropriate for early-stage 
process synthesis and conceptual thermodynamic anal-
ysis, where such distinctions typically have a limited im-
pact on feasibility assessments and comparative process 
screening. 

CONCLUSION 
A composition-based methodology has been devel-

oped for estimating Δ𝐻𝐻�∘ and Δ𝐺𝐺�∘  of biomass-derived 
compounds containing C, H and O. By combining an ob-
served linear relationship between the Δ𝐻𝐻� and Δ𝐺𝐺� with 
Thornton’s oxygen-demand model, the approach enables 
consistent estimation of formation properties using 
widely available combustion data. Validation against 
published data for cellulose, starch, glucose, and related 
compounds indicates that the method provides sufficient 
accuracy for conceptual thermodynamic analysis. 

The proposed framework supports early-stage pro-
cess synthesis and screening by enabling rapid estima-
tion of reaction enthalpies, minimum work requirements, 
equilibrium constants, and reaction driving forces in sys-
tems where reliable thermodynamic data are otherwise 
unavailable. While the method is limited to CHO com-
pounds and does not account for structural or polymor-
phic effects, it provides a practical and internally con-
sistent basis for evaluating the thermodynamic feasibility 
of biomass conversion and CO2 utilization pathways prior 
to detailed flowsheet development. 

DIGITAL SUPPLEMENTARY MATERIAL 
Digital supplementary material, including model in-

formation, can be found at: https://psecommu-
nity.org/LAPSE:2026.0036.  
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