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Abstract. The heat capacity is a key parameter affect-
ing heat storage and transfer in soil. Therefore, in this study, we
proposed a novel statistical-physical model based on concepts
of specific heat, the principle of energy conservation, and con-
figurations of mineral, organic, water, and air particles to estimate
the volumetric heat capacity. The novel model does not require
the choice of parameters in the equations. It was compared with
measured results for soil aggregate beds and two field soils. It
can be concluded that the statistical-physical model’s predict-
ability of heat capacity was suitable for all the soil specimens.
The measured and statistical-physical model-predicted volumetric
heat capacities increased with the increasing water content and
with the decreasing aggregate size. The good agreement between
the model-predicted and measured heat capacities confirmed that
the model assumptions regarding the specific heats of soil compo-
nents and their averaging in the proposed model were adequately
established. The proposed easy-to-use and flexible model can
be applied to evaluate heat capacity in response to soil manage-
ment practices and land use. The heat capacities predicted by the
statistical-physical model agree well with those from the tradi-
tional analytic models proposed by de Vries (1963) and Zhao et
al. (2016).

Keywords: heat capacity, new model, aggregate beds, field
soils, validation

1. INTRODUCTION

The specific heat capacity of soil solids represents the
amount of heat required to increase the temperature by one
degree for a unit mass of dry soil particles (Kluitenberg,
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2002; Wang et al., 2019). Volumetric heat capacity (C,)
is often expressed as the sum of volume fractions of heat
capacities of separate soil components, i.e., solid, liquid,
and gaseous fractions (de Vries, 1963). The heat capacity of
soil is a key parameter that affects heat storage and transfer
and determines how rapidly soil can absorb or release heat
(Wang et al., 2019).

Soil heat capacity is useful in evaluating heat exchange
in green infrastructures of the urban environment (Chun
and Guldmann, 2018; Guidolotti et al., 2025) associated
with warming due to climate change (Bolinder et al., 2020).
One approach includes green roofs with composite soils,
including those amended with organic materials, such as
biochar and fibre, to improve the hydraulic and thermal
properties (Wang et al., 2020) and the cooling capacity of
urban green spaces (Guidolotti et al., 2025).

Knowledge of soil heat capacity is an important tool
in managing the soil temperature regime for seed germina-
tion and crop growth (Noborio ef al., 1996; Langa et al.,
2024) as well as analysing coupled heat and water trans-
fer in soil (Heitman and Horton, 2011) and frost and heat
penetration (Li ez al., 2025). Filling the voids during the
freezing process with ice, whose volumetric heat capacity
is approximately half that of water, results in a noticeable
decrease in the volumetric heat capacity of soils (Bi et al.,
2024b). Increasing the soil volume heat capacity and ther-
mal conductivity with soil water content makes it easier for
the heat of the soil in areas farther away from the pipe and
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containing higher energy to migrate closer to the soil-air
heat exchanger and increase the amount of heat stored in
the soil, resulting in a slower temperature drop at the same
amount of heat released (Jiang and Dong, 2025). The soil
thermal parameters constitute crucial information for pre-
dicting heat transfer and designing a ground source heat
pump system (Tu et al., 2017; Zhang et al., 2024).

The heat capacity is largely affected by several soil fac-
tors, such as water content (Kluitenberg, 2002; Zhang et
al., 2020), porosity and bulk density (Bi et al., 2024c), soil
texture (Bi ef al., 2024a), organic matter (Gnatowski et al.,
2022) and temperature (Bi et al., 2024a; Lei et al., 2023).
Given the linear relationship between the heat capacity
and soil water content, Heitman et al. (2003) showed that
alterations in soil water content (Af) can be monitored
using measurements of the variation in heat capacity (AC,).
The field measurement system utilising a dual-probe heat-
pulse distributed temperature approach recently developed
by Shehata ef al. (2022) was able to measure the C, of the
soil, from which Af was assessed with a high spatial reso-
lution of 0.25 m. The positive relationship between heat
capacity and soil water content is influenced by changes in
soil bulk density (Lahoori et al., 2020), resulting from soil
management and composition. Analysis of heat capacity
in compacted soils is important in unsaturated conditions,
which predominate in such structures (Lahoori ef al., 2020).
The impact of bulk density is especially significant in
tilled soil and clay soils, where it changes over time due
to subsidence as well as shrinking and swelling induced
by changes in soil water content (Wang et al., 2023). The
range of field soil water content fluctuations is wider in
tilled mineral soils than in commonly wetter untilled peat
soils (Gnatowski et al., 2022). The above literature indi-
cates that heat capacity not only encompasses knowledge
about soil thermal status but also provides information
about soil structural indicators, such as bulk density, water
content, and associated air content.

Despite the availability of advanced measurement
methods, new modelling approaches are needed to fore-
cast soil heat capacity (Shehata et al., 2022). This need is
supported by the fact that direct measurement with special
instruments by skilled experimental personnel is cumber-
some and laborious (Bi et al., 2024a). Furthermore, the
need for new models is supported by the increasing interest
in studying heat capacity and other thermal properties for
better prediction and control of heat transfer and storage
(Wang et al., 2019), energy consumption (Luo et al., 2025),
seepage velocity (Zhang et al., 2024), and the environment
(Luo et al., 2025) in a wide range of soils and spatial scale
(Shehata et al., 2022).

Limitations of the existing models include empirical
simplifications e.g. de Vries’ approach treats soil particles
as non-contacting uniform ellipsoids (Tarnawski et al.,
2021). Therefore, the proposed model considers the volu-
me and shape of cuboid and spherical soil components as
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thermal capacitors to better predict the soil heat capacity.
The model analyses all possible particle configurations of
mineral, organic, water, and air particles based on the con-
cepts of specific heat, heat capacity, the principle of energy
conservation, and multinomial distribution.

This study aimed to: 1) present and evaluate the novel
model with measured results from different soils, and
2) study the effect of soil factors on the novel heat capac-
ity estimation model. The proposed model is an extension
of the earlier statistical-physical model of electrical con-
ductivity and permittivity, thermal conductivity, hydraulic
conductivity, gas conductivity, and gas diffusivity of sub-
stances (Usowicz, 2000).

2. MATERIALS AND METHODS
2.1. Definition and typical values of heat capacity

The heat capacity of soil — C is the amount of heat that
must be supplied (or taken away) to the substance/soil for
its temperature to increase (or decrease) by 1 K. The unit of
heat capacity is J K™'. Specific heat, ¢, is a thermophysical
property that determines the ability of a material to store
heat energy and is equal to the amount of heat that must be
supplied to a unit mass to cause a unit change in its tem-
perature. The unit of specific heat is J kg K. The total
heat capacity C of a substance is the product of the specific
heat ¢ and the mass of the substance m, C=cm = cp¥, where
p is the density of the substance (kg m™) and V (m’) is its
volume. The heat capacity can be related to the unit volume
V(C,=cpJm?>K"). Between the specific heat ¢, (J kg
K™) of individual soil components and their heat capacity
per unit volume C,;, there is a dependence: C,; = ¢;p,, where
p; (kg m™) — the density of soil components.

The volumetric heat capacity of soil C, depends on the
heat capacity per unit volume of individual components of
the solid phase (particles of various minerals and organic
matter), the liquid phase (free and bound water), ice, the
gas phase (soil air), and the proportions of these compo-
nents in the soil:

C, = E:lzl X5iCsi + X Gy + X Cy, 1)

where: x,;, x,, x, (m* m™) — the share of components in a
unit volume of the solid, liquid, and gaseous phase, Cj;, C,,
C, (J m™ K™") — the heat capacity per unit volume of the
components of the solid, liquid, and gaseous phase.

The measurements showed that the average density of
mineral components of the soil solid phase is about 2.65 Mg
m, and their heat capacity per unit volume C, is equal to
2.0 MJ m* K. The density of organic matter in the soil is
about 1.3 Mg m™, and its C, is about 2.5 MJ m~ K™'. The
density of water is more than twice that of minerals, but C,,
is more than twice that of C, and is about 4.2 MJ m> K.
The density of air is equal to about 1/1 000 of that of water,
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and its C, is equal to 1.25 k] m K. As can be seen, it does
not contribute much to the overall C, and is often omitted
in calculations.

The research shows that, for typical soils, the variabil-
ity of the solid content ranges from 0.45 to 0.65 m® m?,
and the heat capacity per unit volume C, varies from about
1 MJ m> K™ in the air-dry state to over 3 MJ m~ K™ in
the state of full water saturation. With the unchanging con-
tent of mineral and organic components, the heat capacity
— C, depends only on soil moisture, and it is an almost lin-
ear relationship in the entire range of moisture variability.
Some nonlinearity is observed for the soil at very low water
content. Soil density and soil structure have less effect on
heat capacity than water content. The value of heat capacity
increases as the density increases. To calculate the value of
heat capacity per unit volume — C, (MJ m>K™"), the empiri-
cal formula given by de Vries (1963) is often used:

€, = (2.0x, + 2.51x, + 4.19x,,)10°, 2)

where: x,, x,, x,, (m’ m~) — the share of mineral and organic
parts and water in the unit volume of soil.

2.2. Novel statistical-physical model of heat capacity

The novel statistical-physical model of heat capacity
considers specific heat and density of both mineral and
organic components, gas and liquid, temperature, pres-
sure, and their variations depending on the medium’s state.
This model is an extension of earlier statistical-physical
models of electrical conductivity and permittivity, thermal
conductivity, hydraulic conductivity, gas conductivity, and
diffusivity of gas and substance (Usowicz, 2000). The sta-
tistical-physical model of the soil heat capacity was based
on the concepts of specific heat, heat capacity, the principle
of energy conservation, and multinomial distribution. The
capacitance of a thermal capacitor depends on the type of
medium and the volume/shape. Cuboid and spherical ther-
mal capacitors were considered (Fig. 1). It is assumed that
the heat capacity of a material/substance is isotropic, i.e., is
the same in all directions in contrast to thermal conducti-
vity, which can be highly anisotropic.
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The heat capacity of a cuboid-shaped capacitor C, is
equal to C,, = cpV = cpAl, while that of a spherical-shaped
Csscondenseris Css =cpV= %ﬂCprj, where: V—volume (m?),
¢ — specific heat (J kg K™), p — density (kg m™), A — area
(m%), [ - length (m),  (m) — the radius of the sphere. The
heat capacities of the condensers of spherical soil particles
are expressed in formulas depending on the main compo-
nents of the soil: quartz capacity: Cq=c,p,V,= %ﬂcqpqrﬁ-,
other minerals: C,.=Ci Pmi Vii= %ﬁcmipmfrﬁ-,, organic mat-
ter: C,=c, p, V,= %ﬂfcoparf;» water: C=c;p,; V, =§7TCzpm§u ice:
C=c;p: V; =§ﬂcfpfri3,n and air/gases: C,=c, p. V, =§1T0aﬂar§,
where: r; (m) — radius of the i-th sphere in layer and in the
Jj-th layer.

It is assumed that in the layer in the cuboid, there are u
thermal capacitors and there are n such layers. The resul-
tant heat capacity C,, of the entire system was calculated by
adding up the capacitances of capacitors in the layer and in
the layers (Fig. 1). The heat capacity of the layer is:

G = Xiz1 Cij.

©)
The heat capacity of the connected layers is equal to the
sum of all the layers:

Ces = }1=1Cj ZZ}I=1 i=1 Cij- @

Let the layer in the cuboid with area 4 correspond to u
unit surfaces (m’), and the layers with length / correspond to
n unit lengths (m). The heat capacity of a cuboid with u and
n layers was calculated using the formula: C,, = cpV=cpun.
Soil consists of solid, liquid, and gaseous particles with
k=1, ..., [ soil components. Substituting C;; = %nckpkrg into
the equation for the total heat capacity C,., taking into
account / components of the soil and dividing by un, we get
the heat capacity per unit volume C, (J m~ K™):

4T n

Ces = cpun = 3 &j=1

u I 3
i CrPrTij-

®)

Dividing the volume of a sphere with radius r; by a unit
volume can be considered as scaling the volume of the
sphere to a unit volume. It is assumed that all the radii of
spheres are equal. Dividing the volume of the sphere %ﬂ 1

C

ey
—AHH

Fig. 1. Schematic diagram of the structure of the statistical-physical heat capacity model where: a) unitary volume of soil, b) the system
of spheres that forms » layers, c) representation of contacts in layers by u parallel connection of heat capacitors.
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by 7 unit lengths will reduce the volume of the sphere to the
area of the sphere 4nr;” with the factor (value of rescaling)
of the reduction as an equivalent radius r; (-). Dividing the
surface of the sphere by the u area (7;°) equal to the base of
the cuboid with side r;, we get the value:

C,=cp= 4:?2 1o1 hem1 CePr- (6)
By substitution:
aj = Xi=1 Tk=1CkPr> )
and from the definition of the average value for:
alcy, pr) = Z) 16 (®)

A general formula for the average value of the heat
capacity of a capacitor consisting of various substances
with specific heat ¢; and density Pi 18 obtained:

C, = a(ck, Pk) )

The medium can be considered as a finite number of
soil component particles, where the density and specific
heat of the components may depend on the temperature
pi(T), ci(T). In a unit volume of medium/soil, one can find
x, particles of the first component with specific heat ¢, and
particle density p,, x, particles of the second component
with ¢, and p,, etc., with the total number of particles being
X, + x, +...+ x; = u. Substituting p,(T) for p;, and c,(T) for
¢, the expression for a; is written as follows:

a; = xljpl(T)cl (1) + X2P2 (e (T) + -+ ijPk(T)Ck(T)- (10)

In the medium/soil with a constant mineralogical com-
position, the value will depend on the water content in the
unit volume of soil — 6,, total porosity — ¢, specific heat of
individual components of the medium — ¢;, temperature — T,
density of soil particles — p,, number of individual particles
— X;, and the number of parallel connections between soil
particles treated as heat capacities — u. Thus, the heat capa-
city can be expressed by:

4—TE'Tk s
G =

a(0y, ¢, pr € T, %7). (11)

Since it is impossible to find the distribution of par-
ticles in the soil experimentally, and thus the mean value
—a(b,, ¢, pi, i, T, x;), the mean value can be replaced with
the expected theoretical value — mi(6,, @, pi, ¢i, T, x;), which
takes into account all possible particle configurations and
the probabilities of these configurations:

(91)1(:1S Pier Lle Xi ) (12)

On the other hand, the expected value was calculated in
accordance with the definition from the formula:

4nrk =

C, =

m= Z}L'=1ajP(X = xj)! (13)
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where: P(X = x;) is the probability (realisation of the ran-
dom variable P(X = x;), X taking numerical values equal
to x,...,x;), whereby: an, X;= L, P(x;) — the
probability of a given configuration of soil particles. The
following condition must also be met: i) PX=x) =1.
Taking into account all possible configurations of combined
heat capacitors, the general formula for the volumetric heat
capacity of the medium/soil was obtained:

u, j=1.2,...,

4mry,

” Z?=1(x1jP1(T)C1(T)+- o2 ;o (T) e (T))P (x4, -+,

C, = xkj). (14)

The probability of the occurrence of a given configura-
tion of heat capacitors P(x;, ..., X¢;) in the physico-statistical
model of heat capacity was calculated from the multino-
mial distribution with six main components of soil £, i.e.
quartz ¢, other minerals m, organic matter o, water w, ice
i, and air a, with the content of soil components f; in unit
volume and the number of heat capacitors x;:

e ‘fq xq 1:mf0xofv5wf;_xi X

S . S a
)C X,".X'DJCWXX = (15)

Considering the fact that the heat capacity of the air
(1295 J m™ K™) is very small in relation to other soil
components, it is often omitted in calculations. Then, the
probability is reduced to five elementS'

f flf Xm £Xo xwfxi
| At m Jo Jw Ji
qumx L

P(xq) X, X, Xy Xjy Xg) =

P(xq' X Xo» xwrxi)

(16)
In water-unsaturated soil and a large temperature gra-
dient, there is a flow in the way of water vapour, which is
characterised by a significant heat capacity C, = 1149.7 kJ
~ K. The heat capacity of water vapour can be considered
in the gas phase with known water vapour content in the soil.
The specific heat, i.e., the amount of heat needed to raise
the temperature of a given substance in a known form by
one degree Celsius, is 4.187 kJ kg™' K™ for water, 2.108 kJ
kg™ K™ for ice, and 1.996 kJ kg™ K" for water vapour.
The density of water is ~1 000 kg m™. The density of water
vapour at 100°C and 1 atm pressure is ~0.6 kg m™ (5.98 x
10* gem ™).

The apparent heat capacity C, takes into account the
latent heat of melting/freezing (when water freezes, it gives
off heat, and when it thaws, it takes heat in the same amount
as it gives off):

Cl}a_C +prl —C +LfBT’

(17

where: w is the change in the total volume of ice and liquid
water (COMSOL, 2023):

_ 10101=6ipi=pi
2 0ipi+ 61p1+ pp

(18)

The apparent heat capacity can be explained as the
amount of energy required to raise the temperature per unit
volume of partially frozen soil by one degree, even when
there is a phase change between liquid water and ice due to
temperature change, L, is the latent heat of melting, 3.34 x
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10° T kg, C,, — total heat capacity of soil with latent heat,
p; — density of water, p; — density of ice, p,— density of soil,
6, — water content, 6, — ice content, and 7 — temperature.

2.3. Parameters of the statistical-physical model of heat
capacity

In the earlier statistical-physical model relating to ther-
mal conductivity, the radius of the spheres as well as the
number of parallel connections of the spheres changed,
depending on the content of the dominant soil component
and soil water saturation. The radius of the spheres of r;
varied from 0.044 to 0.08, depending on the dominant com-
ponent in the soil. With a mixture of components, the radius
was the smallest, and with one folding, it was the largest.
The number of parallel joints of the spheres varied from 3
to 13, depending on the degree of water saturation of the
soil. In contrast, in the dielectric permittivity model, the
radius of the spheres was constant and amounted to 0.08.
At this value, the model scales to the dielectric permittivity
(dielectric constant) that a given component can achieve at
100% of the content, e.g., if it is water, it will be approxi-
mately 80 (78.4) at a temperature of 25°C. If it were the
heat capacity, it would be equal to 4161090 J m~ K
(specific heat of water 4182 J kg' K™). In the statistical-
physical model of heat capacity, it was assumed that the
number of parallel connections of spheres varies from 3 to
13, depending on the degree of soil water saturation, simi-
lar to the thermal conductivity of soil. As water saturation
increases, thermal bridges form around the solids, and the
conductivity and capacity increase.

The number of parallel connections of thermal capaci-
tors “u” as a function of soil water saturation (Gv/g) is
shown in Fig. 2. It was assumed that the particles of the
solid, liquid, and gaseous phases would be represented by
the same equivalent radius of spheres 7, = 0.08.

Number of parallel connection u
(=2

0 0.2 04 0.6 0.8 1
Water saturation (6v/¢@)

Number of parallel connection u
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A step transition of the “u” value as a function of soil
water saturation also causes a step increase in the calculated
values of soil heat capacity. Similar to thermal conductivity,
a procedure for the indirect determination of heat capacity
within a given soil saturation interval has been proposed.
The method consisted in determining the heat capacity of
the soil from the statistical-physical model from the formu-
la (C,) for two successive values of # and u+1 (Fig. 2) and
corresponding to the water contents 6,(u), 8,(u+1), and then
the value of the heat capacity for the searched water content
was determined from the linear equation given below:

(Hu - gu ('LL))

C,(u+1)-C, (1)

=G + B (u+1)-6(w)

19)

The statistical and physical model takes into account
the basic physical and thermal properties of the main com-
ponents of the soil and the volumetric content of the solid,
liquid, and gaseous fractions of the soil, which are related
to the unit volume of soil. The relative soil components to
the unit volume of soil are regarded as the probability of
drawing a specific particle of the solid, liquid, and gaseous
phases of the soil in a single sample. The contents of indi-
vidual mineralogical components in the soil can be derived
from known measured data or can be estimated from soil
granulometric compositions. The main mineralogical com-
ponents of the soil are taken into account, i.e., quartz, other
minerals, organic matter with biochar, water and air and
their specific heats, densities, and changes induced by tem-
perature and pressure. The total porosity of the soil ¢ was
calculated from the equation: ¢ =1 —Z—i’. It equaled the air
content ¢ = f;, in the soil when there was no water. When
there was water, the air content in the soil decreases by
this nart of the water/ice, according to the equation: fg=
1- (% +6,+6;) Tt was assumed approximately that the gene-
ral porosity ¢ of the soil is equal to the water content in
the soil in the state of full saturation of the soil with water
6., =0,. The air content was calculated from the equation:

7 Clu+l)

Cylu) ™\
\ .

11 E———
.

.

'
= ] -
0 Ofu) N7 )

0.7 0.8 0.9 1
Water saturation (6v/¢)

0.6

Fig. 2. Number of parallel connections “u” as a function of soil saturation with water 6v/¢.
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Je=0,-(0+0)). If the measurements showed the water con-
tent in the fully saturated state and the density of the solid
phase of the soil, then the soil density can be estimated as

follows: Pbr=Ps (1'¢)> Or Py =Py (1'05)

2.3.1. Thermal properties and densities of the main
soil components of the solid, liquid, and gaseous phases
- estimates and calculations

The heat capacity per unit volume was calculated taking
into account the following components: quartz, other min-
erals, organic matter with biochar, water content in soil, and
air. The specific heat capacity of quartz (J kg’ K™') for the
particle density p,= 2654 kg m as a function of tempera-
ture was calculated from the equation proposed by Kekelia
(2012):

Cpguar:=2-8743x10° T°-3.1599x107 T7+1.8762 T+696.54.  (20)

The specific heat capacity variation of water with tem-
perature is not very large (approximately 1% within the
0-50°C range). Water specific heat capacity ¢, (kJ kg' K™)
variation with temperature (Kekelia, 2012):

Cpvater=9-8933x10°T*-1.5591x10° T°+1.0407x10™* T°-
3.2972x107 7+4.2192.

Water density p,, (kg m ) variation with temperature:

(2]

pu=-3.4671x107 T*+6.7777x10° T°-8.5411x10° T*+

6.4701 7T+999.85. @2)

Ice specific heat capacity variation with temperature:
¢, e kg K (Kekelia, 2012):

Cp ie= 1.3642x10° T7+5.4463x10°T*+ 7.5938 T+2098.8.  (23)
Ice density variation with temperature: p,., (kg m™):
Pice=7.6944x107 T>-1.7506x 10 T-1.46x10" T+916.73.  (24)

Zografos et al. (1987) provide polynomials to compute
specific heat at constant pressure of air as a function of stat-
ic temperature 7; on the Kelvin scale as follows:

Specific heat of air at constant pressure (c, ,;) variation
with temperature in units of J kg ' K"

€ ar=1.3864x10"°T*- 6.47474x107T°+ 1.02344x10°T°-
0.432819T+1061.332.

Air density (p) in units of kg m™: p = P/ RT,, where P,
is the static pressure in Pascal, and the gas constant has the
value R =287.058 J kg™ K™, T, temperature in K. Since the
dry air density can be calculated as p = P,/(RxT)) with R =
287.058 J kg ' K, at 101325 Pa and 20°C = 293.15 K, we
get: p=101325/(287.058 x 293.15) = 1.204 kg m™.

The specific heats entering other c;, minerals can be
derived from measurements or be estimated as geometric
means from the knowledge of the dominant components.
The equivalent heat capacity of the two components was

calculated from the equation: ¢, = ci"c; ', where ¢, and

(25)
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¢; are the specific heats of the minerals and f,, is the volu-
metric content of the mineral m. With more components
of other soil minerals, the geometric mean can be calcu-
lated from the general equations: ¢im = I1; C,{Z—, and X f; = 1,
where c,; is the specific heat capacity of soil component
(mineral) j; f; is the volumetric fraction of soil component
(mineral) j. Specific heats of selected clay minerals at
300 K and their densities, which enter mainly into other
minerals in the model: illite (0.962 kJ kg™ K™), Na-kaolinite
(0.931 kJ kg' K", and Ca-kaolinite (0.811 kJ kg' K™,
with densities of 2.6 Mg m™, Na (0.779 kJ kg”' K™), and
Ca (0.808 kJ kg™ K™") — montmorillonite with densities of
2.4 Mg m and Attapulgite (0.742 kJ kg' K') with densi-
ties of 2.2 Mg m™ (Skauge et al., 1983). The specific heat
of other minerals (silt and clay fractions) without know-
ing the mineralogical composition was estimated from an
experiment (Clauser, 2021): density, specific heat, and vol-
umetric heat capacity of the selected minerals at 20°C, p,,
=2.68 Mgm~,c,=0.86kJkg' K", C,=2.300 MIm~ K.
In the de Vries model (de Vries, 1963), the specific heat of
the mineral ¢, and the specific heat of organic matter were
assumed as 0.725 and 1.92 MJ Mg ' K', respectively. The
particle density of organic matter was 1.3 Mg m .

2.4. Measuring the specific heat of soil aggregate beds

The specific heat of soil aggregates was determined
experimentally with the calorimetric method (Sikora,
1983). The specific heat of the solid phase of wet soil sam-
ples was measured to ignore the heat of wetting. It has
been shown that the heat of wetting can be omitted when
the water content of soil samples is higher than the dou-
ble hygroscopic maximum water capacity (Sikora and
Malicki, 1984). The calorimeter built by Sikora (1983)
consisted of two vessels. A vessel in the shape of an alu-
minium cylinder, 0.3 mm thick, 40 mm radius, and 90 mm
high, was placed in a Dewar thermos. The dishes and lids
were properly insulated. Temperature measurements in
the calorimeter were carried out with copper-constantan
thermocouples. Soil samples with mass m and water con-
tent § were heated to the temperature 7| (approx. 25°C).
Distilled water weighing m,, and at a temperature of about
5°C was poured into the inner vessel of the calorimeter. The
space between the vessels of the calorimeter was cooled
with nitrogen vapour, which prevents water from heating
up from the environment. As a result of heat transfer, the
state of thermal equilibrium 7, was established. This state
was identified on the basis of changes in the temperature
of distilled water in the calorimeter from the moment of
introduction of nitrogen vapours between the calorimetric
vessels. When the temperature of distilled water was set
at 7,, a soil sample was placed in the calorimeter after its
initial temperature 7, had been measured. The soil sample
was quickly mixed with distilled water. As a result of heat
transfer, the equilibrium temperature of 7; was established.
As a result of the experiment, the temperature changes of
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the soil sample were 7, — T; and water T; — T,, respectively,
which allowed solving the heat balance equation from the
formula (Sikora, 1983):

cm(Ty —T3) = (¢, my, + 4) (Ts — T2), (26)

The specific heat ¢ of the moist soil sample was calcu-

lated from the equation:

c= (i +A4)(T5—T5)
- m(Ty—T3)

@7

where: A — heat capacity of the inner vessel of the calorime-
ter (4 =29 J K™), ¢, — specific heat of distilled water (c,, =
4190 T kg™ K™). For example, the specific heat ¢ of a moist
soil sample with a mass of m = 0.06 kg, a water content of
0=0.35 kg kg™, and a water mass m,, = 0.05 kg was calcu-
lated, with a change in the temperatures of the soil sample
and distilled water of 12 and 5°C, respectively (Sikora,
1983). After substitution, the following were obtained:

_ (4190x0.05+29)5

= 165625 T kgt K.
0.06x12

(28)

The specific heat of the solid phase of the soil was cal-
culated from the equation: ¢, = ¢(1+0) - ¢,, 6 based on the
specific heat of the soil sample: ¢ = % with water con-
tent 0 expressed in kg kg™ (Sikora, 1983). Substituting the
above data into the equation, the following data were ob-
tained: ¢,=1656.25 (1+0.35)-4190x0.35=769.43 T kg ' K ".

The volumetric heat capacity of the aggregates as a
function of water content # (m’ m™) in the soil was cal-
culated from a linear equation taking into account the
measured soil densities p (kg m ) and specific heat of the
solid phase of individual fractions of soil aggregates cs and
water (4190 J kg™ K™):

C,=c;p+419006. (29)

The heat capacities calculated from the specific heat
of aggregates, soil density, and water content in the soil
(Sikora, 1983) were compared with those calculated from
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statistical-physical and de Vries heat capacity models. The
statistical-physical model used the granulometric composi-
tion of the soil as input to estimate the content of quartz and
other minerals, the content of organic matter, the amount of
biochar added, the density of the solid phase of the soil, the
density of the soil, and the water content and temperature of
the soil. The specific heat of soil components, depending on
temperature, density, and pressure, was used in the model
for quartz, water, and air. Constant values of specific heat
and, in some cases, geometric averages taking into account
the content of nutrients in the soil, were used for the other
soil components. The specific heat and density of organic
matter and biochar, if known, were averaged as the geomet-
ric mean. In the case of organic matter and biochar, if they
were not known, the data estimated by de Vries were used,
and the biochar data from the available literature for similar
components and temperatures were used.

2.5. Data collection
2.5.1. Soil aggregate beds

Soil samples were collected from Haplic Phacozem
(WRB, 2015) located in Werbkowice, SE Poland (50°45°
N, 23°41” E). As to textural class, the soil was referred to as
a silty loam (Lipiec et al., 2007). After drying in the labora-
tory to an air-dry state, the soil was sieved through a set of
sieves (with mesh sizes of 10, 5, 3, 1, 0.5, and 0.25 mm) to
make beds with fractions <0.25, 0.25-0.5, 0.5-1, 1-3, 3-5,
and 5-10 mm. The specific heat of mono-aggregate beds
was measured for 9 selected water contents within the entire
range of water contents, obtained at different tensions, and
additionally by drying at room temperature (20°C). The
soil properties listed in Table 1 were used to estimate the
heat capacity of soil aggregates using a statistical-physical
model of heat capacity.

Table 1. Characteristics of the Haplic Phaeozem in Werbkowice, Poland*

Aggregate Particle size (mm) distribution Organic matter Bulk density Porosity Specific heat £SD
size (mm) (%, wiw) content (%) (Mg m™) (m*m Jkg' K™
1-0.1 0.1-0.02 <0.02
All 3 57 40 4.00 1.09 0.59 699.2+38.8
<0.25 3 61 36 3.38 1.18 0.55 746.1
0.25-0.5 4 52 44 4.61 0.98 0.64 737.2
0.5-1 4 53 43 437 0.89 0.66 716.0
1-3 3 55 42 4.55 0.94 0.65 654.9
3-5 5 52 43 437 0.83 0.69 671.6
5-10 3 53 44 4.13 0.84 0.68 669.4
Aggregate size (mm) distribution (%)
<0.25 0.25-0.5 0.5-1 1-3 3-5 5-10 >10
17 17 16 17 15 10 8

*Data from Sikora (1983), Witkowska-Walczak (2000), SD — standard deviation.
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2.5.2. Field soils

The data used for the calculations of heat capacity come
from Podlasie (Trzebieszow, 51°59'09.8”N 22°33'58.0”E).
The Podzol soil (WRB, 2015)-contained 73.8%, 24.6, and
1.6% of sand (2-0.05 mm), silt (0.05-0.002 mm), and clay
(<0.002 mm), respectively, and 69.5% of quartz (Usowicz
et al., 2009). The soil is further referred to as Polish sandy
soil. Sandy soils are defined as soils that have a sand con-
tent greater than 50% and a clay content less than 20%
(Huang and Hartemink, 2020). The biochar was obtained
from wood chips at a pyrolysis temperature of 350-400°C
and had a particle density of 1.41 g cm™ and a bulk density
of 0.328 g cm . The specific heat of biochar is about 1.7 kJ
kg ' K. Dry biochar (< 0.5-5 mm) was evenly distributed
on the surface of 50 m* (5x10 m) plots in the amount of 0
(CK), 10 (B10), 20 (B20), and 40 (B40) Mg ha' and then
mixed with the soil to a depth of 0-15 cm using a rototiller.
The Decagon KD2 Pro meter was used to measure thermal
conductivity, heat capacity, and thermal diffusivity.

The soil in Huantai (36°5'N, 117°58'E) is a Fluvic
Cambisol according to the USDA classification (Soil
Survey Staff, 1975) containing 70.8, 26.9, and 2.3% sand
(2-0.05 mm), silt (0.05-0.002 mm), and clay (<0.002 mm)
fractions, respectively (Table 2) (Zhang et al., 2013; Zhao
etal., 2016). The soil is further referred to as Chinese sandy
soil. The quartz content was assumed to be equal to the
sand content (Zhang et al., 2013). Black biochar powder
at 4.5 and 9 Mg ha ' was added to the soil in a random
block pattern with a plot area of 36 m”. The biochar was
thoroughly mixed to a depth of 15 cm using rotary tillage.
The biochar was obtained from the combustion of corn-

Table 2. Measurement data of soil texture and organic matter
content together with biochar of the control soil without biochar
(CK) and soil amended with biochar at the level of 4.5 Mgha 'y
(B4.5) and 9.0 Mg ha™' y' (B9.0) for the Chinese experimental
field*

Soil+Biochar Sand Silt Clay (:;i?;:rc
-1
(Mgha™) %)

CK 70.8 26.9 2.3 1.5
B4.5 70.8 26.9 2.3 1.76
B9.0 70.8 26.9 2.3 2.02

with reduced sand by 10%

CK 60.8 36.9 2.3 1.5
B4.5 60.8 36.9 23 1.76
B9.0 60.8 36.9 2.3 2.02

with reduced sand by 20%

CK 50.8 46.9 2.3 1.5
B4.5 50.8 46.9 2.3 1.76
B9.0 50.8 46.9 2.3 2.02

*Data from Zhang et al. (2013) and Zhao et al. (2016).

B. USOWICZ, J. LIPIEC

cobs at 360°C and had a particle density of 1.80 g cm™ and
a bulk density of 0.30 g cm® (Zhao et al., 2016). From the
bulk density and water content (Fig. 1, Zhao et al., 2016),
and additionally from the particle density of soil and bio-
char, the volumetric contents of individual soil components
were calculated. The contents were used to describe the
probabilities of finding a given soil component in a single
sample (Table 2). The volumetric contents and specific heat
capacity of individual soil components were used in the
statistical-physical model. The specific heat of biochar is
1.554 kJ kg™' K™, and the average specific heat of organic
matter and minerals is 0.725 kJ kg ' K™' (Zhao et al., 2016).
The heat pulse method was used to measure soil heat capa-
city and thermal diffusivity (Zhao et al., 2016). Similarly,
calculations were performed for the thermal conductivity of
quartz content in sand, reducing the sand content by 10 and
20% and increasing the content of other minerals by 10%
and 20% in silt (Usowicz et al., 2020). Measured soil heat
capacity data used in model validation were taken from the
articles by Sikora (1983), Zhang ef al. (2013), Zhao et al.
(2016), and Usowicz et al. (2020).

The measurements of heat capacity in the Polish and
Chinese experiments were conducted over a wide range
of water contents, which varied significantly during the
growing season due to rainfall and irrigation. In Poland,
additional measurements were done in the laboratory at dry
and saturated states.

2.5.3. Statistical evaluation

The agreement of the measured and modelled data was
determined by mean squared error (RMSE) and maximum
relative error (MRE):

f n _f 32
RMSE = El=1(f7;l fCl) .

where f,, is the measured value, f; is the calculated value,
k=n—-1ifn<30and k= n if n > 30, n is the number of data.
The maximum relative error (MRE) was calculated from the
equation:

(30)

MRE = max {fmi’l-cm'

i=1,2,--n

100%]. 31

mi

3. RESULTS
3.1. Soil aggregate beds

The specific heats of soil aggregates ranged from 654.9
for aggregates 1-3 mm to 746.1 J kg”' K™' for aggregates
<0.25 mm. The specific heat was 737.2 and 716.0 for aggre-
gates 0.25-0.5 and 0.5-1.0 mm and 671.6 and 669.4 J kg '
K™ for aggregates 3-5 and 5-10 mm (Table 1). The average
specific heat for all aggregates in J kg™' K™ was 699.2 with
a standard deviation of +38.8. The measured and statisti-
cal-physical model predicted volumetric heat capacity (C,)
increased with the increasing water content and with the
decreasing aggregate size (Fig. 3a, Table 1). The average
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Fig. 3. Measured and calculated (c) heat capacities (Cv) from the statistical-physical (s-p) and de Vries (dV) models at various soil
water contents. Measured heat capacities (Sikora, 1983) of various soil aggregates depending on the water content in the soil (a), com-
parison of measured and calculated heat capacities for various soil aggregates (b), comparison of measured (Usowicz et al., 2020) and
calculated heat capacities in the field soil from Poland for different biochar additions: 0 (CK), 10 (B10), 20 (B20), and 40 (B40) Mg
ha™ (c), comparison of measured (Zhang et al., 2013; Zhao et al., 2016) and calculated heat capacities in the field soil from China for
different biochar additions: 0 (CK), 4.5 (B 4.50), and 9.0 (B9.0); sand corresponds to the original sand content 70.8% and sand-10 and
sand-20 are sand contents reduced by 10 and 20%, respectively (d).

values over the entire water content range recorded for the
smallest aggregate fraction <0.25 mm was 1.886 MJ m”’
K™'; it decreased consecutively for aggregates 0.25-0.5,
0.5-1, 1-3, 3-5, and 3-10 mm to 1.614, 1.468, 1.396, 1.352,
and 1.339 MJ m~ K/, respectively. The average C, for all
aggregate beds was 1.490 MJ m~ K™', with a coefficient
of variation CV (35.1%). The CV had the lowest value for
fraction < 0.25 mm (29.53%) and the highest value for
fraction 0.25-0.05 mm (36.56%). The statistical-physical
model predicted means were higher by 0.12 MJ m” K™
and those from the de Vries model were higher by 0.082 MJ
m~ K" than the measured mean of 1.490 MJ m~> K™
(Table 3). The minimum difference between the statistical-
physical model-predicted and measured heat capacities
was 0.09 (0.088) MJ m~ K™ for aggregates 0.25-0.05 mm
(1.703 vs. 1.614), and the maximum was 0.157 MI m~ K™
for aggregates 1-3 mm (1.553 vs. 1.396 MI m > K ™).
Depending on the aggregate size, the coefficients of
variation (CV) for the model-predicted heat capacities
were lower by 1.56 to 3.49% compared to those measured,
varying from 29.5 to 34.8% (Table 3). The skewness values

ranged from —0.332 to 0.269, indicating that the measured
and model-predicted heat capacities were close to the nor-
mal distribution with a slight predominance of left-sided
asymmetries. The kurtosis values ranged from —0.48 to
—1.129, indicating that the distributions of the data sets tend
to have a flat-topped curve.

The (linear) regression coefficient ‘a’ and determination
coefficient R?, RMSE, and MRE between the measured and
predicted heat capacities for all aggregate fractions within
<0.25-10 mm were 0.993, 0.998, 0.122 MJ m™ K'', and
24.9%, respectively, for the statistical-physical model, and
0.987,0.998 0.085 MI m> K ™', and 19.3%, for the de Vries
model (Fig. 3b, and Table 3). In the case of the statistical-
physical model, the regression coefficient ‘a’ and the coef-
ficient of determination (R?) for each of the six aggregate
fractions were also high and the same, i.e., 1.001 and 1,
respectively. The root mean square errors (RMSE) ranged
from 0.090 to 0.157 MJ m™ K ', and the maximum rela-
tive error (MRE) was in the range from 10.7 to 24.9%. The
regression coefficient ‘a’ close to unity, and the intercept of
0.131 in the regression equation between the heat capacities
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Table 3. Root mean square error (RMSE) and maximum relative error (MRE) between the measured (m) heat capacity (C,) and cal-
culated by the statistical-physical (s-p) and de Vries (dV) models (c) for variously sized aggregate beds, linear regression coefficients
‘a’, intercepts, determination coefficients R?, and basic statistics of measured and calculated heat capacities (SD — standard deviation,
CV — coefficient of variation)

RMSE and MRE between measured and calculated values

C, mCv_ mCv_ mCv_ mCv_ mCv_ mCv_ mCv_ mCv_
cCvs-p cCvdV cCvs-p cCvs-p  cCvs-p cCvs-p cCvs-p cCvs-p
Number of samples n=467 n=467 n=63 n=78 n="70 n=80 n=90 n=_86
Aggregate size (mm) <0.25-10 <0.25-10 <0.25 0.25-0.5 0.5-1 1-3 3-5 5-10
RMSE MJ m” K™) 0.122 0.085 0.106 0.090 0.107 0.157 0.124 0.129
MRE (%) 24.9 19.3 10.7 12.2 15.5 24.9 21.7 22.6
Regression coefficient ‘a’ 0.993 0.987 1.001 1.001 1.001 1.001 1.001 1.001
Intercept 0.131 0.102 0.106 0.088 0.106 0.156 0.122 0.127
R? 0.998 0.998 1.0 1.0 1.0 1.0 1.0 1.0

Basic statistics for selected aggregate sizes

C, mCv cCvs-p cCvdV mCv cCvs-p mCv cCvs-p

Number of samples 467 467 467 63 63 78 78

Aggregate size (mm) <0.25-10 <0.25-10 <0.25-10 <0.25 <0.25 0.25-0.5 0.25-0.5

Mean 1.490 1.610 1.572 1.886 1.993 1.614 1.703

SD 0.523 0.520 0.517 0.557 0.557 0.590 0.591

CV (%) 35.10 32.27 32.87 29.53 27.96 36.56 34.66

Minimum 0.565 0.689 0.660 0.996 1.102 0.715 0.803

Maximum 2.705 2.812 2.761 2.705 2.812 2.692 2.782

Skewnesss 0.225 0.205 0.198 -0.172  -0.172 0.269 0.267

Kurtosis —0.481 -0.524 —0.536 -1.129  -1.129 —-0.961 —-0.959

Heat capacity Cv mCv cCvs-p mCv cCvs-p mCv cCvs-p mCv cCvs-p
Number of samples n=70 n=70 n=80 n=80 n=90 n=90 n=86 n=86
Aggregate size (mm) 0.5-1 0.5-1 1-3 1-3 3-5 3-5 5-10 5-10
Mean 1.468 1.575 1.396 1.553 1.352 1.476 1.339 1.468
SD 0.486 0.486 0.486 0.487 0.413 0.413 0.432 0.433
CV (%) 33.08 30.87 34.83 31.34 30.52 27.99 32.28 29.48
Minimum 0.680 0.785 0.627 0.783 0.566 0.689 0.565 0.692
Maximum 2.354 2.462 2.159 2.317 2.075 2.198 2.073 2.201
Skewnesss 0.079 0.075 —0.060 -0.060  —0.265 —0.265 —0.332 —0.332

Kurtosis —0.832 —0.830 -1.020 -1.017  -0.552 —0.553 —0.842 —0.840
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measured and calculated with the statistical-physical model
suggests that there is only a slight overestimation (close
to zero) of the calculated heat capacity in the soil. This
overestimation could be, in part, a derivative of a small
error (not greater than 8%) of specific heat measurement
using the calorimetric method (Sikora, 1983), as the heat of
wetting of soil samples at pre-moistening to double hygro-
scopic water content was neglected.

3.2. Field soils

The average measured heat capacity of the Polish sandy
soil with biochar (2.060 MJ m~> K™') was greater than that
calculated from the statistical-physical model (1.861 MJm™
K™) and the de Vries model (1.816 MI m™> K ") (Table 4).
The CV for predicted data by both models was approxi-
mately 10% larger than the measured value (29.4%). The
kurtosis value (—0.75) indicates that the distributions for the
measured and calculated heat capacities were flattened. The
skewness values indicate that the distribution of both the
measured (0.68) and model-predicted data (0.87) had posi-
tive asymmetry. The regression coefficient ‘a’, R>, RMSE,
and MRE between the model-predicted heat capacities
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and measured were 1.054, 0.781, 0.391 MJ m> K', and
42.1% for the statistical-physical model and 1.046, 0.781,
0.414 MJ m™® K", 44.4% for the de Vries model, respec-
tively (Fig. 3c and Table 4).

For the Chinese sandy soil with biochar from China, the
average measured heat capacity (1.868 MJ m”> K') was
lower by 0.024 MJ m® K than that calculated from the
de Vries model and larger by 0.089 MJ m > K ™' (1.957 MJ
m~ K') than the value obtained in the statistical-physi-
cal model (Table 4). The CV of the measured data set
(15.5%) was larger than that of the model-predicted data
(12.4%). The skewness indicates that the distribution of the
measured heat capacities (—0.329) was left-tailed and the
distribution of the model-predicted data was close to the
normal distribution (skewness = 0.019). The distributions
of the measured and calculated heat capacities were slight-
ly flattened (kurtosis from —0.088 to —0.89). The statistical
parameters, including the mean values and their varia-
tion spreads of the measured and computed distributions,
accurately reflect the nature of the heat capacity distribu-
tion, while remaining reliable. The comparison of the heat
capacities of the Chinese soil from the statistical-physical

Table 4. Root mean square error (RMSE) and maximum relative error (MRE) between the measured (m) heat capacity (C,) and cal-
culated by the statistical-physical (s-p) and de Vries (dV) models (c) for Polish and Chinese sandy soils, linear regression coefficients
‘a’, intercepts, determination coefficients R?, and basic statistics of measured and calculated heat capacities (SD — standard deviation,
CV — coefficient of variation, sand-10 — with reduced sand content by 10%, sand-20 — with reduced sand content by 20%

RMSE and MRE between measured and calculated values

Cv mCv_cCvs-p  mCv_cCvdV cCvs-p cCvs-p_sand-10  cCvsp_sand-20 cCvdV
Number of samples 53 53 33 33 33 33
Soils Polish sandy soil + biochar Chinese sandy soil + biochar
RMSE (MJ m”K™) 0.391 0.414 0.109 0.119 0.130 0.102
MRE (%) 42.1 444 25.0 26.5 28.0 235
‘a’ 1.054 1.046 0.783 0.781 0.780 0.760
Intercept -0.311 -0.339 0.460 0.480 0.500 0.472
R? 0.781 0.781 0.906 0.905 0.903 0.901

Basic statistics

cCvs-p_ cCvs-p_sand-

Cv mCv cCvs-p cCvdV mCv cCvs sand-10 20 cCvdV
Nr of samples 53 53 53 33 33 33 33 33
Soil Polish sandy soil + biochar Chinese sandy soil + biochar
Mean 2.060 1.861 1.816 1.868 1.922 1.939 1.957 1.892
SD 0.605 0.722 0.717 0.289 0.238 0.238 0.237 0.232
CV (%) 29.38 38.81 39.47 15.49 12.38 12.25 12.13 12.24
Minimum 1.210 1.039 1.000 1.228 1.535 1.553 1.571 1.516
Maximum 3.281 3.195 3.136 2.430 2.357 2.376 2.395 2.320
Skewnesss 0.682 0.870 0.865 -0.329 0.002 0.004 0.005 0.019
Kurtosis -0.731 —0.755 —0.754 —0.088 —0.892 —0.891 —0.890 —0.889
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model and measured values (Zhao et al., 2016) for differ-
ent sand contents showed that the regression coefficient
‘a’, R’, RMSE, and MRE were 0.780-0.783, 0.901-0.906,
0.109-0.130 MJ m~ K", and 25.0-28.0% and were similar
to the de Vries model, namely 0.760, 0.901, 0.102 MJ m™®
K™, and 23.5%, respectively (Fig. 3d and Table 4). It is
worth noting that the same statistical parameters were good
and comparable, i.e., 0.748, 0.919, 0.097 MJ m~ K™, and
21.6% between the measured and predicted heat capacities
when the analytic Zhao ez al. (2016) model was used for the
same original data as in this study.

The comparison of the statistical parameters indicates
that the predictability of heat capacity by both the sta-
tistical-physical and de Vries models was better for soil
aggregates than for field soils.

4. DISCUSSION

The novel model presented in this work, based on the
concepts of specific heat, the principle of conservation of
energy, and all configurations of mineral, organic, water,
and air particles, demonstrates good accuracy in predicting
soil volumetric heat capacity. The good agreement between
the model-predicted and measured heat capacity, as indi-
cated by the statistical parameters, confirms that the model
assumptions regarding the specific heats of soil components
(in kJ kg™' K™': 0.733 for quartz at 20°C, 0.860 for other
minerals, 1.92 for organic matter, and 1.554 for biochar)
taking into account their change with changes in tempera-
ture, pressure, and density were adequately established.
The model-predicted heat capacity allowed separating beds
with different aggregate sizes and indicated the differences
between soil types using field soils.

4.1. Soil aggregate beds

The increasing heat capacity with the decreasing
aggregate size (from 10 to <0.25 mm) in aggregate beds
predicted by the statistical-physical model can be attrib-
uted to the greater bulk density (Table 1) and the related
higher volumetric fraction of soil solids composed of min-
eral and organic matter (Nimmo, 2004). This explanation
can be supported by the results, which indicate that the soil
heat capacity is positively correlated with the amount of
mineral components and organic matter content, as well
as the associated water content, including tightly bound
water on clay surfaces and organic matter, even after dry-
ing at 105°C (e.g., Wang et al., 2019). This implies that
the observed results can be suitable for analysing soil heat
capacity changes under different land uses and other man-
agement practices that significantly affect aggregate size
distribution and bulk densities (Nimmo, 2004). Dynamic
changes in these variables occur under field conditions in
recently disturbed soil due to soil subsidence and rainfall. A
slight impact of organic matter is expected due to the simi-
lar contents of organic matter in all the aggregate fractions
from 3.38 to 4.55% (Table 1). It is worth noting that larger
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versus smaller soil structural units (1-10 vs. <0.25 mm)
provide the most suitable soil physical conditions for
plant establishment and growth (Tisdal and Oades, 1982;
Dilkova ef al., 2002). Suitable plant growth conditions in
1-10 mm aggregates are attributed to high water-holding
capacity, moderate saturated hydraulic conductivity, and
sufficient aeration (Tisdal and Oades, 1982; Glinski and
Lipiec, 2018). Our results suggest that lower heat capacity
can be an additional physical factor contributing to suitable
plant growth conditions in 1-10 mm aggregates. This issue
needs further study.

Furthermore, the alterations in heat capacity between
different aggregate soil structures observed in this study
provide new quantitative data for improved calculation of
soil heat flux density (Wang and Bou-Zeid, 2012; Zheng et
al., 2015) in variously structured soils. Depending on the
aggregate structure, the measured volumetric heat capacity
in our study varied from 1.339 to 1.886 MJ m~ K, while
its constant values are often used for calculating heat flux
density in soil, e.g. 1.26 MJ m” K" (Wang and Bou-Zeid,
2012) or 2.0 MJI m” K'' (Zheng et al., 2015). Although
the above results are based on a large number of replicates
(467), they come from one soil type (Haplic Phacozem)
with relatively high organic matter. Therefore, further stud-
ies are needed for other soil types to perform more robust
and reliable checks.

The analysis of the statistical parameters indicates that
the agreement between the measured and calculated heat
capacities was generally better for soil aggregates than
for field soils (Tables 2 and 3). This can be demonstrated
by the higher coefficients of determination (R?), which
indicate the degree to which the observed results are re-
plicated by the model for soil aggregates (0.998) compared
to field soils (0.781-0.906). This could be due to the use
of the calorimetric method for measuring the heat capac-
ity in soil aggregate beds and the heat pulse method with
field soils. Research has demonstrated that heat capacities
measured by the heat pulse method, compared to those
calculated by models, show a characteristic trend of heat
capacities to be lower at lower water contents, unchanged
at medium water contents, and higher at higher water con-
tents (Gnatowski et al., 2022; Zhang et al., 2013; Zhao et
al., 2016; Usowicz et al., 2020). The differences in unsatu-
rated soil can be attributed poor thermal contact between
the probe and soil particles due to air-filled pores, creating
a temperature discontinuity and artificial thermal lag (He
et al., 2018). Another reason for the discrepancies between
the measured and calculated heat capacities at small scale
can be the size and geometry of the heater and response
elements, which measure the temperature in the pulse heat
method (Gnatowski et al., 2022). The question arises as
to the extent to which measurements using the heat pulse
method are reliable in the entire range of water content.
On the other hand, heat capacities measured with the
calorimetric method and calculated from the models show
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a tendency to slightly overestimate the calculated ones over
the entire range of water content. To improve the accuracy
and extend the suitability of the heat pulse method in het-
erogeneous soils, in-situ probe spacing calibration (Zhang
et al., 2020) and the iterative local updating ensemble
smoother (ILUES) algorithm for data assimilation (Xie et
al., 2025) were proposed. Further comparisons of meas-
ured and computed heat capacities from different models,
as well as a more accurate understanding of heat energy
transfer processes in the measurement methods used, can
contribute to improving the accuracy of measured heat
capacities of soils. Another cause of the weaker agreement
between the measured and calculated heat capacity in field
soils compared to aggregate beds can be the greater spatial
variability of thermal properties in the former.

4.2. Field soils

The variation range in the heat capacity between the
Polish and Chinese sandy soils was much less than that
for variously sized aggregates of the Haplic Phacozem.
The similar values of the volumetric heat capacity in both
sandy soils may be a consequence of the comparable con-
tents of sand (quartz) from 70.8 to 73.8%, which typically
affect soil heat capacity (Wang et al., 2019). The essential
effect of the quartz sand can be supported by the greater
mean heat capacities (over the water content range) pre-
dicted by the statistical-physical model in both Polish and
Chinese sandy soils (1.861-1.957 MJ m > K") than in the
aggregate beds of the fine-textured Polish soil with lower
sandy quartz content (1.490 MJ m > K™"). Some differences
between the model-predicted and measured soils in partic-
ular, were likely a result of the different spatial distribution
of the thermal properties in the experimental fields. The
statistical parameters indicated that the performance of the
novel model exhibited slightly better accuracy than that of
the traditional analytic de Vries model that relies on the
volume fractions of heat capacities of separate soil compo-
nents (de Vries, 1963).

4.3. Suitability of the novel model and heat capacity data

An advantage of the novel statistical-physical heat
capacity model is that it does not require the selection of
parameters in the equations by comparing measured values
with those calculated from equations independent of the
porous medium, unlike existing models, such as those by de
Vries (1963) and Zhao et al. (2016). However, the proposed
model requires knowledge of the specific heat capacity of
a medium composed of two or more components. For
example, in the case of a medium composed of air and
water, the model initially achieves the heat capacity of air,
which fills the entire volume, and changes as the water con-
tent increases until it reaches the heat capacity of water.
This is a result of model scaling, which is determined by
the same equivalent radius of spheres, 7, = 0.08, assumed
for each component of the medium. This makes the sta-
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tistical-physical heat capacity model universal because it
can calculate the heat capacities not only of soil but also of
other porous media.

The data on soil heat capacity affecting heat storage
(Wang et al., 2019; Gnatowski et al., 2022) along with
thermal conductivity and thermal diffusivity impacting
heat transfer through the soil (Usowicz et al., 2013, 2020)
are valuable across many fields, including evaluating how
a soil warms or cools due to exchanges of energy through
conduction, convection, and radiation, depending on soil
structure. It is worth adding that numerous soil manage-
ment practices, including tillage, land use, and conditioners
to modify soil structure, are available, e.g. in soil (Usowicz
and Lipiec, 2022; Garbowski et al., 2023). Accurate data
on heat capacity can be useful for predicting heat transfer
and freezing/melting in soil around heat exchangers and
efficiency of pump systems under different soil structures
(Tu et al., 2017; Kodesova et al., 2013; Zhou et al., 2025).

5. CONCLUSIONS

This study developed a volumetric heat capacity model
for soils based on the concepts of specific heat, the princi-
ple of energy conservation, and configurations of mineral,
organic, water, and air particles. The model was evaluated
using measured results from six soil aggregate beds (from
<0.25 to 3-10 mm) and two sandy soils under field condi-
tions at various water contents. The following conclusions
can be drawn:

1. The novel model exhibited good (satisfactory)
performance in estimating the volumetric heat capacity
of variously sized aggregate beds and field soils. This
confirmed that the model assumptions regarding the spe-
cific heats of the main soil components were adequately
established.

2. The measured and statistical-physical model predict-
ed volumetric heat capacities increased with the increasing
water content and with the decreasing aggregate size.

3. The model’s performance was better for soil aggre-
gate beds than for the sandy soils. This can be attributed
in part to the different methods used to measure heat capa-
city in both soil specimens and the greater variability in the
latter.

4. The applicability of the statistical-physical model to
evaluate heat capacity and heat transfer through the soil as
affected by soil management and land use was discussed.

5. The results indicate that the performance of the novel
model was similar to that of the existing de Vries (1963)
and Zhao et al. (2016) models. Unlike these models, the
novel model does not require the choice of parameters in
the equations.
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