
 

 
 

 

 
Appl. Sci. 2022, 12, 1579. https://doi.org/10.3390/app12031579 www.mdpi.com/journal/applsci 

Article 

Heat Capacity of Drained Peat Soils 

Tomasz Gnatowski 1,*, Ewa Ostrowska-Ligęza 2, Cedric Kechavarzi 3, Grzegorz Kurzawski 1 and Jan Szatyłowicz 1 

1 Department of Environmental Management, Institute of Environmental Engineering, Warsaw University of 

Life Sciences-SGGW, ul. Nowoursynowska 159C, 02-776 Warsaw, Poland; 

grzegorz_kurzawski@sggw.edu.pl (G.K.); jan_szatylowicz@sggw.edu.pl (J.S.) 
2 Department of Chemistry, Institute of Food Sciences, Warsaw University of Life Sciences-SGGW,  

ul. Nowoursynowska 159C, 02-776 Warsaw, Poland; ewa_ostrowska_ligeza@sggw.edu.pl 
3 Department of Engineering, University of Cambridge, Cambridge CB2 1PZ, UK; ck209@cam.ac.uk 

* Correspondence: tomasz_gnatowski@sggw.edu.pl 

Featured Application: The results of the study can be applied for the peat soil parametrization 

for heat movement modeling purposes. 

Abstract: Soil-specific heat capacity (cp) and volumetric heat capacity (Cv) are recognized as a fun-

damental soil property essential for the accurate prediction of soil temperature and heat flow. This 

study presents the analysis of these thermal properties for drained peat soils in Poland. The objec-

tives of this study were to (i) measure and develop a method for determining cp, (ii) analyze the (Cv) 

data for undisturbed soil samples from surface layers, and (iii) test the applicability of the cp value 

for calculating Cv of drained peat soils using the mixing model concept. The cp value was measured 

under laboratory conditions using a modulated differential scanning calorimetry (MDSC) for 18 soil 

layers sampled in six degraded peat soil profiles. The Cv was estimated for undisturbed triplicate 

soil samples from the 22 depths (66 samples) by using a dual-needle probe. The cp data for the or-

ganic soils were linearly temperature-dependent (MDSC) for the temperature range considered 

(−20 °C–30 °C). The overall average cp value was equal to 1.202 J g−1 K−1 at a temperature of 0 °C. An 

increment in temperature of 1°C corresponded to an increase in cp of 0.0043 J g−1 K−1 on average. 

Nevertheless, the lowest cp value was obtained for moss samples whereas the highest value repre-

sents alder peats. The Cv data measured using the heat thermal probe (HTP) method changed line-

arly with changes in the soil moisture content (θv) of the moorsh soils. The volumetric heat capacity 

calculated using the mixing model was comparable to the mean of measured values obtained on 

the triplicate samples. 
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1. Introduction 

Peat soils represent unique physical properties [1] which mainly depend on the type 

of the organic materials [2] and advancement of decay processes in the soil surface layers 

[3]. The low value of the soil bulk density reflects in the high organic matter content (low 

amount of ash content) of the peat soils. The soil bulk density and ash content are often 

used as descriptive variables for predicting more detailed peat physical parameters like 

soil moisture retention and hydraulic properties [4]. The organic carbon and nitrogen con-

tents vary in peat soils and depend on the different soil management and land use [5]. 

Both features representing the C:N ratio indicate the degradation of the organic matter [6] 

influencing nitrous oxide emissions [7] accompanied by the groundwater level position 

fluctuation [5]. The agricultural use of peatlands results in lowering the groundwater level, 

increasing soil surface layers oxidation, and transforming peatlands into the source of the 

CO2 efflux to the atmosphere. Soil CO2 efflux combines the effect of heterotrophic (bacte-
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rial) and autotrophic (root) respiration. Although these two sources are difficult to sepa-

rate, they often are additive and treated as a total soil respiration [8]. The measured 

amount of the CO2 efflux in peat soils depends on soil temperature, groundwater level 

position [9], and soil moisture content [10]. The empirical investigation proved that green-

house gases modeling, besides other environmental factors, depends on the soil tempera-

ture dynamics [11]. The volumetric heat capacity (Cv) is a complex soil property which is 

used in the studies of soil temperature and heat flow. It includes knowledge about soil 

thermal status but also incorporates information about soil physical properties (soil bulk 

density and volumetric moisture content). Thus, Cv is often expressed in the form of a 

mixing model as the sum of volume fractions of thermal capacities of the individual soil 

components, i.e., solid, liquid, and gaseous [12]. In practical applications the Cv value can 

be estimated by neglecting the gaseous phase and by considering only two soil constitu-

ents, i.e., solid and water phases [13]. Because the specific heat capacity and density of 

water (cw and ρw, respectively) are commonly known, to determine Cv using a mixing 

model the specific heat capacities (cp) for solid particles should be measured inde-

pendently. The cp values for soil mineral constituents are in the range of approximately 

0.718 to 0.939 J g−1 K−1 [13–15]. The published data of de Vries (1963) [12] show that for 

organic soils the cp values range from 1.738 to 1.994 J g−1 K−1 with a value of 1.925 J g−1 K−1 

at an average particle density 1.300 g cm−3. In studies on investigation of the heat transfer 

in the boreal bog, the cp values for organic soils were between 1.380 and 2.000 J g−1 K−1 [16]. 

For the past four decades the most widely used technique for studying specific heat 

capacity as a function of temperature has been the modulated differential scanning calo-

rimetry (MDSC) method. This method has been developed by combining the conventional 

differential scanning calorimetry (DSC) and the temperature modulated calorimetry 

(TMC) techniques. The improvements in the MDSC technique involve the application of 

a sinusoidal heating or cooling signal to a sample and the subsequent measurement of the 

reversing and non-reversing components of the heat flow response [17,18]. Kozlowski 

(2012) [19], using this method, indicated that the heat capacity of the homoionic forms of 

bentonite and kaolinite is linearly dependent on temperature in the range of −70 to 30 °C. 

DeLapp and LeBoeuf (2004) [20], using the MDSC method, stated that the cp value for 

selected peat and soil sediments is different for temperatures of 0 °C and 25 °C. 

The Cv value can also be quantified experimentally by using the heat thermal probe 

method (HTP). This technique is based on the solution of the radial heat conduction equa-

tion for a line heat source in a homogeneous and isotropic medium with a uniform initial 

temperature [21–23]. One factor of the attractiveness of the mixing model is that if cp is 

known, and if Cv has been determined experimentally, it can be used to estimate soil mois-

ture content [24–27] and soil dry bulk density [27]. Ren et al. (2003) [25] indicate that this 

approach can provide accurate estimates of the moisture content in mineral soils. Lu et al. 

(2013) [15] suggest that the heat pulse method can also be used satisfactorily to estimate 

the soil specific heat capacity of mineral soil using the quotient of the Cv value and soil 

bulk density. For a better estimation of specific heat, the authors propose the use of tem-

perature distribution data obtained at later times, when the temperature generated by the 

heat pulse probe starts to decay. This assumption enables reducing the estimation error 

of the cp comparing to DSC data. The main limitations of the heat pulse method are re-

garding the geometry of the heater and response element, which records the temperature. 

Both require calibration to account for these effects and to improve the accuracy of volu-

metric heat capacity measurements and consequently the estimation of other soil proper-

ties such as soil water content and soil bulk density [23,28,29]. Regardless of the limitations 

of the heat pulse method, it is currently one of the most informative techniques that can 

be used for the study of soil thermal status and soil water-related processes [30,31]. Ap-

plying this method to organic peat materials is attractive because of their tendency to 

change geometry during the drying process [32–34], which occurs during the vegetation 

season under natural condition and leads to changes in soil bulk density [35]. The “direct” 

measurements of Cv using HTP probe can eliminate the need to determine the soil bulk 
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density which is needed in the mixing model. There is limited information in the literature 

about the applicability of the MDSC and HTP methods in peat soil. The calorimetrical 

method is rather implemented in organic soil to study glass transition temperature [20,36]. 

The data regarding the influence of temperature on specific heat capacity are only de-

scribed in the work of DeLapp and LeBoeuf (2004) [20]. In the case of the heat pulse 

method, there are only limited studies where it is applied to peat soils [37–40]. 

The motivation of this study was to measure the specific heat capacity as a function 

of the temperature (cp(T)) of different peat materials commonly occurring in drained peat-

land deposits using the MDSC method. We hypothesized that peat soil materials with 

differential chemical and physical properties characterize contrasted cp(T) characteristics. 

Hence, we tried to develop an approximation method of the specific heat using basic soil 

properties. The proper cp value is crucial for calculating the volumetric heat capacity of 

peat soils variety by a mixing model concept application. The additional objective of this 

study was to analyze the applicability of the commercial HTP probe for the determination 

volumetric heat capacity (Cv) of degraded organic materials from the upper soil profile 

layers, compared to that obtained with the mixing model. 

2. Materials and Methods 

2.1. Overview of Investigation Area and Measurement Procedures 

The investigation of thermal properties was performed in two independent stages. 

In the first stage, the specific heat capacity (cp) was measured for selected peat and moorsh 

soils commonly appearing in drained peatlands in Poland. The disturbed soil samples 

were collected from 18 soil layers at six different sites and prepared for the MDSC meas-

urements (Table 1). The majority of sites were located in the drained part of the Biebrza 

Valley basin (22°30′–23°60′ E and 53°30′–53°75′ N). In this region five drained soil profiles 

were selected, from which 16 soil layers were sampled for the cp determination. Two ad-

ditional soil layers were investigated from a soil profile located in the northern part of 

Poland by the Baltic Sea (17°31′ E and 54°41′ N). This area is currently being regenerated 

following peat mining. Within studied soil profiles, the peat soil layers were classified [41], 

depending on the kind of organic materials, as fibric (at sites 6), hemic (sites 1, 2, 4, and 5) 

and sapric (site 3) Histosols. The surface layers (approximately 0–25 cm) are referred to as 

muck (moorsh), in accordance to the Soil Survey Manual [42], to emphasize the degrada-

tion process of the upper soil layers following former drainage (sites 1–5). In addition to 

these disturbed samples, undisturbed soil samples were also collected in triplicates for 

basic soil properties determination. 

The second stage of the investigation was focused on the evaluation of the volumetric 

heat capacity determined using the mixing model [12] and a heat temperature probe (HTP) 

[43]. The Cv measurements were conducted for the upper soil layers (moorsh) on undis-

turbed samples at the selected sites in the Biebrza Valley basin (the soil profiles indicated 

as 1, 2, 3, 4, and 5 in Table 1). The measurement methods are described in the next sections. 

2.2. Soil Basic Properties 

The collected soil cores were sealed with a rubber cover at both ends and packed into 

thermal plastic bags to avoid water loss through evaporation. Under laboratory condi-

tions, each soil sample was weighed, and oven dried at 105 °C for 24 h after air drying. 

Soil bulk density (ρb) was calculated by dividing the oven-dry sample weight by the core 

volume (100 cm3). Gravimetric soil moisture content (θm) was calculated for each sample 

and then converted to volumetric moisture content (θv) using ρb. The specific soil particle 

density (ρp) of the soils was calculated following [1] by assuming that an increase of ash 

content of about 1% causes an increase in ρp of about 0.011 g cm−3 from the nominal value 

of 1.451 g cm−3. Organic carbon content (C) was determined spectrophotometrically [44] 

and total N content was measured by Kjeldahl’s method; then the C:N ratio was calculated. 

The ash content was derived from soil organic matter content (SOM) content as the mass 
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of residue following loss on ignition [34]. For this reason, the disturbed sub-samples were 

ignited in a muffle furnace at 550 °C for 4 h. Soil porosity (Po) was calculated using values 

of soil bulk density and soil particle density. Basic soil physical and chemical properties 

are presented in Table 1. 

Table 1. Sites coordinates and soil basic properties. 

Site 

Coordinates 
Site_ID 

Soil 

Layer 

Thickness  
Soil Type 

C N C:N AC ρb ρp Po 

(cm) (%) (%) (-) (%) (g cm−3) (g cm−3) (cm3 cm−3) 

N 53.6306 Site1 P1 00–15 Moorsh 39.00 3.30 11.82 19.24 0.3441 1.6626 0.7930 

E 22.7388  P2 45–50 Reed 43.27 2.71 15.97 13.52 0.1620 1.5997 0.8987 

  P3 75–80 Reed 48.88 2.40 20.37 10.75 0.1350 1.5693 0.9140 

N 53.6082 Site2 P4 00–15 Moorsh 42.06 2.99 14.07 19.01 0.3397 1.6601 0.7954 

E 22.6349  P5 45–50 Sedge-Reed 44.63 2.83 15.77 11.58 0.1559 1.5784 0.9012 

  P6 75–80 Reed 45.04 2.11 21.35 10.95 0.1489 1.5715 0.9052 

N 53.6507 Site3 P7 00–15 Moorsh 40.05 3.10 12.92 21.15 0.3047 1.6837 0.8190 

E 22.5779  P8 22–32 Alder 43.41 3.07 14.14 13.26 0.1944 1.5969 0.8783 

  P9 45–60 Alder 42.06 3.36 12.52 14.85 0.1894 1.6144 0.8827 
  P10 75–80 Alder 40.03 2.81 14.25 17.46 0.2204 1.6431 0.8659 

N 53.7007 Site4 P11 05–15 Moorsh 38.95 2.63 14.81 19.78 0.1803 1.6686 0.8919 

E 22.6456  P12 15–30 Sedge-Moss 41.12 2.34 17.57 16.15 0.1785 1.6287 0.8904 

  P13 40–50 Sedge-Moss 49.50 2.92 16.95 10.60 0.1326 1.5676 0.9154 

N 53.7023 Site5 P14 00–10 Moorsh 26.39 2.00 13.20 31.59 0.2507 1.7985 0.8606 

E 22.4130  P15 10–20 Moorsh 27.90 2.10 13.29 25.04 0.2307 1.7264 0.8664 

  P16 50–60 Sedge-Reed 47.64 3.20 14.89 10.01 0.1443 1.5611 0.9076 

N 54.6987 Site6 P17 0–10 Moss 50.56 1.10 45.96 2.00 0.0587 1.4730 0.9601 

E 17.5210  P18 10–20 Moss 51.96 1.40 37.11 2.50 0.0702 1.4785 0.9525 

Basic statistic measures 

Min 26.39 1.10 11.82 2.00 0.0587 1.4730 0.7930 

Max 51.96 3.36 45.96 31.59 0.3441 1.7985 0.9601 

AVG 42.36 2.58 18.16 14.97 0.1911 1.6157 0.8832 

C—organic carbon content, N—total nitrogen content, AC—ash content, ρb—soil bulk density, 

ρp—particle density, Po—porosity. 

2.3. Specific Heat Capacity Measurements 

The soil preparation for the cp measurements followed the methodology described 

by DeLapp and LeBoeuf (2004) [20]. The disturbed soil samples were crushed, sieved us-

ing a 250 mm sieve, and then reduced to a fine powder in a mortar and pestle. Each sample 

was placed in a desiccator before analysis. The MDSC experiments were performed on a 

TA Instrument Q200 differential scanning calorimeter (New Castle, DE, USA). The cell 

was purged with 50 mL min−1 dry nitrogen and calibrated for baseline on an empty oven 

and for temperature using a pure indium standard [45]. The specific heat capacity (cp) was 

calibrated using a sapphire. An empty sealed aluminum pan was used as a reference in 

each test. Peat powders (7–13 mg) were non-hermetically sealed in aluminum pans (vol-

ume 30 μl). The change in heat capacity, Δcp, was determined by taking the heat capacity 

difference between the temperature −20 °C to 30 °C. The quasi-isothermal runs were done 

in the modulated mode using an amplitude of ±0.30 °C, a period of 120 s, and an incre-

mental step of 5 °C. Measurements were conducted at 5 min intervals. Each measurement 

lasted 5 min (Figure 1). The measurements were done in two replicates for each sample. 

The cp was measured at the beginning and end of a time interval for each temperature 

(Figure 1). Consequently, the average cp for each temperature was determined from the 

four cp values (two values at each temperature in two soil replications). The results of av-

erage specific heat capacity with standard deviations at each temperature for whole in-

vestigated dataset are included in Supplementary Materials (Table S1). 
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Figure 1. Example of the MDSC results of the specific heat capacity measurements. 

2.4. Volumetric Heat Capacity 

The volumetric heat capacity (Cv data) of the moorsh (muck) layers were measured 

on undisturbed samples to characterize the functional relationships between Cv and mois-

ture content (θv). A portable thermal properties analyzer KD2-Pro Decagon with a SH-1 

dual-needle probe was used [43]. The principles of this measurement system rely on heat 

conduction analysis from a transient line heat source [13,21,22]. In the measurement sys-

tem heat is applied to one of the needles (30 mm long) for a set time while in the second 

needle, which is placed in parallel at a 6 mm distance, the temperature response is moni-

tored. Based on the set of temperature measurements taken at 1 s intervals during a 30 s 

heating period and a 30 s cooling period, and using the solution for radial conduction 

from an infinite line source [22,46] the KD2 Pro, with SH-1 dual-needle probe, determined 

the soil thermal properties (i.e., volumetric heat capacity (Cv), thermal conductivity (λ), 

and thermal diffusivity (D). The basic theory of the KD2 Pro system [43] is described in 

the study by Mengistu et al. (2017) [47]. Similar commercial measurement systems have 

been used for the determination of the thermal properties of ombrotrophic peat soils [39] 

as well as for moss peats [38]. 

The undisturbed soil samples were collected into vertically oriented standard cores 

in triplicate (100 cm3 volume) from the depths 5 cm, 7.5 cm, 12.5 cm, and 22.5 cm. Different 

depths of soil collection was chosen to ensure soil moisture gradients. The samples were 

taken out from the soil profiles at sites 1, 2, and 4 during one field campaign on 17.06.2016 

whereas the soil profile at site 3 was sampled on 17.04.2015. Additional samples at sites 3 

and 5 were taken in late autumn 2015. In total, sampling was done 22 times in triplicate 

for the distinct depths (66 soil cores). SH-1 dual-needle probe, of the KD2 Pro system, was 

installed vertically in each soil sample from the top surface and then thermal properties 

were measured. The bottom end of the core was covered. According to the Decagon De-

vices Inc manual, no specific calibration of the measurement system was required. Nev-

ertheless, thermal readings were performed in a Darlin block and compared with the 

range included in the quality assurance Certificate provided by the manufacturer [43]. The 

thermal measurements using the SH-1 probe were done at one-hour intervals to avoid 

overheating of the probe. For each soil sample, the volumetric moisture content and soil 

bulk density was determined as described in the section on basic soil properties. 

2.5. Data Analysis 
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• Stage 1 

Following [19], a linear equation was used to describe the relationship between the 

soil temperature (T) and specific heat capacity (cp): 

cp(T) = C0 + C1∙T + ε (1) 

The intercept C0 indicates the specific heat capacity cp (J g−1 K−1) at temperature 0 °C. 

The slope C1 represents the amount of change in specific heat capacity per 1 °C change in 

temperature. The ε is an array of probabilistic random errors (ei residuals). 

Subsequently, the empirical relationship between these specific heat capacity predic-

tors (C0 and C1) and the soil basic properties (Table1) was studied using a correlation ma-

trix and linear and polynomial regressions. The general form of the empirical model 

which includes independent variables can be written as: 

Y = β0 + β1 X1 + β2 X2 +...+ βk Xk + ε (2) 

The dependent variable Y, representing C0 and C1, can be written as a function of k 

independent variables X1, X2, ... , Xk. The Xi values represent a set of explanatory variables 

regarding chemical and physical soil properties (Table 1). An ordinary least square 

method was used to determine the equations for predicting C0 and C1. The evaluation of 

the empirical equations was performed using the following statistics: coefficient of deter-

mination (R2), adjusted coefficient of determination (R2adj.), root mean square error (RMSE), 

and cross-validated error (RMSECV). The cross-validation was done using a leave-one-out 

scheme. The statistical analysis and graphics were performed in the R environment [48]. 

• Stage 2 

The mixing model expresses Cv as a function of solid and water constituents and can 

be written as [12]: 

Cv(θv) = cw⋅ρw⋅θv + cp(T)⋅ρb (3) 

where ρw and ρb (g cm−3) are the water and soil dry bulk densities, respectively, θv is the 

volumetric water content (cm3 cm−3), cw and cp are specific heat capacity of water and solid 

phase (J g−1 K−1). We used a variation of Equation (3) where the cw, cp represents tempera-

ture-dependent moorsh-specific data and θv and ρb have sample-specific values. The in-

fluence of the water temperature (T) on its specific heat capacity (J g1 K−1) was accounted 

for using Roberts formula [19]: 

cw(T) = 4.2048-0.001768⋅T + 0.00002645⋅T2 (4) 

Thus, if these parameters are known from independent measurements (cp, ρb) or esti-

mated (cw), Cv can be determined with Equation (3) for any given moisture content and 

the results can be compared with independently measured value using the HTP. 

3. Results 

3.1. Heat Capacity Data 

3.1.1. Specific Heat of Investigation Organic Soils 

Figure 2 presents the data set of temperature-dependent specific heat capacity values 

obtained experimentally for the peat-moorsh soil profiles. The lowest measured values 

were observed for the lightly decomposed (H1–H2) moss peats (P17 and P18) according 

to von Post scale. Conversely, the highly decomposed (H7) alder peats (P8–P10) had the 

highest specific heat capacity values. Relatively similar heat capacity data were observed 

for the group including sedge soil layers (P5, P12, P13 and P16) with moderate soil organic 

matter decomposition (H2–H5). The cp data were highly variable in the group comprising 

upper soil layers (P1, P4, P7, P11, P14, and P15). The fitting lines at Figure 2 present the 

average linear relationships between specific heat capacity (cp) and temperature (T) for 

each distinct soil group. 
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Figure 2. Temperature-dependent soil specific heat capacity characteristics for the 18 soil layers an-

alyzed, grouped by organic matter origin. Colors and shapes indicate the different soil layers and 

sites according to the data presented in Table 1. The equation parameters indicate the intercept (C0) 

and slope (C1). Y represents cp and X is soil temperature. 

For each soil layer, the parameters of the linear Equation (1) were determined and 

included in Table 2 with basic statistical measures of the quality of the fit. The C0 param-

eter varied from approximately 1.040 to 1.330 J g−1 K−1 with a mean value of 1.202 J g−1 K−1. 

The slope value, C1, representing the change in specific heat capacity for a 1 °C change in 

temperature, ranged from 0.0034 to 0.0048 J g−1 K−1 with a mean value of 0.0043 J g−1 K−1 for 

the 18 soil layers studied. It should be stressed that both linear parameters (C0 and C1) 

were the smallest in the moss peats (P17, P18). The maximum C0 value was obtained for 

the alder peat (P10), whereas the highest slope estimator occurred in the sedge-reed peat 

(P5). Figure 3 illustrates the performance of the linear equations in predicting the meas-

ured data. For both cases the cp values calculated using the linear equation and leave-out-

one scheme were similar to the measured data as shown by a comparison line close to 

unity. 
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Table 2. Descriptive statistics of fitted lines of cp(T) relationships. 

Soil 

Layer 
Type of Soil C0 C1 C0se C1se p-Value R2 σ RMSElm RMSEcv 

P1 Moorsh 1.289 0.004406 1.835.10−3 1.11.10−4 1.98.10−11 0.9943 0.00580 0.005249 0.006977 

P2 Reed 1.119 0.004315 2.574.10−3 1.55.10−4 4.90.10−10 0.9885 0.00814 0.007363 0.009829 

P3 Reed 1.098 0.004262 2.491.10−3 1.50.10−4 4.09.10−10 0.9889 0.00788 0.007127 0.009532 

P4 Moorsh 1.219 0.004458 1.779.10−3 1.07.10−4 1.35.10−11 0.9948 0.00563 0.005089 0.005867 

P5 Sedge-Reed 1.257 0.004796 1.948.10−3 1.17.10−4 1.58.10−11 0.9946 0.00616 0.005573 0.007028 

P6 Reed 1.167 0.004259 2.176.10−3 1.31.10−4 1.23.10−10 0.9915 0.00688 0.006223 0.007759 

P7 Moorsh 1.160 0.004188 1.567.10−3 9.45.10−5 7.56.10−12 0.9954 0.00495 0.004481 0.005790 

P8 Alder 1.259 0.004601 2.063.10−3 1.24.10−4 3.83.10−11 0.9935 0.00653 0.005902 0.007219 

P9 Alder 1.309 0.004612 2.141.10−3 1.29.10−4 5.22.10−11 0.9929 0.00677 0.006124 0.007891 

P10 Alder 1.328 0.004482 1.803.10−3 1.09.10−4 1.45.10−11 0.9947 0.00570 0.005156 0.006641 

P11 Moorsh 1.190 0.004315 1.724.10−3 1.04.10−4 1.36.10−11 0.9948 0.00545 0.004931 0.005889 

P12 Sedge-Moss 1.218 0.004205 1.279.10−3 7.71.10−5 1.18.10−12 0.9969 0.00405 0.003659 0.004214 

P13 Sedge-Moss 1.253 0.004587 2.472.10−3 1.49.10−4 1.98.10−10 0.9906 0.00782 0.007072 0.009171 

P14 Moorsh 1.209 0.003871 2.863.10−3 1.73.10−4 3.31.10−09 0.9824 0.00906 0.008190 0.009592 

P15 Moorsh 1.196 0.003981 2.621.10−3 1.58.10−4 1.18.10−09 0.9860 0.00829 0.007497 0.009321 

P16 Sedge-Reed 1.279 0.004331 2.079.10−3 1.25.10−4 7.04.10−11 0.9925 0.00657 0.005946 0.007339 

P17 Moss 1.043 0.003434 3.520.10−3 2.12.10−4 5.84.10−08 0.9667 0.01113 0.010068 0.013759 

P18 Moss 1.037 0.003687 3.809.10−3 2.30.10−4 6.25.10−08 0.9662 0.01205 0.010896 0.014782 

C0 and C1—fitting line parameters of the cp(T) relationship (equation 1), C0se and C1se—standard 

errors of the parameters, p-value < 0.05 indicates statistical importance of equation, R2—coefficient 

of determination, σ—standard error of residuals, RMSElm, RMSEcv—root mean square error relat-

ing to the average error of cp estimation using line parameters and based on leave-out-one proce-

dure, respectively. 

The data presented in Figure 3 and Table 2 suggest that higher errors in the cp(T) 

estimation are determined for moss peats when compared to the cp(T) error prediction of 

the other soils. The results obtained indicate that the C0 and C1 parameter significantly 

explains the relationship between soil temperature and specific heat capacity data. Hence, 

the further analysis of the cp(T) data was focused on establishing statistical equations en-

abling prediction of the line parameters (C0 and C1) based on the soil chemical and physical 

properties. 

 

Figure 3. Predicted vs. measured specific heat capacity data. The left-hand graph shows comparison 

between calculated data using a leave-out-one cross-validation scheme (LOOCV) and measured cp 



Appl. Sci. 2022, 12, 1579 9 of 17 
 

 

data. The right-hand graph data shows comparison between linear prediction (line) and measured 

cp data. 

3.1.2. Volumetric Heat Capacity Data and Soil Physical Properties 

Figure 4 illustrates the variation in the soil volumetric heat capacity data which were 

measured using the thermal probe. The Cv value ranged from 1.79 to 3.84 J cm−3 K−1 for the 

analyzed soil layers (Figure 4a). At the same time, volumetric moisture content varied 

from 0.315 cm3 cm−3 to 0.870 cm3 cm−3 (Figure 4c). Despite the different soil origins, the 

changes in the Cv value follow the changes in the soil moisture content data. Any increase 

in the soil moisture causes an increase in the volumetric heat capacity [39]. Figure 4b 

shows the soil temperature measurements. This part of the measurements was done in the 

summer where temperature varied from 21.5 °C to 24.2 °C. The rest of the samples were 

collected in the late autumn, so the soil temperatures were much lower and depending on 

the site were equal in average, i.e., 16.2 °C for site 3 and 11 °C for site 5. The soil bulk 

density (ρb) oscillated between 0.114 g cm−3 to 0.351 g cm−3. However, this value in general 

was lowest in the soil from site 4 where, regardless of depth, it did not exceed 0.180 g cm−3 

(Figure 4d). 

The soil samples collected at the same depth had variable soil properties (Figure 4). 

This was especially visible in the Cv data (Figure 4a), which were clearly affected by the 

variably in moisture content (Figure 4c). The differences in soil bulk density [35] and var-

iability in moisture content [49] were typical for the sites sampled (Figure 4c,d). 

 

Figure 4. Results of the thermal probe (KD2 Pro) measurements (a, b) and basic soil-related proper-

ties (c, d). Soil depth in cm. 

3.1.3. Statistical Analysis of Heat Capacity Data 

The correlation matrix graph (Figure 5) shows that C0 and C1 parameters were highly 

correlated with the soil nitrogen contents and C:N ratio. 
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Figure 5. The Pearson correlation matrix describing the statistical relationship between soil thermal, 

physical, and chemical properties. The dark brown panels indicate a strong negative correlation, 

while a strong positive correlation between soil parameters is denoted by dark blue panels. The 

correlations with p-value > 0.05, which are considered insignificant, are represented by white blank 

panel. 

It was also evident that C0 was weakly correlated to soil physical properties (Po, ρb) 

and organic carbon content (C). Figure 6 illustrates the empirical relationships between 

selected soil properties and heat capacity parameters. In general, the data presented in 

Figure 6 indicate that an increase in N content caused an increase in both linear parameters 

of the cp(T) relation. It can be concluded that N, one of the main soil chemical components 

responsible for its degradation [6,50,51], importantly affects the heat capacity of peat-

muck soils. Approximately 60% (detailed statistical measures are included in Table 3) of 

C0 changes were explained by the linear relation with soil N content only. Similar results 

were obtained for C0 using the C:N ratio. The C1 parameter could also be approximated 

using N, which explains 75% of the variation of the cp(T) slope. The C1 parameter could 

also be interpolated nonlinearly using ash content data (AC) in the range from 1.5% to 30% 

(Figure 6d). The quality of the prediction of the heat capacity parameters varied and a 

relatively weak estimation of C0 can be expected (Table 3). Further data analysis using the 

ordinary least square technique shows that the prediction of the C0 and C1 parameters 

improves with the development of two- or three-variable models. The predictability for 

the C0 parameter increases when considering the following three soil features: percentages 

of nitrogen, organic carbon, and ash content (Equation (5)). For the C1 parameters, the 

prediction was improved when using C:N and AC (Equation (6)). 

C0 = 1.582 + 0.12491∙N-0.013050∙C-0.009981∙AC (5) 

C1 = 5.787∙10−3-5.115∙10−5∙C:N-3.955∙10−5∙AC (6) 

C1 = 5.530∙10−2-3.553∙10−5∙C:N-3.011∙10−2∙ρb-5.053∙10−2∙Po (7) 

The advantage of Equations (5) and (6) stems from the fact that both parameters were 

explained using the same type of variables representing soil chemical properties. These 

equations confirm that these properties had a major influence on the heat capacity data 

(parameters C0 and C1). Nevertheless, pairs of RMSE value (Table 3) indicate that the best 

prognostic model for the C1 prediction was established when combining the chemical and 

physical properties (Equation (7)). 
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Figure 6. Empirical relationships between cp(T) equation parameters C0 (a, b) and C1 (c, d) and chem-

ical properties of peat-moorsh soils. The shape of the point markers indicates the soil type. Basic 

descriptive statistics for the equations are given in Table 3. 

The RMSEcv value shows that when the model included the cross-correlated explan-

atory variables (C and AC in Equation (5), ρb and Po in Equation (7)), the predicted varia-

bles C0 and C1 were the most certain (Table 3). 
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Table 3. Statistical measures in the cp(T) relationship parameters prediction. 

Dependent 

Variable 
n Predictors 

Manuscript 

Reference 
R2 R2adj. RMSEm RMSEcv 

 1 N Figure 6a 0.6003 0.5753 0.0524 0.0573 

C0 2 C:N,C:N2 Figure 6b 0.6133 0.5617 0.0515 0.0576 
 3 C, N, AC Equation (5) 0.7146 0.6535 0.0443 0.0554 
 1 N Figure 6c 0.7468 0.7310 0.000168 0.000188 
 3 AC, AC2, AC3 Figure 6d 0.8143 0.7745 0.000144 0.000195 

C1 2 C:N, AC Equation (6) 0.8594 0.8407 0.000125 0.000153 
 3 C:N, ρb, Po Equation (7) 0.8770 0.8506 0.000117 0.000151 

n—number of variables in prediction model, predictors indicating independent variable as in Ta-

ble1, name of statistical measures as in Table 2. The explanatory and dependent variables were not 

standardized. 

3.1.4. Applicability of the cp Data in the Heat Capacity Mixing Model 

In the mixing model, Cv is a function of volumetric moisture content and bulk density, 

but it is also affected by the influence of temperature on cp as well as other soil- and layer-

specific properties (C0 and C1 for moorsh soil Table2). Hence, the mixing model includes 

variables dependent on seasonality and meteorological conditions but is also affected by 

the variability of the chemical and physical properties of the soil system. The functional 

relationship between Cv values (averaged from triplicate) and soil moisture content θv is 

presented in Figure 7a. Regardless of soil type (sites), the changes in the measured and 

calculated Cv values with water content were very similar. The only significant discrepan-

cies between the measured and calculated Cv were observed for soils from sites 1 and 2 at 

moisture content equal to approximately 0.79 cm3 cm−3. The similar performance of both 

methods is visible in Figure 7b. The slope of the Cvmixing-Cvmeasured relationship was equal 1.01, 

which indicates that the calculated value only slightly overestimated the HTP data. 

 

Figure 7. Cv(θv) relationship (a) and measured versus calculated Cv data (b). 

4. Discussion 

This study indicates that the specific heat capacity (cp) of the peat and peat-muck soils 

considered was linearly dependent on changes in their temperature in the range of −20 °C 

to 30 °C, similar to findings for mineral soils [19]. This temperature range was chosen for 

the MDSC experiments because it was representative of the seasonal variation to which 

the soil is exposed under natural conditions [52]. 

In this study, regardless of the temperature, the lowest cp values were observed in 

moss peats characterized by very low soil ash content. The highest cp values were observed 
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in alder peats. It should be emphasized that peat groups containing sedge species were 

characterized by similar cp properties. The specific heat capacity of moorsh formations 

were positioned between alder and sedge-moss peats. 

Peat soils belong to the group of organic materials that are characterized by a high 

content of organic substances, i.e., wood and coal. Hence, one may expect these specific 

materials of biological origin to have similar thermal properties. Since studies on the spe-

cific heat of fuel materials (wood and coal) are well documented [53–59], these can be used 

for comparison. The linear relationship observed in this study was very similar to the gen-

eral model of specific heat prediction of wood [53]. This similarity was particularly evi-

dent in the slope, C1, of the cp(T) relation (Table 4), which was 0.0043 and 0.0046 J g−1 K−1 

on average for organic soils and wood, respectively. However, the intercepts, C0, for or-

ganic soils (1.202 J g−1 K−1) and wood (1.114 J g−1 K−1) were different. Table 4 presents a 

summary of estimates of the specific heat parameters for selected organic origin materials. 

The calculations were made in reference to the research results published by DeLapp and 

LeBoeuf (2004) [20] for Pahokee peat and the cp values for the temperatures of 0 °C and 

25 °C. These compiled estimates show that high-calorie coal (Anthracite with residual ash 

equal to 4.7%) had the lowest specific heat characteristics. The estimated cp value, regard-

less of temperature, increased with increasing residual ash content in the coal mass (Gli-

wice coal with ash content equal to 5.2%). The results of this study indicate a similar ten-

dency for the organic soils considered. Besides, the specific heat capacity estimators of 

DeLapp and LeBoeuf (2004) [20] were close to those obtained for the moss peat (Table 4) 

with low nitrogen content and high organic carbon content. 

Table 4. Specific heat capacity of selected organic materials calculated based on published data as 

well as study results. 

Organic Materials Source of Data 

Specific Heat Capacity 

Estimators  

cp,0 cp,25 C1’$ 

Anthracite 
[55] 

0.910 0.996 0.00344 

Coal * 1.010 1.113 0.00412 

Wood [53] 1.114 1.229 0.00460 

Softwood [56] 0.967 1.104 0.00548 

Pahokee peat [20] 1.000 1.100 0.00400 

Overall organic soils  

Present study 

1.202 1.310 0.00432 

Moss peat 1.040 1.129 0.00356 

Reed peat 1.128 1.235 0.00428 

Sedge moss peat 1.236 1.346 0.00440 

Sedge reed peat 1.244 1.353 0.00436 

Alder peat 1.299 1.413 0.00456 

Moorsh 1.214 1.320 0.00424 

cp,0 and cp,25 indicate the specific heat capacity in J g−1 K−1 for temperatures 0 °C and 25 °C, respec-

tively; $—slope estimated from the cp value determined for the temperatures of 0 °C and 25 °C 

according to DeLapp and LeBouf (2004) measurements for comparison purposes; *—an example 

of heat capacity for the so-called Gliwice coal. 

Specific heat capacity prediction model of hard coal is described by a complex regres-

sion equation considering, among others, carbon and nitrogen content [60]. Both compo-

nents but also their ratio (C:N), which is an indicator of soil degradation [6], were also 

major predictors in modeling the C0 and C1 parameters in the cp(T) relationships in the 

studied peat soils. Moreover, the C0 and C1 parameters could also be approximated by 

only using N content. However, other parameters also add a significant influence. The 

importance of ash content in predicting C1 value should be emphasized. It is determined 
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by measuring the SOM value in the combustion of organic matter and is indirectly a pa-

rameter explaining the organic carbon content in soils [61]. The importance of this soil 

property is also evident in the predictive model of the moisture content in organic soils 

[62] and the estimation of their soil bulk density [63]. Hence, one of the easiest soil prop-

erties to measure can also be used to estimate several more complex characteristics. The 

polynomial equation that interpolates the C1 value can be used to predict the slope of the 

cp(T) relation in a wide range of peat-muck soil (1.5% to 30%). Future research should, 

however, explain the occurrence of a maximum C1 value with an ash content of about 13% 

(equation in Figure 6d), which is probably related to the complexity of the organic sub-

stance forming the soil system. Prediction of the C0 parameter is also complex, as evi-

denced by the average values of the coefficient of determination oscillating between 0.60 

and 0.71. This study suggests that C0 may be treated as an average estimator within an 

organic soil class (Figure 1). Better characterization of the specific heat capacity of organic 

soils may require the development of separate estimates for the so-called natural organic 

matter [64] and for ashes differentiated by the type of organic origin. De Vries (1963) [12] 

introduced a similar separation of the impact of individual soil components on the esti-

mation of heat capacity of mineral soils using the mixing model. 

This study focused also on estimating the Cv value for surface soil formations 

(moorsh). This was because the moisture content changes in these soil layers affects the 

heat balance of the active surface [65]. Volumetric heat capacity of peat deposits was the 

subject of research conducted by Dissanayaka et al. (2012) [39] who showed the impact of 

increase in volumetric solid content on the increase in Cv of soil dry matter. The study 

results confirmed that the use of site-specific parameters describing cp (moorsh formation) 

in the mixing model (Equation 3) enables the determination of the Cv values similar to 

those measured using a HTP (Figure 7a). However, it should be stressed a wide range of 

HTP measurement variation (Figure 4) may result from the heterogeneity of soil samples 

even on a very small scale [66]. Studies on this issue in organic soils confirm the occurrence 

of soil properties variability at the pedon scale even with using dense sampling schemes 

[35,67]. It should be noted that the use of the mixing class model requires very detailed 

knowledge of the soil system properties, which is not needed when using a thermal probe. 

5. Conclusions 

The research carried out in the study showed that the cp values determined using the 

MDSC method were lower than those that are routinely used in estimating the volumetric 

heat capacity of organic soils [12]. The differences in cp value between different origin or-

ganic soils explain their chemical properties represented by carbon, nitrogen, and ash con-

tent similar to other high organic content materials [60]. The obtained class parameters 

representing cp values of surface soil layers (moorshes) enable the approximation of Cv 

value in the field conditions using the mixing model. However, the applicability of cp 

value, obtained from the MDSC method, in the mixing model for different peat deposit 

requires further study in steady-state conditions. It results from the low range of field 

moisture content changes in the field monitoring in the such type soils [35]. The performed 

research indicates that combining the mixing model with known cp values and direct Cv 

measurement appears to be a promising tool enabling the prediction of the actual geom-

etry status of the different origin peat and muck soils with a low initial volume. However, 

this methodology will require an additional validation through detailed studies where 

simultaneous measurements of the volumetric heat capacity and volume changes are per-

formed. Diversifications of the mixing model characteristics for moorsh and peat soils in-

dicates the need of the inclusion of the proper heat parameters for soil horizons in the 

models used for developing scenarios for sustainable management of those area. The con-

ducted investigations of the heat capacity (cp and Cv) of the degraded peat soils will be 

helpful for the better clarification and more detailed examination of the heat movement 

processes in peat-moorsh soil profiles, as well as to better understanding of the gas ex-

change at active soil surface. The approach used in this study seems to be a promising tool 
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for assessment of heat capacity for European drained peat soils. However, the data set 

should be extended to samples representing different peat soils from other European lo-

cations. 
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