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Academy of Sciences.
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involvement of outstanding Hungarian and international researches who are recognised on international 
level as well. All papers are selected by our editorial board and a triple blind review process by prominent 
experts which process could give the highest guarantee for the best scientific quality.
We hope that our journal provides accurate information for the international scientific community and 
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Abstract: Quantifying among others the soil's physical properties is essential for the assessment of the 

diverse soil environmental functions including water balance of soils and pore structure, water erosion and 

various soil hydraulic properties. The mid-infrared (MIR) spectroscopy is a useful technique to predict soil 

attributes with high accuracy, efficiency and low cost. In this study, we examined the ability of our MIR soil 

spectral library in predicting the clay, silt, sand content of salt affected Hungarian soils. This research is part 

of a project to establish a MIR spectral library in the frame of the Hungarian Soil Information and Mentoring 

System (SIMS) survey. Salt affected soils type data was extracted from the spectral library then 

transformation of spectral reflectance values to absorbance values were performed. Moving average filtering 

method was applied to absorbance spectra before performing principal components analysis. To determine 

outlier samples and to select the proper samples for model calibration, Mahalanobis distance-based outlier 

detection method and Kennard-Stone Sampling selection method were applied on the principal component 

scores. Spectral and reference soil data were combined and split into training and testing datasets. MIR 

prediction models were built for sand, clay, and silt content using Partial Least Square Regression (PLSR) 

method. Coefficient determination, root mean square error and ratio performance to deviation were used to 

assess the models performance. The prediction accuracies of calibration sets for soil physical texture were 

excellent while the validation results were slightly lower but still with a good level of prediction. 

Keywords: Kennard-Stone sampling, partial least square, Soil Information Monitoring System, Diffuse 

Reflectance Infrared Fourier Transform 

1. Introduction 

The soil surface layer's characteristics are important because they provide essential information for food 

production. Soil is a mixture of physical, chemical, mineralogical, and organic compounds, as well as water 

and air, and these properties have been degraded in many agricultural regions due to ineffective management 

[1]. Among the soil attributes, particle size distribution is an important soil property related to physical 

structure, and it is divided into three main fractions: clay (<0.002 mm), silt (0.002-0.02 mm), and sand (>0.02 

mm). Soil physical attributes are required for different disciplines' study such as forest ecosystem, general 

agricultural production and long-term soil use [2]. One of the most essential soil physical features for 

determining infiltration rate, irrigation, and drainage practices is physical soil texture. It has a big impact on 

soil hydraulic characteristics including water permeability, soil water retention [3] and solute dispersion in 

the soil profile. Soil texture is therefore important for  the environment, and land reclamation [4]. Soil texture 

also influences plant water uptake and the overall hydrological cycle [5], [6]. It has an impact on many 
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important soil attributes such as soil specific surface area and pore structure [7], [8]. On the other hand, 

convection attributable to upward water movement in reaction to evapotranspiration, diffusion due to a 

salinity gradient with depth, and limited drainage flow are the major causes of salt transfer to the soil surface 

[9]. Both soil water dynamics and salt accumulation phenomena are affected by physical soil texture. 

Furthermore, the relationship between some physical soil characteristics such as soil compaction, plasticity, 

consistency, mechanical resistance and air capacity are strongly correlated with soil particle size [10]. 

Additionally, soil mineral weathering rates, ion exchange and buffering capacity, and nitrogen and carbon 

sequestration are all affected by the relative content of particles within specific size ranges [11], [13]. Many 

soil processes, including pollutants and microbial activity, are governed by soil texture [14]. It has been used 

to aid in soil classification, management, and modeling of soil processes. 

Knowing and analyzing the texture of the soil is vital to understanding how well it functions are related to 

plants and other soil processes. Various approaches can be used to identify the physical texture of soil. The 

two most important traditional assessment methods for soil texture are, hydrometer and the sieve-pipette, 

both are granulometric measurements of particle size using gravitational-sedimentation techniques. These 

methods are disadvantageous since they are extremely time-consuming and inaccurate e.g. under-estimate or 

overestimation of clay [15]. In addition, H2O2, HCl, C6H5Na3O7 and NaHCO3 chemical compounds are 

necessary as pretreatment to remove soil organic matter, Fe oxides and carbonates from soil during measuring 

the soil physical texture. These compounds may generate toxic wastes that are environmentally harmful. 

Therefore, its application across large fields (e.g. soil survey activities and soil mapping) is impractical and 

expensive.  

In contrast to the wet chemistry approaches, infrared spectroscopy has emerged as a feasible option for time 

and cost-effective solution for soil properties determination such soil texture. It is a low-cost and non-

destructive method [16]. This approach is cheap, utilizes tiny subsamples and has the advantage that a single 

spectrum of soil sample integrates many attributes with highly precision [17], [18], do not require the use of 

chemical extracts that might harm the environment [19] and allows for the scanning of diverse soil types 

without samples dilution [20]. Fundamentally, soil infrared spectroscopy relies on the interplay of 

electromagnetic energy with matter to characterize samples' physical and biochemical composition. 

Fundamental molecular vibrations absorb electromagnetic radiation at specified wavelengths, resulting 

characteristic spectral fingerprints in mid-infrared (MIR) region (2.5 - 25 mm) which is sensitive to soils' 

organic and mineral components [14]. Several studies have shown that MIR across a wide range of soil types 

are more robust and provide accurate predictions of several soil properties such as clay and sand [21, 22, 23]. 

The reason for this is that the fundamental molecular vibrations of soil components that are absorbed at 

specific wavelengths of electromagnetic radiation occur in the absorbance MIR region. The MIR 

spectroscopy spectrum contains a high reflectivity, useful spectral features and gives greater information on 

soil attributes [24]. Various physical and chemical soil properties, including texture, have been detected using 

MIR spectroscopy [14], [25]. Nguyen [26] demonstrated Diffuse Reflectance Infrared Fourier Transform 

(DRIFT) MIR ability to distinguish diverse mineral components abundantly detected in Australian soils, such 

as kaolinite, quartz, carbonate, gibbsite, illite, and smectite minerals [27]. On the other hand, the soil science 

community has been recently working to create extensive soil mid-infrared spectral libraries on a national 

and global scale. Soil spectral libraries often contain significant amounts of soil samples that represent the 

diversity of soils in a given region. MIR spectral library has been shown to accurately estimate soil texture 

in addition to many soil attributes such as soil organic carbon, CEC, phosphorus and potassium content.  

Due to the scatter effects caused by structure result in overlapping absorption features, diffuse reflectance 

spectra in soil are non-specific. To extract absorption patterns and correlate spectra with soil properties, 

multivariate techniques are required. Linear regression approaches for soil applications include stepwise 

multiple linear regression (SMLR), principal component regression (PCR), and partial least squares 

regression (PLSR). Thus, generation of prediction models based on the appropriate calibration dataset and 

robust algorithms is required for the accurate estimation of soil physical texture. In this regard, the PLSR is 

a powerful technique compared to other algorithms as it is easy to compute and interpret. 

This study made use of data from the Hungarian MIR spectral library, which contained approximately 2200 

MIR spectra collected on soils from Hungarian Soil Information and Mentoring System (SIMS). This 

massive database held data on soil samples analyzed using the same standard laboratory methods. As a result, 

we were able to determine which soil properties could be accurately predicted by MIR spectroscopy for 

assessing soil functions. The aims of this study therefore were to: a) build multivariate statistical models for 
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soil texture physical properties using PLSR and b) test the predictive capacity of MIR spectral library for 

sand, clay, and silt content in salt-affected soils types of Hungary. 

2. Materials and Methods 

2.1. Dataset 

The soil samples spectral data utilized in this research were obtained from the MIR spectral library in 

Hungarian University of Agricultural and Life Sciences in Gödöllő which built based on the samples 

collected in frame of SIMS survey. The MIR spectral library database comprised measurements of about 

2200 soil samples representing 10 Hungarian counties and five soil types. Salt affected soils type dataset was 

extracted from the MIR spectral library which contained about 100 soil samples. 

2.2. Dataset preprocessing and outlier detection methods 

Preprocessing methods for spectral dataset were used to enhance the accuracy of quantitative soil texture 

analysis. The Salt affected soils type spectra dataset were transformed from reflectance to absorbance value 

using the equation: 

                                                                                 Absorbance = log (1/Reflectance)                                              (1) 

Absorbance spectra dataset were smoothed with a moving average window of 17 bands and Savitzky-Golay 

filtering methods to reduce and remove noise that represents random fluctuations in the signal. This noise 

may originate from the instrument or environmental laboratory conditions.  
Principal Component Analysis (PCA) was applied to reduce the dimensionality of the spectral dataset, 

improve computational efficiency and to compress the spectral information into a few variables (Figure 1). 
Outlier detection was checked and calculated on PCs of spectral dataset using Mahalanobis distance method. 

The purpose of this methods was to identify samples that deviate from the average population of spectra[28]. 

Based on standard arbitrary threshold methods, the samples with a Mahalanobis dissimilarity larger than one 

were considered outliers. 

2.3. Calibration sample selection and physical soil texture prediction models 

In order to develop the best MIR spectral models for soil texture as well as to define how many observations 

(samples) should be listed as calibration dataset, Kennard-Stone sampling (KSS) selection method [29] was 

applied (Figure 2).  

In terms of building soil texture models, salt affected soils processed dataset including reference soil data 

was split into training and testing datasets based on the KSS. Accordingly, 27 soil samples were selected for 

calibration dataset and the remaining samples were retained for the validation set (n = 63). In this study, MIR 

prediction models were built for sand, clay and silt content using PLSR [30] using calibration dataset as well 

as the highest number of principal components and oscorespls method [31]. 

Coefficient of determination (R2), root mean square error (RMSE) and ratio performance to deviation 

(RPD) were used to assess the model’s performance.  
 

                                                                                               𝑹𝟐 =
∑ (ŷ𝒊−ȳ𝒊  ) 𝟐 

𝑛

𝑖=1

∑ (𝑌𝒊−ȳ𝒊  ) 𝟐 
𝑛

𝑖=1

                                                 (2) 

 

                                                               𝑹𝑴𝑺𝑬 = √
𝟏

𝒏
  ∑ (ŷ𝒊 − 𝑌𝒊) 𝟐 

𝑛

𝑖=1
                                   (3) 

 

                                                                𝐑𝐏𝐃 =  𝒔𝒚/𝑹𝑴𝑺𝑬                                                                                (4) 
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ŷ indicates the spectral library's predicted value, while ȳ and y represent the observed value average and 

observed value of reference soil database respectively n represents the sample number where I is equivalent 

to 1, 2, …, while, 𝑠𝑦  the observed values' standard deviation. 

RStudio software [32] was used for spectral displaying, analysis and modelling processes using several 

packages, functions and operators. Models development were performed using the caret package interface 

[33] and PLSR function from pls package [34]. 

 
Figure 1. Principle component scores 

 
Figure 2. Kennard-stone sampling distributions 

3. Results and Discussion 

3.1. Mid-Infrared spectral signature 

Generally, the MIR absorbances were caused by fundamental molecular vibrations, which were characterized 

by clearly identified peaks related to either organic or mineral compounds. Soil samples MIR spectra of salt 

affected soil dataset extracted from spectral library are given in (Figure 3). The general shape and the position 

of the absorption features are determined by the physical-chemical composition of the soil samples.  Since 

the clay, silt and sand content refers to particle size classes that involves a wide range of mineral particles, 

the direct visual attribution of spectral features to these soil properties are limited. However, careful visual 

interpretation of the spectral data revealed that the spectral features of clay minerals were clear while the 

ones for quartz were less identifiable. For example, due to OH stretching, clays or aluminosilicates display 
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strong peaks around 3700 1/cm. Furthermore, the band about 1630 1/cm is usually assumed to be caused by 

water in the clay. The complex band at roughly 1048 1/cm may be due to clay mineral spectra, which is 

connected to the stretching vibrations of Si-O groups, similar finding were obtained by [35]. The hydroxyl 

stretching vibrations of kaolinite, smectite, and illite are thought to be responsible for the absorption bands 

amongst 3800 and 3600 (1/cm). More specifically, the absorption peak at 3620 (1/cm) might be due to clay 

minerals, a similar result was obtained by [26]. A sharp band at 798 1/cm with a shoulder around 779 1/cm 

prove the existence of quartz mixes [36]. According to Nguyen [26], weak spectra signatures near 1100–

1000 cm−1 can also related to quartz. In addition, the clear band ranging between 2562 - 2480 1/cm may 

assigned to the vibration of molecules in quartz minerals.  

 
Figure 3. Mid-infrared spectra of salt affected soil dataset 

3.2. Salt affected soil spectral dataset model performance 

The pursuit of an efficient model for estimating soil texture is a common topic in soil science research [15]. 

Tables 1, 2 and 3 represent the test set validation and calibration of the spectral-based soil texture. Overall, 

components of physical soil texture were predicted excellent with the highest accuracy using the testing sets. 

Generally, the good performance models for sand, clay and silt content may be attributed to the high spectral 

activity of these materials in the MIR region. 

3.2.1. Sand 

Amongst all soil texture in this study, especially, sand content showed the highest prediction accuracy at 

training and testing datasets (Table 1). The coefficient determination was 0.88, ratio performance to deviation 

was 2.92, while root mean square error was 8.42 at testing dataset (Table 1). The model parameters for the 

testing set represent the real performance of the models. The high coefficients determination of the sand 

content predictive models are attributed to fundamental vibrations of associated minerals in the MIR regions 

[14]. According to Mohanty  [37], the majority of the absorption peaks that are directly or indirectly related 

to SiO2 fall in the MIR region. Thus, the MIR spectra predicted sand or SiO2 with greater accuracy. 

Table 1. Results of the prediction models. 

 Training Dataset Testing Dataset 

Sand 

% 

Mean R2 RMSE RPD Mean R2 RMSE RPD 

26.59 0.96 4.3 5.33 29.05 0.88 8.42 2.92 
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3.2.2. Clay 

The testing datasets show that clay prediction accuracy is good but not as high as the sand component (Table 

2). Total clay content had R2 = 0.80, RMSE = 7.11 and RPD = 2.23 (Table 2). The high R2 of clay content 

predictive models are  attributed to specific strong absorption bands associated with chemical bonds [38] as 

well as fundamental vibrations of associated minerals in the MIR regions [14]. According to Urselmans [39], 

predicting clay content from MIR spectra was more direct because the absorption of the spectra was primarily 

concentrated in the mineral regions of the spectrum.  

Table 2. Results of the prediction models. 

 Training Dataset Testing Dataset 

Clay 

% 

Mean R2 RMSE RPD Mean R2 RMSE RPD 

34.35 0.92 4.30 3.56 31.52 0.80 7.11 2.23 

 

3.2.3. Silt 

The prediction accuracy for total silt of the training dataset was high with the coefficient determination of 

0.94 and ratio performance to deviation of 4.13 (Table 3). Whereas the root mean square error was 3.85. The 

prediction accuracy of testing set was good but slightly lower than the training set as well as sand content, 

but almost the same as clay content (Table 3). The total silt had (R2 = 0.80, RMSE = 6.38, RPD = 2.27).  The 

rather good silt prediction was surprising because it outperformed many previous findings, as reviewed by 

[14]. However, the achieved good results could be attributed to indirect effects on predicted silt. This 

assumption is supported by the strong negative correlation between conventionally measured silt and sand 

contents. 
  

Table 3. Results of the prediction models. 

 Training Dataset Testing Dataset 

Silt 

% 

Mean R2 RMSE RPD Mean R2 RMSE RPD 

39.05 0.94 3.85 4.13 40.03 0.80 6.38 2.27 

Generally, these results were similar to the findings by other researchers who achieved sand with R2 of 

0.94, silt with R2 of  0.84 and clay with R2 of 0.79 [40]. Thomas [41], showed good results in MIR-based 

predictions for clay with R2  =  0.88 and sand with R2  =  0.90 for soils from a Kenyan farm validation set as 

well as Madari [25] who obtained R2 of 0.99, 0.8 and 0.96 for the estimation of sand, silt and clay, 

respectively. Hati [42], obtained R2 of 0.79 for the sand and clay predictions, while an R2 of 0.73 for the silt 

prediction from Eastern India soils which are lower prediction accuracy than our results. Similarly, Pirie [43] 

were unable to achieve high accuracy with predictions: clay (R2 = 0.72), followed by sand (R2 = 0.62) and 

silt (R2 = 0.34).  

4. Conclusions 

The goal of this study is to predict sand, clay and silt from a salt-affected soil types dataset consisting of 100 

soil samples extracted from the Hungarian MIR spectral library, using PLSR statistical model.  

This study has demonstrated that MIR spectral libraries contain useful information related to soil texture and 

could be used as a cheap, fast and reliable alternative in the prediction of sand, clay and silt in salt-affected 

soil types in Hungary and elsewhere globally in soils with similar characteristics.  
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The PLSR model and technique outlined here can provide rapid predictions of physical soil texture in frame 

of these soil types. 
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Abstract: In the article, we deal with biochar-related research and our own developments. Studies in the 

literature show that biochar can be used as a soil conditioner in agriculture and horticulture. It improves many 

physical, chemical, and biological properties of the soil and substrate. It increases the water retention capacity 

while reducing the leaching of nutrients. Through these, you can improve the profit of producers, the 

sustainability of production, and the efficiency of fertiliser use. By increasing water retention, biochar can 

reduce irrigation needs and enable production on limited water resources. The developed and presented 

equipment was called the resting bed (fixed bed) version. Drying and carbonization are also carried out by 

direct heat transfer. The material, with a temperature equalised by moving drying and a homogeneous 

composition, enters the reactor. The high-temperature gas and air mixture is introduced into the dryer by a 

gas jet pump. The energy obtained by burning the pyrolysis gases produced during carbonization ensures the 

heating of the system, so there is no need for significant external energy input. Due to the structure of the 

system, the PAH content of the final product is low. 

Keywords: biochar, effect of biochar on soils, production of biochar 

1. Introduction 

Nowadays, the price increases in the secondary materials traditionally used for agricultural production – 

energy, insecticide, fertilizer – have become an everyday occurrence.  

For the population on planet Earth is on the rise, which means that a growing population requires a growing 

food supply. The necessary area to produce foodstuffs is reducing in concert with the climate change. Another 

factor influencing the process is the incorrect land usage, which is the cause of, among other issues, 

desertification. Parallel to these issues, an increase in water demand from both plant production and other 

organic lifeforms is also apparent. Today, these are the most notable, and most critical issues for humanity 

to solve. 

As a possible solution to produce foodstuffs, producing a larger amount of food on the same unit of area is 

an option. However, this may only be implemented if the richness of the soil and the other circumstances and 

conditions of production make it possible. 

There are many various instances of research dealing with the improvement of soil that degraded due to 

incorrect use, but the areas so far determined to be unsuited to agricultural production being improved to a 

point where they can host agriculture is also an often-explored option. Most of the researchers consider the 

renewable energy sources found in nature to be the source of technologies and techniques supporting these 

goals. Such sources are the various forms of bio-waste used for energy production, and producing materials 

which conserve the productivity of soil, or even improve it. 

In this paper, we explore one of these options, related to the production and application of using biochar. 
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2. Materials and Methods 

2.1. What is biochar? 

Biochar is a material reminiscent of coal (Fig. 1), which is produced out of plant materials like wood waste, 

secondary products made from herbaceous plants, and remains of agri- and sylviculture. These materials are 

decomposed using heat, which also generates renewable energy (depending on the process). 

During the process, the physical and chemical nature of the plant materials are changed into a porous and 

from a biological perspective, structurally stable (hard to decompose) material rich in carbon. 

Research done with this material shows that it can be used as a soil improvement material in agriculture 

and gardening (which means it influences several physical, chemical and biological attributes of the soil). 

However, its beneficial effects rely on the method of the coal’s production, whether the source materials 

used are applicable or not, and the system of usage (production) the end product will be implemented in. 

 

Figure 1. Wood waste (A), processed into biochar (B) and biochar processed from short-blade grass (C). 

Biochar (also called biocoal, or syn-coal, for synthetic coal) improves the nutrient accessibility of plants 

and improves the water-sealing capacity as well. It also prevents nutrients from getting washed out of the 

soil. Due to the improvement in water-sealing, biochar can reduce watering needs, and makes the expansion 

of production possible even in the case of limited access to water sources. 

The abovementioned advantages together can modify the microbe culture in the rooting zone of plant life, 

which leads to a higher richness of microbes and activity of them. This increases the yield. A high number 

of studies show that biochar was successful in improving the growth of plant life (Tab. 1), though others 

reported that there’s no observable effect in specific types of soil. 

Table 1. Biochar attributes by base material [1] 

What do we produce 

biochar from? 

Soil and soil substance 

used for 

Effect on plant 

growth 

Analysis using 

Hardwood In soil (as is) Increase Corn 

Hardwood pellet and straw 

pellet 
Mixed with muskeg Small- or no increase Tomato 

Hardwood mixture Hardwood and pine bark Increase Flowers 

2.2. Production of biochar 

Fig. 2 shows the generic pyrolysis process (thermic decomposition) of biomass materials. If the process 

requires a temperature higher than the one noted on the figure, it is required for a different specified process, 

for example, production of power-gas. 
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Figure 2. Generic thermic decomposition (pyrolysis in general) 

The varied use of thermic decomposition is illustrated on Fig. 3, where the process separates into two parts. 

One is the creation of coal called torrefaction, which basically includes heat tempering of biomass only, 

meaning we’re processing a heat-tempered (coal-like) biomass. Real biochar is more stable than this, which 

means it won’t decompose even in the case of being left in soil for longer periods of time. The other branch 

of the process includes energy-production goals as well. If the goal is only the production of power-gas, only 

a small quantity of by-products in the form of ashes remain, amounting to a few percent. However, in this 

process, the quantity of coal can be increased, while improving its quality simultaneously. 

 

Figure 3. Thermic process producing biomass materials for several uses 

Pyrolysis is a thermochemical process which consists of the decomposition of organic polymers and some 

biomass minerals, mainly restricted to lingo-cellulose sources. The decomposition results are produced 

somewhere between 400 and 800 degrees centigrade without oxygen (Fig. 4). The product is usually 

generator gas, or liquid-phase bio-oil. The so-called “slow pyrolysis” (300 to 400 degrees centigrade) is 

mainly used to produce coal with long reaction times (this is usually conducted on 500 to 650 degrees 

centigrade when accelerated). In order to produce a gaseous product usable as fuel, a temperature higher than 

7-800 degrees centigrade is required. 

A wide variety of technological systems were designed for these processes, with the fundamental goal of 

improving the end materials, and the performance of the process. This means that the goal is to get the highest 

possible usable energy resources from a single unit of energy content input (biomass). In other words, 

reducing the difference between source material and end energy output as much as possible, while 

simultaneously keeping the negative environmental effects of the production process to a minimum. 
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Figure 4. Technological process of thermic decomposition (resting bed system) 

− gas air mixture,  

− gas between the walls of the mantle  

− biomass 

− dryness, humidity 

− air intake 

− start of combustion 

− start of combustion 

− burn 

− start of cooling  

− cooling coal 

− biochar removal  

− biochar 

− scraper unit 

 

2.2.1. Effects of biochar production conditions on attributes 

The zones, ie. the various temperature areas have no distinct differences, the oxidation agent may be air, 

steam, etc. In the end, the heating temperature of the input material, and the time being subject to heating are 

important [2]. In other words, the temperature transmission process may be fast or slow, depending on the 

heating velocity and duration of exposition. If the heating process is fast, and the plant material reaches a 

high temperature (roughly above 660 degrees centigrade) in a short timeframe, the biochar product will 

generally contain very fine grains. Similarly, lower temperatures (between 450 and 550 degrees centigrade) 

and slower heating velocity will create biochar with larger grains.  

When creating biochar in practice, the goal is to achieve the optimal temperature (Fig. 5), meaning the 

temperature to heat to needs to be chosen to reach the highest possible specific grain area size in the remaining 

coal. At the same time, the carbon content compared to the base material should be acceptable (meaning its 

carbon-sealing is good), and its capacity for exchanging cations (CEC) should also be good. The cation 

exchange capacity of coal is very important, because negative polarity cations sticking to the grains are 

replaced by other cations (for example, potassium is changed by hydrogen, or vice-versa). Finally, the 

capacity for exchanging cations is fundamentally the quantity the soil is capable of sealing off. During 

production, one must aim to reach the highest possible number for this attribute. We can see the optimum 

temperature of the heat zones on Fig. 5, when the median of the temperature is somewhere around 500 

degrees centigrade. At this point, the inner surface area is the highest, the pH value is the most advantageous, 

and the CEC value is average as well. We can obtain roughly 65% of the initial coal amount in biochar. In a 

short cycle, the material also goes through a higher temperature zone than this, which is advantageous for the 

degradation of PAH materials. The material may not be in higher temperatures for long, because the quantity 

of biochar we can produce decreases significantly, but the surface area is also reduced at the same time. 
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Figure 5. Changes in biochar attributes based on temperature. 

In the case of a faster heating with higher temperature, a more porous, higher inner surface area biochar 

will be produced, with a higher pH value. Therefore, the production attributes have to be closely followed, 

such as: types of biomass, temperatures of decomposition, times of lingering in parts of the system, heating 

velocity values, pressure of the production area, etc. [3, 4, 5].  

In summary, the advantages of biochar shine when: 

− surface area is big,  

− porosity is substantial, 

− has a high CEC value,  

− highly stable in different applications, etc. 

Other attributes in more detail can be seen on Fig. 6. 

 

Figure 6. Physical-chemical surface area and structural attributes of biochar. [6] 
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2.3. Usage of biochar 

2.3.1. Effects on agriculture 

Degraded, dry soils and bad production capacity, low organic nutrient-content soils can improve in quality, 

and be more useful with the modifications accessible through biochar. In several documented cases, biochar 

improved nutrient- and water-sealing capacity, improved production capacity, and the efficiency of yield 

management. Further advantages are offered by the biochar’s nature of absorbing the inorganic and organic 

impurities found in the water washing out the soil. 

Biochar is capable of holding distributed fertiliser and other nutrients, which can be used later on. For 

clarity’s sake, we must differentiate between biochar and compost. Biochar is different compared to the 

compost generally added to the soil for traditional agricultural production in that compost is a direct source 

of nutrients, decomposing with other nutrients when used. Biochar, however, doesn’t decompose even after 

a longer timeframe, thereby making new additions to the soil unnecessary. Spokas and colleagues concluded 

that biochar may lead to positive effects in agricultural production, after reviewing the literature on biochar 

[7]. Laird conducted research using biochar on strongly fragmented and infertile soil, where advantages of 

its use were documented plentifully, for example, in the low fertility, sandy soil of Florida [8]. 

On rich, fertile soil, using biochar is only advised in smaller amounts. Carbon has a very important role in 

the various chemical and biological reactions during its cycle. The carbon source of plants is both the soil 

and the atmosphere, from where they absorb carbon in the form of CO2 (Fig. 7). 

 

Figure 7. Carbon cycle in nature 

Advantageous effects on the environment can be measured during the process: 

− In the biochar manufactured from a kilogram of biomass, roughly 300g CO2 is sealed, and remains in 

the soil for a long-term. 

− Therefore, unlike the natural degradation of biomasses, instead of 900 g CO2, only 600g CO2 returns 

into the atmosphere – in other words, the difference is ‘subtracted’ from the GHG effect, while, 

− ~1,0 kWh energy is obtained. 

Fine grain biochar is a strongly porous material, with the most notable attribute of having a large surface 

area (200-300m2/g), which is basically created during the 500oC-os heat tempering [9]. Compared to other 

soil improvement agents, its large specific area and porosity makes it possible to absorb water and conserve 

nutrients within itself, while it also offers a habitat for useful micro-organisms [10]. They also concluded that 

the reproduction rate of microbes showed an increase within soil treated using biochar [11]. 
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Porosity has an influence on the processes that happen in the root zone, including the breathing of plants, 

and the absorption of root water. Biochar also modifies the soil, improving its porosity and structure. Sandy 

soil and clay soil improved significantly in SBD, porosity, and water content. Porous structure (Fig. 8) aids 

with conserving water in the soil, but in truth, doesn’t increase water content to utilise. 

 

Figure 8. Porosity of biochar made out of rice straw, (SMC image after heat tempering on 500oC) 

Raw organic materials serve as nutrients in the soil, for plants and the micro-organisms found inside the 

same soil, while biochar acts as a catalysing agent, improving the absorption of nutrients done by plant life 

[12]. Commercially available biochar-based soil improvement agents can increase the specific surface area 

of soil by changing the pore sizes and density of the original soil [13]. 

The chemical and physical attributes of biochar are improved if the material interacts with steam and 

carbon-dioxide during the manufacturing process. The carbon content of biomass can only be changed into 

aromatic carbon groups, amorphous- and graphite structures like this. During the pyrolysis, organic mixtures 

within the biomass may be diluted into the mass, and may unify dioxides, furans, but mostly polycyclic 

aromatic carbon hydrogens. The resulting PAH-s are contaminating the soil due to their lypophylic structures, 

meaning the biochar with such content has no advantages, or is disadvantageous [14]. The most important 

quality monikers of biochar are high absorption and CEC values, and low mobile material content (sludge, 

resin, and similar short life cycle mixtures) [10]. 

Production temperature is also a definitive factor. Wood-based biochars produced above 450 degrees 

centigrade are more prone to result in higher stability and porosity, and absorption capacity products, 

compared to those manufactured on lower temperatures [15]. On lower temperature spectrums (300–350°C) 

carbonization only concludes partially, which results in smaller pores, and smaller surface area [16].  

Often advertised plant conditioning products primarily affect plant life cycles through influencing the 

nutrient cycles. Biochar can also be placed in this group, and often a part of these wares, but is also sold as a 

separate ware (Fig. 9) 

   

Figure 9: Domestic1.and USA-sold2.material Source: 1. Agrofutura Hungary Co. Ltd., 

 2. https://www.biogreen-energy.com/biochar-production. 
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3. Results and Discussion 

3.1. Domestic-developed carbonizer and measurement results 

Based on literature sources and our own measurements, the design of the carbonizer were created. The goals 

of the manufacturer and the designer were to create simple, but automated, easily applicable machine for 

smaller enterprises and industrial units. From a mechanical-technological perspective, we wanted to design 

a system that produces excellent quality products at a lower PAH (pollutant) content compared to other 

domestic products, which gets closer to the standard (EU requirements). 

Finally, the detailed designs and manufacturing were done by Pyrowatt Co. Ltd. (Fig. 10).  

Main attributes of the machine are detailed below.  

 

Figure 10. The process of the system 

where: 

1. Biomass into the precontainer-feeder intake 

2. cell feeder 

3. conveyor transport 

4. material intake into the dryer 

5. double dryer (fan mixer and screw excavator unit) 

6. cell feeder 

7. conveyor transport 

8. reactor 

9. mixer- and excavator structure (with electric 

engine) 

10. biochar excavator screw (and the processed 

material) 

11. air intake 

12. preheating of air (through the mantle of the 

biochar excavator and air intake pipe) 

13. heating mantle pipe 

14. regulator (with applicable heat exchanger) 

15. air-gas mixture intake into the dryer 

16. intake of the gas flowing out from the dryer, 

into the washing unit 

17. heat exchanger (heat absorption recuperator) 

18. regain of recuperated heat, intake of external 

airflow 

19. cleaned smoke gas  

The open fuel container has a filter on top, in order to separate the very big grains (material remains). 

Carrying out the completed fuel is done by the rotating excavator at the bottom part of the containment unit 

(electric, 0,75 kW). The size class of the required fuel is G30 - G50, M7133 in the Önorm classification. 

− Containment unit width: 1,5m 

− Containment unit lentgh: 1,0 m 

− Maximum size of fuel: 1,0 m 

− Nominal capacity: 1,5 m3 

− Highest mass flow of the excavator: 400 kg/h 

Operating the carbonizer requires fuel with ~18% moisture content, if it’s any higher, the fuel needs to be 

dried [17, 18]. The drying of the fuel was done using screw churner. Fuel input is done through a feeder 
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going from the precontainment unit to the dryer. Energy necessary for drying is obtained from the 300-400 

°C gas coming out of the carbonizer. The gas is transported with a radial ventilator. The dryer has a steel 

structure, and is completely enclosed, its surface insulated. The maximum temperature of the part is 65 ºC. 

The performance of drying can be modified with the gas used to dry, the temperature of the steam, and its 

capacity flow. At the end of the drying section, an excavator screw is placed, which transports the dry fuel 

into the carbonizer. 

Main data: 

− Necessary heat performance: 200 kW (for biggest mass flow)  

− Material performance 240,0 kg/h (from 40% moisture content to 15%) 

− Drying temperature: 180-230 °C 

− Required electric performance: 3,0 kW 

Drying and carbonizing are done through direct heat exchange. Using the material transport, identical 

material is consistently being fed into the internal space, which makes the processed material consistent in 

homogeneity and quality. Better heat exchange and equalised heat energy distribution is supported by 

circulating the gas sourced from the reactor mantle, and the drying space filled by it. The intake of high-

temperature gas is done by a gas stream pump. In truth, during the carbonization process, pyrolysis gases 

from the process are being combusted, which supplies the energy required for the system’s heat requirement.  

The carbonization reactor’s: 

− temperature setting is 600-900 °C. 

− biochar production capacity is 50-100 kg/h  

− exhaust gas temperature is 300-400 C° 

− electric performance requirement is 5,0 kW 

− main dimensions are 6,0 x 2,4 x 3,6 m 

− weight is 3400 kg 

− manufactured material temperature is 180 C° 

− performance from absorbing exhaust gas temperature is 100 kW. 

The control of the entire system is done via a digital interface. The central panel shows not only the current 

data of the process, but also possible errors in real time (Fig. 11) 

 

 

Figure 11. Management panel of the device 
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The filtered hardwood fed into the machine during startup was carbonized. We determined the size 

dimensions of the resulting carbon grains (Table 2) 

Table 2. Biochar grains classified by size 

Grain size [mm] 
Mass  

[%] 

3,15-6,3 3,9 

2,0 - 3,15 15,1 

1,6 – 2,0 8,2 

1,0- 1,6 26,2 

0,63 -1,0 19,5 

0,1 - 0,63 18,18 

0,05 8,3 

Hao Liang, et al stress the importance of this analysis, as within the biochar, several different size groups of 

pores exist, classified into micro- (<2 nm), mid- (2 - 50 nm) and macro- (>50 nm) sized [19]. Smaller pore 

size biochar can only absorb f.e. pesticides in limited amounts. Grain size groups are better when biochar is 

made with a machine, roughly 65-70% if the resulting grains in the 1-1,6mm range. Therefore, the internal 

surface and the porosity are advantageous. 

We analysed the composition of the material in an accredited lab, mainly from the perspective of various 

micro-element contents. Mulched and minced materials turned into biochar had a large variety of elements, 

of which heavy metals are way above the tolerable content limits. Due to the short-term heat zone, PAH 

materials decompose, which results in a low PAH content (PAH: 1,27mg/kg, total PCB <0,01mg/kg).  

3.2. Biochar cost 

The usage of biochar changes the properties of the soil, the production capacity of the soil is increased, and 

the costs of plant production are decreased (both in agricultural fields and greenhouses). Biochar remains in 

the soil in the long-term, throughout several production cycles, by which it expends its advantageous effects 

in the long-term too. Its usage reduces the necessity of phosphorus and potassium-containing fertilizers, 

which also reduces expenses used for these. The investment comes with an assured return.  

Considering that biochar can be made out of various biological materials, waste, by-products, which are 

usually at hand in areas where plant production is also conducted, there is a possibility of making biochar a 

locally procurable resource. Local production reduces the transport costs, and the income of the production 

process also remains in local cashflows. 

4. Conclusions 

Biochar is a material reminiscent of coal, which is produced out of plant materials like wood waste, secondary 

products made from herbaceous plants, and remains of agri- and sylviculture. These materials are 

decomposed using heat, which also generates renewable energy. During the process, the physical and 

chemical nature of the plant materials are changed into a porous and from a biological perspective, 

structurally stable material rich in carbon. Research done with this material shows that it can be used as a 

soil improvement material in agriculture and gardening, which means it influences several physical, chemical 

and biological attributes of the soil. It may also increase the water-sealing capacity. It minimises the 

alkalisation of nutrients, may improve the income of producers and sustainability of their businesses by 

increasing efficiency of fertilizer usage and reducing fertilizer costs. By increasing water-sealing capacity, 

biochar can decrease watering requirements, and may enable the extension of production even in less water-

rich areas. 

In summary, it modified the microbe culture of plants’ root zones, and their habitat, which often leads to a 

bigger abundance of microbes, and better activity of them as well. This increases production yield. One must 

know that the usage of biochar is the most advantageous in a controlled environment. In the case of sandy, 

sour soil variants, every feedback is positive. We cannot exclude the fact that considering the production 
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process, and entire effect mechanism of biochar, reduces the carbon-dioxide emission into the atmosphere. 

Therefore, it is also an advantageous material for climate protection.  

The machinery introduced is a so-called fixed bedding structure. Drying and carbonization is done via direct 

heat transfer. The material fed into the reactor is equalised in quality due to the pre-dryer. Better heat 

exchange and equalised heat energy distribution is supported by circulating the gas sourced from the reactor 

mantle, and the drying space filled by it. The intake of high-temperature gas is done by a gas stream pump. 

In truth, during the carbonization process, pyrolysis gases from the process are being combusted, which 

supplies the energy required for the system’s heat requirement. 
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Abstract: The global population has been steadily increasing, putting pressure on available resources, 

including agricultural land. The decrease of available agricultural land has made it difficult to sustainably 

produce enough food to feed the growing population. Global warming and water issues have also made it 

challenging to grow crops, with changing weather patterns and water scarcity affecting yields. To address 

these challenges, there is a need to modernize agricultural technologies. One of the available possibilities is 

the improvement of post-harvest technologies. By gaining more knowledge on the mechanical behavior of 

particulate materials using discrete element modeling, it may be possible to optimize post-harvest 

technologies for food processing and storage. This could lead to improvements in the quality and safety of 

food products while reducing waste and increasing efficiency. This paper reviews the key literature 

concerned with the agricultural applications and DEM parameters calibration of agricultural particles, which 

generally are corn, rice, wheat, soybean, sunflower seed and soil particles. 

Keywords: agricultural particles, discrete element method, calibration 

1. Introduction 

The discrete element method (DEM) proposed by Cundall and Strack in 1979 [1] is a numerical analysis 

method for describing the motion and interactions of particles based on Newton’s second law [2]. With the 

development of hardware and software, the computational power of DEM simulation has increased 

significantly, and the application of DEM in modeling the mechanical behavior of agricultural particulate 

materials is becoming more and more widespread. Finding the micromechanical properties of these (the so-

called calibration procedure) is a time- and computational resource-intensive process. The calibration of 

DEM is particularly important.  

Our goal is to demonstrate the applicability of the DEM method in agricultural engineering-related 

problems and to introduce the reader to the calibration problem. Through advancements in agricultural 

technology, it may be possible to increase food production while minimizing the negative impact on the 

environment, ultimately contributing to the sustainability of our planet. Many of the technological processes 

involved in agricultural mechanical engineering can be interpreted as the interaction of a granular material 

assembly with a body in contact with or moving in it. Such is the interaction between the soil-tillage tool, the 

soil wheel, the grain-silo, and the grain-material handling machine. In the technical design of these processes, 

the most difficult problem is the correct interpretation and accurate modeling of the phenomena occurring at 

the interface of the granular material assembly and the body.  

2. Materials and Methods 

Many studies regarding agricultural granular materials have used DEM modeling to validate the interaction 

of contacted particles and reproduce the dynamic behavior of agricultural particles based on the calibrated 

https://doi.org/10.17676/HAE.2023.42.26
mailto:junhao.huang@phd.uni-mate.hu
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micromechanical parameters. The micromechanical parameters are almost difficult to measure directly, and 

their values need to be systematically modified according to the modeled macro behavior until the particle 

assembly is the same as the real behavior of the particle [3], [4], this is so-called calibration. The calibration 

is the most time- and resource-consuming part of the DEM modeling, and it would be a really good thing 

from application point of view to have an available database of pre-calibrated data for the different 

agricultural crop particles DEM simulations. The micromechanical parameters of static and dynamic friction 

coefficients, and rolling and sliding friction coefficients of wheat particles were calibrated in their research 

works [5], [6], [7] to determine the interaction of contacted particles and particle-wall. Validation of corn 

flow in a commercial screw auger was conducted by [8] to get a better understanding of the interaction 

between corn particles and particle-wall based on the DEM modeling. To determine the impact of the number 

of paddles and the filling configuration on the mixing rate of a single-shaft paddle mixer, [9] performed DEM 

simulations on corn particles.  

2.1 Agricultural applications of DEM 

DEM simulation is considered as a powerful method to numerically simulate interactions between the 

contacting areas for the agricultural particles. Effect of tool vibration has been investigated by DEM [10] 

(Fig. 1). Predicting the discharge rate from a rectangular hopper, simulating the compression tests, loading 

in silos and gravity flowing in silos using the DEM [11], [12], [13]. The DEM has been used to simulate the 

interactions between fruits to predict the dynamic behavior of apples and grapes [14], [15], [16], and maize 

stalk, cotton stalk, and citrus fruit stalk [17], [18], [19]. DEM simulations are also widely used for the flow 

of agricultural granular materials in chutes, the shear cell shown in Fig. 2, and dryers shown in Fig. 3 [20], 

[21], [22], [23]. The vane shear testing experiments were also conducted with DEM shown in Fig. 4 [24]. 

The agricultural particle screening during the combine harvester [25] and high capacity vibrating screening 

for non-spherical particles [26] are studied based on the DEM simulations. Many cases apply the DEM 

simulations in food processing, such as the food grains drying process [27], [28] and the collision of 

amorphous food particles during spray drying for particle-wall [29]. This paragraph talked about the 

agricultural products relating to the DEM simulation.  

This paragraph collects agricultural applications of soil and fertilizer particles with DEM. [30], [31], [32] 

studied the bulk residual soil strength, the mapping relationship of soil stress-stain, constitutive response 

prediction of both dense and loose soils and the dynamic interactions that happen during the soil tillage 

process with DEM simulations. Fertilizer granular materials play a very important role in agricultural 

production activities. Calibration of micromechanical parameters of fertilizer particles, the study of the 

interaction between fertilizer granules and agricultural machinery and equipment, the dual-band application 

of fertilizer particles, and the application of broken solid organic fertilizers in cultivated land [4], [33], [34], 

[35], [36] are examples of DEM used in fertilizer simulations.  

 
Figure 1. Effect of tool vibration has been investigated by DEM [10] 
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Figure 2. DEM modeling of the shear cell [37] 

 

Figure 3. Binning of the dryer section [20] 

 

Figure 4. DEM model of vane shear testing apparatus [24] 
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2.2 The calibration problems 

DEM simulations need to consider several factors such as the shape, size, surface properties and material 

characteristics of the particles. The complexity of these factors makes it necessary to involve many 

parameters in the simulation, some of which may be difficult to measure and estimate. The transportation of 

agricultural particles from the original place to the measurement laboratory may cause changes in some 

micromechanical parameters due to the change in particle moisture content, thereby, [24] developed the in-

situ calibration method to avoid these problems. [37] applied the rectangular lid instead of a circular shear 

lid shown in Fig. 5, so it is a shear box, followed by a detailed sensitivity analysis using shear testing 

experiments. The internal friction angle of corn and the friction angle of corn-steel and corn-glass were 

determined by direct shear testing with a shear box [38]. The experimental results show that inconsistent with 

each other. The calibration is extremely difficult since the differences in calibration environment and 

calibration methods can lead to very different results. The relative error (RE) of the bulk angle of repose was 

0.39% [13] using the particle scaled-up method in the DEM parameters calibration for rice grains. [3] used a 

two-spherical clump as the simulated shape of corn granules and calibrated the angle of repose of corn 

particles with the help of a cylinder shown in Fig. 6.  

 

Figure 5. Shear box [37] 

 

Figure 6. The measurement process of the angle of repose [3] 

3. Conclusions 

This literature review is about the numerical simulation of agricultural granular materials based on DEM. It 

mainly reviews the agricultural application possibilities of the discrete element method (DEM) simulating 
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and calibrating the micromechanical parameters of granular materials and understanding the interactions 

between particles and particle-wall, so that the DEM simulation can reproduce the dynamic behavior of the 

agricultural particles.  

The calibration of microparameters is a fundamental and ongoing challenge in DEM simulation, and it 

plays a critical role in the DEM simulation for agricultural application purposes. As the field continues to 

advance, new methods and techniques for calibration are likely to emerge, enabling even more powerful and 

accurate simulations of complex systems. DEM modeling can be used more widely in agricultural 

applications. The aim of our research is to provide practicing engineers with a database that they can use to 

focus directly on the field of engineering problem they are solving, without having to spend time on 

calibration. 
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Abstract: In this paper, we present the research results related to the project "Development and 

implementation of a scalable co-generation power plant solution integrating solar energy and biomass 

utilisation". Our objective is to develop an integrated solution in the field of local renewable and sustainable 

energy production, storage and use, where solar energy collected by PV/T collector, hydrogen and oxygen 

gas production by water decomposition, and biogas production by biomass utilisation are integrated into an 

innovative process, in different scales (scalable), to produce a compact device, which stores solar energy in 

the form of combustible gas in a container. Our research team members are working on different areas of 

tasks to achieve this goal. This article reviews the results of the first phase of this work, which involved a 

literature review and a groundwork. 

Keywords: solar panel, solar collector, water purification, biogas components, gas mixture 

1. Introduction 

The use of renewable energies is an essential option for energy production [1], [2], [3]. Among these, the use 

of solar panels and solar collectors, which actively harness solar energy, is significant today. Solar panels 

generate electricity directly, while solar collectors generate heat water. 

Storage of energy from renewables is also a cardinal issue. Practical solutions and their commercially 

successful forms have not yet led to any socio-economic breakthroughs, but it is one of the most researched 

areas. This area is critical if environmental and nature conservation aspects are considered, i.e. renewable 

and sustainable energy production [4], [5], [6]. 

The current implementation of some technologies for renewable and sustainable energy production is 

fragmented. Solar farms for electricity generation are built separately, solar collectors for domestic hot water 

are constructed separately, biogas plants are set up separately, and wind farms are installed individually. The 

project proposal provides a solution to the challenges where innovative integrated energy solutions are 

developed in a common field of local potential and high-tech solutions. This new solution will enable both 

local needs and global challenges to be met in a technically better and more economical way than has 

previously been possible. 

The new solution to be developed: 

- integrates the production of hydrogen by solar panels to improve biogas,  

- provides a solution for the local use of oxygen,  

- enables local renewable (solar) and sustainable (biogas) production,  

- provides energy storage adapted to local variable energy demand,  

https://doi.org/10.17676/HAE.2023.42.33
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- can be installed in several sizes. 

This solution aims to achieve integration at the process level, i.e., one technology enhances the goodness 

and efficiency of the other process. This aim will be achieved using the advanced elements of the 

digitalisation and Industry 4.0 technology platform, particularly artificial intelligence-based algorithms and 

sensor systems as data sources. The R&D project aims to synthesise these two areas to create a marketable, 

complex physical energy production system that does not yet exist, creating a technology transfer (know-

how) that can be sold on the global market. 

The device is built up of the modules illustrated in Figure 1. The photovoltaic (PV) module, which is the 

starting element, uses solar energy to generate electricity, which is then used by the next element to produce 

hydrogen and oxygen from the decomposition of water. 

The third key element of the system is the biogas module. This element uses thermal energy generated by 

a solar collector to increase the efficiency of the fermentation process. The composition and energy content 

of the resulting biogas can be increased by adding hydrogen gas obtained from the previous modules. 

 

 

 

 

 

 

 

 

 

Figure 1. Modules of the designed scalable co-generation device 

In this section of our research work, we reviewed the literature related to the design, functioning and use of 

the presented modules (solar panel, solar collector, water purification, fermentor), the composition of 

input/output materials, as well as the studies carried out in related fields. The following literature review will 

be presented on solar cells, solar collectors, water decomposition, biogas production, biogas composition, 

biogas utilisation, and gas mixtures. 

2. Literature review 

2.1. Solar photovoltaic cells 

This chapter focuses on solar cells, which convert solar energy directly into electricity. In addition to the 

types of solar panels, the methods used to store the energy produced and the technical devices used for this 

purpose are also discussed. 

The types of solar cells produced by different technologies were reviewed, ranging from traditional silicon-

based solar cells to emerging technologies currently in the experimental stage [7]. 

To evaluate the different technologies, we need to consider the fulfilment of several criteria, the most 

important of which are [8]: 

- high-efficiency opportunity 

- availability of materials used 

- reasonable cost of materials 

- the possibility of low production cost technology 

- product stability over time (decades) 

- environmentally friendly product and production technology 

Today, the market is dominated by silicon-based solar cells, crystalline silicon in cells made using slice 

technology and amorphous silicon made using thin film technology [9]. 

Most solar cells are made from crystalline silicon and are very similar in design to silicon-based devices 

such as rectifier diodes. The technology uses silicon plates and is therefore called slice technology. The 

advantage is that it is self-carrying; the disadvantage is that it requires a large quantity, expensive, 

semiconducting, high-quality material [10]. 
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Crystalline silicon solar cells 

 Monocrystalline silicon solar cells 

 Polycrystalline silicon solar cells 

 Silicon Ribbon Solar Cells 

Thin film solar cells 

 Amorphous silicon solar cells 

 Gallium Arsenide (GaAs) Solar cells 

 Cadmium telluride (CdTe) based solar cells 

 Copper Indium Diselenide (CIS and CIGS) solar cells 

Emerging solar technologies 

 Dye-sensitised solar cells 

 Organic solar cells 

 CZTS solar cells 

 Perovskite solar cells 

 Quantum dot solar cells 

 Multi-junction solar cells 

The method of determining the amperage current-voltage (I-V) characteristic, an essential characteristic of 

solar cells, and through this, the determination of the maximum operating power point of a solar cell, 

including the influence of environmental factors (temperature, intensity) on this characteristic, has been 

developed [11], [12], [13]. 

Special attention will be given to grid-connected solar PV systems and the grid inverters needed to operate 

them, showing the main types used [14], [15], [16]. 

We have also reviewed the characteristics of off-grid solar PV systems, focusing on the characteristics of 

battery farms for storing the energy produced and the typical types of batteries used [17]. 

We have examined the problem of charge controllers for battery operation and the problem of island mode 

inverters [18], [19]. We have also looked at the possibility of combining other energy sources with solar PV 

systems in a hybrid system to achieve energy security [20], [21], [22], [23], [24]. 

2.2. Solar thermal collectors 

The following will present the situation and potential of solar thermal energy. Accordingly, an overview of 

solar collector design, operation, development history, types, applications, and solutions to improve 

efficiency and effectiveness will be presented based on the available literature. Following these aspects, PV/T 

collectors will be reviewed, followed by heat exchangers and heat storage, based on available publications 

and their results. The chapter concludes with a literature review on heat pumps for thermal utilisation. 

Since in an in-use building, in addition to the demand for electricity, there is also a need for heating (hot 

water production, space heating) [25] and cooling (space cooling), an obvious solution is to use waste heat 

by placing a collector behind the solar panels and at the same time improve the efficiency of the solar panel 

due to the lower operating temperature. However, the investment costs are higher for PV/T than for PV, as 

the system must be built for both utilisations. If a heat pump is planned in the system, PV/T is a more optimal 

solution than PV, as hot water and heating are also required.  

However, there are also cases where the production of hot water (in swimming pools, and food processing 

plants) is solved by air-to-water heat pumps [26], [27], [28]. Another common form of heat pump is the 

ground source heat pump, which can also be used to produce hot water and thus heat buildings [29]. In this 

project, we are using a water-to-water heat pump. 

The research results of the PV/T system, detailed below, form the basis of this technology and show the 

future trend of the PV/T system. 

Ramos et al. conducted a theoretical and experimental thermographic analysis of the PV/T system 

investigated in their case study under different conditions [30]. Their results show that PV/T can produce 

significantly more energy at maximum solar energy values than PV. 

In summer operation, Shao et al. analysed the efficiency of a PV/T system and compared it with the results 

obtained by operating only the PV part [31]. Their results show that the performance and efficiency of PV/T 

are always higher than those measured for PV. 
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Liang et al. conducted an empirical study to investigate the performance of a graphite-filled PV/T collector. 

Their research results showed that between 8:00 and 16:00 h, the average electrical efficiency of the PV/T 

collector and the classical PV module was 6.46% and 5.15%, respectively, i.e., PV/T in this form resulted in 

an additional electrical efficiency of 25.4% [32]. 

Duffie and Beckman also investigated the temperature distribution of the flat plate collector perpendicular 

to the direction of the fluid flow, showing that the temperature is higher between the tubes than around the 

tubes because there is not as much heat transport and dissipation [33]. However, due to the good thermal 

conductivity of the material connecting the tube to the absorber, the temperature inside the tube can be 

considered the same.  

A delay in the change in the temperature of the solar fluid reflects the change in radiation. In the transient 

case, the response function is the solar fluid temperature curve plotted as a function of elapsed time. The time 

over which the temperature change in the collector due to the change in radiation decreases to one per e parts 

is called the collector time constant [34]. 

The time constants of collectors have been determined for various flat plate collectors by Pierson and Padet 

[35]. They investigated the effect of different collector parameters (absorber thickness, glass cover thickness, 

number of glass layers, heat capacity and mass flow of the working medium) on this value and found a 

numerical correlation between them. 

The first theoretical context for the response function was given by Rogers [36]. The transient behaviour of 

collectors was described by Hill et al., De Ron and Kamminga [37], [38], [39]. A practical method for 

determining the response function characteristics was developed by Prapas et al., which gives the thermal 

characteristics of the collector step by step over short time intervals [40]. 

Physically based models become more complex and challenging to solve if they consider more influencing 

factors. In contrast to these models, new modelling methods can be applied, e.g. artificial intelligence-based 

models. 

Cooling PV and increasing the efficiency of thermal utilisation with liquid is more effective than with air 

due to the higher specific heat and surface heat transfer coefficient. Thus, liquid PV/T is more efficient than 

air PV/T; however, when coupled to a heat pump system, the use of liquid heat pumps requires soil works, 

while the air solution is more favourable in terms of mobility [41], [42], [43]. 

The literature gives many examples of the benefits of combining PV and heat pumps if we also wish to 

produce heat with the energy system. With mobility in mind, air-source heat pumps are a more viable option. 

Once the energy needs have been estimated, sizing is necessary for optimal system operation. Connecting 

the heat pump to a solar panel makes the system greener, and even off-grid can be achieved. If a heat pump 

is combined with a PV/T collector, thermal and electrical efficiency is improved, but the system becomes 

more complex, which is a disadvantage during construction, and PV/T is less scalable due to the limited 

supply, which is also a disadvantage. 

2.3. The importance of water electrolysis (Hydrogen production) in energy production, storage, and 

utilisation 

Only water electrolysis technologies can achieve the required production volume among the green hydrogen 

production solutions. Electricity-based water decomposition is also the most important of the water 

separation technologies, and therefore, investigating the efficiency of these technologies and their potential 

for improvement is a current topic in energy research worldwide. 

A considerable amount of research focuses on the time evolution of cell voltage, i.e., the change in electrical 

potential as a function of time, which significantly impacts the water electrolysis process. The electric current 

causes water molecules to split into hydrogen and oxygen gases, but the speed and efficiency of this process 

are highly dependent on the level and changes in the electric voltage. 

Frequent fluctuations or continuous changes in the cell voltage also affect the efficiency of the cell, the 

performance of the cell and the amount of gas produced. The rate of change depends on the parameters of 

the voltage connected to the cell, i.e. its characteristics, amplitude, frequency and offset. 

The literature on variable-current water splitting is mainly concerned with the effects of voltage pulses and 

intermittent direct current [44], [45], [46], [47], [48]. In the literature on the subject, we can find contradictory 

information, with some authors publishing results that are far from the reality: 96.8% energy savings with 
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high-frequency pulses [47], or even unrealistically low efficiency with DC and intermittent DC (9-13%) [48]. 

Overall, based on the literature review and evaluation, the efficiency of a water-splitting cell operating at a 

given power is highest for DC, and deviation from DC will mainly cause an increase in cell power and gas 

flow rate against a decrease in efficiency. 

Shimizu et al. conducted extensive studies to determine the characteristics of DC water splitting 

complemented with ultrashort voltage pulses [49]. In their study, the authors used pulses with a bandwidth 

of about 300 ns under a DC power supply to the cell. The frequency of the applied pulses ranged from 2 kHz 

to 25 kHz. 

Further results on voltage pulse water splitting technology and alternating current behaviour of the cell [50]: 

− Bockris and Potter first observed the discharge phenomenon of electric double-layer capacitance after 

voltage interruption [51]. 

− Tseung and Vassie recorded an increase in amperage of 2 to 6 times compared to the DC voltage test 

[52]. 

− Viswanathan, et al. published a numerical solution for the current flow in a variable electric potential 

space in a water-splitting cell [53]. It was shown that even if the amperage reaches a higher value than 

in the DC case, the intensity of hydrogen production cannot be higher. 

− Ibl modelled the material flow and capacitive effects during pulsed electroplating [54]. 

− Brandon and Kelsall have shown that the bubbles produced leave the electrode surface immediately 

after the voltage or amperage is interrupted [55]. 

− Khosla, et al. have measured that the size of the bubbles can be well controlled by the bandwidth of 

the applied pulses [56]. 

− Vanags, et al. have outlined the mechanism of hydrogen formation during inductive voltage pulses, 

showing that their method of using wolfram electrodes is more efficient than platinum [57]. 

− Kaveh, et al. measured an increase in conductivity of up to 50% for pulse-width modulation excitation 

with a 50% fill factor compared to DC testing [58]. 

− Mazloomi and Sulaiman found that excitation with pulse-width modulation signals at different voltage 

levels and fill factors resulted in higher efficiency at lower voltages and lower fill factors [59]. 

− Martiningsih, et al. discovered a nonlinear relationship between the pulse-width modulation filling 

factor and the intensity of hydrogen production [60]. 

Dobos investigated the evolution of a water-splitting cell's hydrogen production and energetic 

characteristics using sinusoidally alternating voltage with different frequencies and offset values. He found 

the evolution of the volumetric flow rate of hydrogen gas produced and the power consumption of the cell as 

a function of the frequency, amplitude and offset of the applied alternating voltage. [61] 

2.4. Biogas components 

The main constituents of biogases are methane and carbon dioxide due to microbiological processes. There 

is no higher hydrocarbon content at all. The biggest technological problem in the biogas plants is the foaming 

of the digesters. This undesired process is in a strong connection to the gas formation too. [62]. This kind of 

technological problems can be solved mainly by adequate stirring [63], [64], and sometimes the more precise 

preparation of the input material (e.g. right size chopping) can help to avoid the inconveniences [65]. 

Anyway, the chips-size of the materials used for energetic purpose is very much determines the process and 

its efficiency [66]. 

In general, biogases are composed of 45-75 mol% CH4 and 25-55 mol% inert components (CO2, N2), which 

due to their non-combustible nature, significantly reduce the combustion parameters such as lower heating 

value, upper heating value, lower and upper Wobbe coefficient [67], [68]. 

As a result of these properties, biogases are purified, which enriches the biogas in methane, reducing its 

inert content and removing unwanted components. The degree of purification depends on the intended use 

[69]. 

Main components of biogases: 

The main components of biogases are also found in natural gas, which are:  

- methane (CH4)  

- carbon dioxide (CO2)  
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- oxygen (O2)  

- hydrogen (H2)  

- nitrogen (N2)  

- water vapour (H2O) 

Co-components of biogases: 

- hydrogen sulphide (H2S) and elemental sulphur (S) 

It can be present in significant amounts (10 000 mg/m3) in the gases produced during fermentation 

processes. It causes corrosion in metals and SO2 emissions when burnt. Hydrogen sulphide reacts with 

the water vapour content of the combustion products to form sulphuric acid (H2SO3), an effect further 

enhanced by organic sulphur compounds, as sulphur dioxide is also formed when sulphur is burnt. It 

must be separated from the biogas composition in each case. 

- carbon monoxide (CO) 

All types of biogas can contain this flammable, highly toxic gas in quantities of 10 mg/m3. As a potent 

reducing agent, it reduces oxides of metals to elemental metals. 

- Ammonium (NH3) 

It can be found in all biogas types in varying amounts, up to 100 mg/m3. It worsens the ignition 

parameters and contributes to NOx emissions. It may cause corrosion of metals. To avoid this process, 

the water vapour content of the gas should be kept low. 

- nitrous oxide (N2O) 

Landfill gases contain tiny amounts of this non-toxic gas. It feeds combustion, and under the influence 

of heat, it breaks down into nitrogen molecules and oxygen atoms, so it has no meaning.  

- sulphur dioxide (SO2) 

Typically found in landfill gas in quantities of some amounts 10 mg/m3. Much higher amounts are 

produced during the combustion of the hydrogen sulphide content in biogases. SO2 reacts with water to 

form sulphuric acid (H2SO3), and its effect should therefore be considered in combustion analyses. 

- hydrogen cyanide (HCN) 

Highly toxic hydrogen cyanide is found only in landfill gases and can be almost completely removed 

from the gas composition by the aqueous washing process. 

Some components are specific to biogases. These include nitrogen oxides (NOx) or hydrogen chloride 

(HCl), typical landfill gases. All biogas compositions contain chlorine- and fluorine-containing compounds, 

highly salt-forming elements (Cl-, F-) and can be found in biogases in quantities of up to 100 mg/m3. Their 

gases are toxic, combusting explosively with hydrogen and combining with metals to form halogenides. With 

the water vapour content of the combustion products, chlorine forms hypochlorous acid and fluorine forms 

hydrogen fluoride with hydrogen peroxide, which decomposes rapidly on heating [67]. 

The accompanying components of biogases: 

In addition to the principal and co-components of biogases, nearly 200 additional accompanying 

components can be detected in each gas composition, which does not even represent 5 % of the total 

composition. 

Siloxanes are mainly found in biogases from sewage treatment plants and landfills. They pose a hazard to 

movable components, as their combustion produces SiO2, which can lead to abrasion of rotating elements, 

changes in pipeline direction and constrictions. Research has shown that specific biogas cleaning processes 

can reduce siloxane amounts to as little as 0.3 mg/m3. 

Halogenated hydrocarbons are mainly found in landfill gases. If burnt under inappropriate conditions, they 

can lead to dioxins and furans, which harm health. 

The BTX compounds (benzene, toluene, xylene) are flammable, toxic substances, mostly in depot gases. 

They damage mainly the PE piping of the distribution system operating at lower pressures. Volatile organic 

compounds are present in minimal quantities in landfill biogases. 

There is no European regulation that guides the presence of mercury in biogas. It occurs mainly in landfill 

gases in deficient concentrations, which can cause corrosion of aluminium components. Experience has 

shown that a good-quality active carbon process can remove it from biogas. The industrial practice has set 

the value of mercury below 1.0 μg/m3, but the presence and concentration of mercury require further 

investigation. 
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More than 20 metals can be found in biogases, such as copper, cobalt, chromium, manganese, lead, arsenic 

or nickel, in amounts of several 10 mg/m3. 

After biogas purification, organic microorganisms may remain in the biomethane, but their impact is not 

yet fully understood and is currently under research. However, current in-feed practice has not shown any 

problems that could be attributed to this. Gases from unconventional sources may contain aromatic 

hydrocarbons, which can damage PE piping, rubber and synthetic elements and are carcinogenic and involved 

in soot formation [67]. 

Landfill gases contain the highest levels of undesirable components and are the most expensive to purify 

[70]. 

2.5. Properties of gas mixtures 

The literature review has shown that biogas mixtures present unstable combustion in different burners due to 

their low calorific value. Researchers prefer to enrich biogas with different fuel additives to reduce these 

instabilities. Yılmaz et al. investigated the performance of oxygen enrichment of biogas flame in a model gas 

turbine burner [71]. They found that the biogas flame became more stable under acoustic perturbation at 24% 

O2 compared to air combustion. Zouagri et al. investigated the characterisation of biogas/syngas mixtures 

[72]. The study results showed that increasing the amount of CO2 in the mixture causes a decrease in 

maximum temperature and NOx emissions. Skvorcinskiene et al. investigated the combustion of biogas from 

waste with low CH4 content, enriched with syngas and oxygen in a vortex-assisted combustor [73]. Three 

vortex generators with different lamella angles (37◦, 45◦, 53◦) were used in the experiment. The results 

showed that the vortex generator with a 45◦ blade angle produced the lowest CO emissions. Striugas et al. 

investigated the combustion instability of a mixture of syngas and oxygenated biogas [74]. They showed that 

adding oxygen and syngas increased the OH*, CH* and C2* chemiluminescence and flame stability. 

Wang and colleagues investigated how adding propane and oxygen to biogas affects combustion instability 

[75]. The results showed that oxygen enrichment increased the explosion pressure of the flame. In cases 

where the oxygen content of the oxidiser was between 25% and 29%, the addition of propane significantly 

reduced the flame spread rate. Boussetla and co-workers investigated the development of NO emission under 

premixed Moderate and Intensive Low Dilution (MILD) combustion conditions in biogas/hydrogen mixtures 

[76]. It was shown that the addition of N2 for MILD combustion resulted in reduced flame temperatures. In 

addition, it was observed that an increase in the H2 content of the fuel mixture made the NNH mechanism 

dominant in NO formation. 

It can be observed that some studies in the literature have also investigated the addition of pure hydrogen 

to fuels in gas turbine burners. Arenillas et al. investigated the effect of hydrogen addition on the flame area 

of biogas [77]. The results showed that adding hydrogen increased the flame's stability and temperature. Wei 

and co-workers investigated the specific heat flux and CO and NO emissions of biogas/hydrogen flames [78]. 

They added 10% H2 to a 75% CH4 - 25% CO2 mixture and investigated different equivalence ratios. Arenillas 

et al. investigated the combustion of biogas/hydrogen mixtures [77]. As the biogas mixture was tested at 

three different methane ratios (70%, 60%, 50%), the H2 ratio was varied between 5 and 25%. The results 

showed that stable combustion did not occur when the proportion of CO2 in the biogas was above 40%. 

Yilmaz et al. investigated H2/CH4/CO2 mixtures in their study [79]. The proportion of hydrogen in all 

mixtures was kept high and varied between 50% and 70%. The results showed that the thermal NOx 

mechanism was not dominant. In addition, the fuel mixture containing 50% H2 caused 30 times more NO 

emissions than the mixture containing 70% of H2. 

From the literature review, it becomes evident that investigating combustion instability and emission 

behaviour of biogas mixtures is an important topic. These studies have identified the positive effects of 

hydrogen addition and oxygen enrichment on reducing combustion instability. Considering these studies, it 

can be seen that the effects of simultaneous enrichment with hydrogen and oxygen, especially in premixed 

combustion, have not been investigated in the literature. In addition, while the literature has investigated the 

variation of temperature, emission, flame profile and laminar combustion velocity change data in studies to 

determine combustion instability, no research has been observed to investigate thermoacoustic instabilities 

with simultaneous enrichment with hydrogen and oxygen in biogas flame. Determination of dynamic 

instabilities is a method used in combustion studies due to the flame-distorting effect of external acoustic 

perturbations. 
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2.6. Effect of hydrogen mixing on the combustion characteristics of biogas 

Biogas has an advantage over other renewable fuels, such as synthesis gas (produced from biomass and 

municipal solid waste gasification), in that it is produced directly from wet organic waste sources with 

minimal pre-processing [80]. However, the calorific value of biogas is low, e.g. at 1 bar pressure and 298 K, 

the calorific value of biogas (60% CH4 - 40% CO2) is around 30 MJ/kg, compared to natural gas (50 MJ/kg) 

and hydrogen (120.971 MJ/kg). The lower calorific value of biogas is due to the high percentage of carbon 

dioxide present in the mixture (20-60% (v/v)), depending on the source and the digestion process used to 

produce it [81], [82]. 

Although the presence of carbon dioxide in biogas reduces pollutant emissions, it has a negative impact on 

the overall combustion characteristics of biogas [83], [84]. 

Carbon dioxide in biogas leads to a narrow range of flammability marginal values, reduced laminar flame 

velocity and lower flame temperatures than other commonly used fuels [85], [86]. 

The other major problem that arises from the high CO2 content in biogas is the lower reactivity, which leads 

to flame suppression in cases where biogas is used as fuel in industrial burners. Several researchers have 

sought to understand the flame stabilisation behaviour of biogas at different equivalence ratios [87]. These 

studies show that carbon dioxide's thermal and chemical properties lead to lower reactivity, which limits the 

practical use of biogas in burners. For this reason, using pure biogas as a fuel for compression engines or gas 

turbines is limited due to its low laminar combustion rate and its flame, which tends to extinguish and hinder 

stable operation [88], [89]. 

The use of pure biogas in internal combustion engines and gas turbines is severely limited due to the poor 

combustion properties mentioned above [90]. The combustion properties of biogas can be improved by 

adding fuels with higher reactivity, thus converting low calorific value raw/pure biogas into high-quality fuel. 

Application of laboratory simulation methods can result moderated biogas reactor processes, and the 

number of the malfunctions of an existing system can be reduced. The specific gas production can be 

optimised. According to this the electric capacity value can grow by 10-15 % [62]. 

One proposed solution is to add a high-reactivity fuel (e.g. hydrogen) to the biogas to improve reactivity 

with minimal changes in pollutant emissions. The primary combustion characteristics of premixed flames 

are laminar flame velocity (Su), ignition delay and self-ignition in premixed combustion. Two other crucial 

criteria for fuel selection are the adiabatic flame temperature (Tad) and the combustibility limits. Adding 

hydrogen to hydrocarbons improves these combustion characteristics [91]. The reason for this is that the 

hydrogen has several favourable combustion properties (high reactivity and heat release rate, high extinction 

velocity and laminar flame velocity, low ignition delay and wide flammability limit), which are suitable for 

making combustion processes more uniform [92], [93]. 

Adding hydrogen also increases the concentration of H- and OH-radicals, thus improving the overall 

reactivity of the mixture. It is also known that using 100% hydrogen in internal combustion engines presents 

several storage and safety problems [94]. To take advantage and overcome clean hydrogen problems, several 

researchers have proposed replacing the fractions of hydrocarbon fuels such as methane Karim et al., and El-

Ghafoure et al., liquefied petroleum gas, Kishore et al., n-butane, Tang et al., n-decan (CH3(CH2)8CH3), Yu 

et al., etc. with hydrogen in the mixture [95], [96], [92], [97], [98]. Ali and Varunkumar presented the 

combustion process of different fuel mixtures with and without hydrogen for non-premixed flames, 

emphasising the flame formation process. [99]. An essential element in investigating these processes is 

examining the extinction transformation rate (ag). The extinction transformation rate (ag) is defined as the 

component of the velocity gradient perpendicular to the flame surface at the time of extinction. Like the 

laminar flame velocity (Su) of premixed flames, the extinction transformation rate (ag) is an essential 

characteristic of non-premixed flames. The results show that the extinction transformation rate (ag) increases 

by 2-2.5 times for CO2 dilution and by 2.6-3.8 times for N2 dilution, while the amount of CO increases by 10 

vol% in fuel mixtures with H2 increased by 5%. The higher CO % in the fuel results in higher flame 

temperatures, which increases the overall reactivity of the fuel, leading to an increase in ag values. 

In the case of a premixed flame, laminar flame velocity, self-ignition and ignition delay are used to give 

the combustion characteristics of any given fuel-oxidiser combination. These characteristics provide essential 

information on the reactivity and exothermicity of a given fuel-oxidiser mixture. It also provides essential 

information on the diffusion and reactive properties of the mixture. Comparison of experimentally obtained 
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laminar flame speed (Su), ignition delay and self-ignition values with calculated values provides helpful 

information on validation, reduction and optimisation mechanisms [98], [100]. 

3. Conclusion 

Investigating the combustion characteristics of alternative renewable fuels and their use in existing 

combustion systems has recently received considerable attention worldwide. This is due to the increasing 

demand for energy used for electricity production, heating or powering households, fuelling vehicles and 

manufacturing processes. Among synthetically produced renewable fuels, biogas is one of the promising 

substitutes, as it has lower processing costs and a slightly higher density than natural gas. 

Our research work in the field of local, renewable and sustainable energy production, storage and use is 

focused on the development of an integrated solution that enables the production of hydrogen gas (H2) and 

oxygen gas (O2) by water decomposition (H2O) using photovoltaic (PV) solar cells and the production of 

biogas by biomass utilisation in an innovative process, thus achieving the production of compact devices of 

different sizes (scalable). The aim is to transform solar energy into combustible gas stored in a container. 

The advantage of the system is that the biogas-hydrogen mixture it produces can be stored, and the intensity, 

period and interval of its use can be planned as required. It can be reused to generate electricity, heat or 

mechanical energy using a gas engine, gas engine-electric generator, gas boiler or gas burner. 
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Abstract: Governments worldwide are attempting to minimise CO2 emissions, and solar energy storage 

remains the most difficult problem to tackle in the current climate. Typically, domestic hot water is mainly 

used for heat process services in colder climates when the tank loss is significant. Any design modification 

can result in a higher solar yield. Since water is a perfect medium for heat storage, this article will examine 

different Solar Domestic Hot Water (SDHW) systems in cold climates such as Central Europe and hot and 

dry climates such as the Middle East (Syria). Linear modelling was conducted using R script software using 

coded values to define the optimal value using the response surface method (RSM). The programming phase 

uses the least-squares approach to provide a general rationale for the line's best-match position among the 

data points under consideration. For each variable, the coded values range from [-1, +1]. The number of 

experiments is determined by the formula 2k, where k is the variable number. Since each variable has two 

possible values [-1, +1], the total number of experiments was 23= 8. In addition to these experiments, we 

performed one more experiment for defining second-degree non-linear coefficients. The second-degree 

factors were checked to evaluate the non-linearity of the system. The experimental work was done in the 

laboratory; an insulated water tank filled with 5 litres of water was used. A capsulated PCM soy wax 68℃ 

test was conducted. For the charging phase, the response surface approach with non-linear correlation was 

used to determine the optimal number of samples and PCM quantity at two temperature levels. The results 

of temperature, sample numbers, and wax quantity demonstrate a 0.22, 2.3, and -1.12 first-degree magnitude 

effect, respectively. In addition, each two-factor interaction contour plot is depicted. 

Keywords: solar tank; PCM material; thermal storage; linear modelling; R-script 

1. Introduction 

The rapid expansion and technological revolution of human civilisation in the last few decades has brought 

with it unavoidable consequences like over-exploitation of the environment and natural resources. All of this 

compelled the researchers to seek out a more long-term answer while still optimising the existing ones. While 

fossil fuels are currently the dominant energy source, resulting in large carbon dioxide emissions, 

environmentally friendly alternatives, such as renewable energy systems, have begun to emerge with 

extended life spans, high reliability, and efficiency [1, 2]. Those systems became a viable alternative to the 

previous ones. Renewable energy is being used not only because of CO2 emissions from traditional fuels and 

because it is environmentally benign but also because of rising energy demand and fluctuating oil prices. 

Renewable technologies can supply consistent, self-sufficient electricity to remote places. For example, the 

willingness to support new renewable energy projects grew in Hungary since it proved to be a good financial 

investment with a payback period of less than ten years [3, 4]. It became evident that using renewable energy 

sources is the best approach to comply with the Kyoto Protocol. According to data given by ESTIF (European 

Solar Thermal Industry Organisation) [5], solar heating and cooling have proven to be a driver even in 
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adverse economic times, with a solar power output of 26.3 [GWth] and a surface area of more than 37 million 

square meters. 

Water heating accounts for about 15% of total energy use in cold locations (such as Budapest). Furthermore, 

many applications demand temperatures of less than 100 degrees Celsius, which can be easily achieved using 

renewable energy, such as solar domestic water heating (SDWH) technology [6, 7]. Traditional water heating 

systems that use fossil fuels or electric heaters have a greenhouse effect, require a lot of maintenance, and 

are costly. As a result, the future of solar water heating system technology seems bright because of its 

environmentally benign nature and use of renewable energy [8, 9]. 

SDWH can be broken down into two sections: design and operation. The collectors can be made in a variety 

of ways. Solar collectors are divided into flat plate collectors (FPC) and evacuated tube collectors (ETC). In 

evacuated tube collectors, temperatures can reach 250 degrees Celsius, and efficiency can reach 80%. 

However, these changes depend on the weather, the design, and the load profile [10]. 

Some studies model the internal temperature conditions of an outdoor container based on measured 

meteorological data. This model can be used to predict the internal temperature of an office container, thereby 

reducing unnecessary environmental impact. [11, 12] 

Other authors have validated a mathematical model with measured data from a real solar heating system. 

The error of the system model they developed is 3.4%. Similar modelling can be of great help in improving 

energy efficiency. [13] 

The latent heat storage material is another technique to include the PCM. They are most typically employed 

in the solar system as a cooling solution for PV panels, which boosts their efficiency because the chemical 

bonds of the material break when it changes its phase. Thermal collectors can also be utilised as a storage 

material [14] to boost the solar system's energy capacity. One of the major advantages of integrated PCMs 

in solar systems is that they are simple to install and have no complicated components [3]. In addition to a 

high storage density [15]. As a result, any research in this field can potentially improve the tank's efficiency 

while reducing its size [16]. 

Energy is typically stored and retrieved as sensible heat, latent heat, or a thermo-chemical reaction, all of 

which are accomplished through a change in the medium's internal power. Sensible heat storage (SHS) stores 

heat by raising the temperature of the medium. When the storage medium changes phase from solid to liquid, 

liquid to gas, or vice versa, latent heat storage (LHS) uses the absorbed/released heat. The PCM is a heat-

absorbing latent storage medium that maintains an almost constant temperature. This process will continue 

until the entire PCM has been transported to the liquid phase. The PCM begins to harden as the ambient 

temperature drops, releasing the accumulated latent heat. Melting temperatures typically vary from -50 to 

1900 degrees Celsius. [17] 

Some PCMs are highly beneficial within the human comfort zone (20-300℃), allowing 5 to 14 times higher 

heat density storage than traditional storage mediums like water or rocks [12–14]. Using a response surface 

method RSM, the numerical model of the entire system is used to select appropriate operational parameters 

and optimise the stored energy. The solar system's storage system is a crucial component and element. 

Furthermore, in order to maximise solar production, storage density (the amount of energy stored per volume 

or mass), appliance efficiency (solar collectors, tanks, and so on), and demand consumption [18], are critical 

aspects in determining the storage tank's capability for PCM [19], Due to the irregular nature of solar energy, 

this could be effective in meeting energy demand. Whereas several simulation attempts have been carried 

out to determine the performance of water storage tanks with PCM [20], there are no references to model the 

optimisation of the working variables [16], because it causes 2k experiments to run, where k is the number of 

factors. 

2. Materials and Methods 

We performed mathematical modelling using the response surface method and experimented with the 

soybean wax PCM integrated into the solar tank in the laboratory. A capsulated PCM soy wax 68⁰C in a 5-

litre insulated water tank was conducted. The response surface approach with non-linear correlation was used 

for the charging phase to determine the appropriate number of samples and the quantity of PCM at two 

temperature levels. The method will illustrate the first-degree effect of the temperature, sample numbers, and 

wax quantity. Furthermore, each two-factor interaction contour plot is depicted. 

The experiment components are as follows: water tank, heater, sensors, datalogger (ALMEMO 2890-9), 

and Wax 68℃ type. The system comprises a well-insulated water tank covered by 5 cm of expanded 
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polystyrene (EPS), an oil-based insulation material that acts as a perfect insulator in the form of foam. This 

foam is a non-degradable, environmentally friendly material that maintains its qualities throughout time. 

The tank has dimensions of 42x13x16 cm and can hold up to 8.7 litres of water, as shown in Figure 1; 

however, it was only filled with 5 litres during the measurement, and the remaining amount was for the 

specimen tray. As illustrated in Figure 1, the tray comprises 7x3 specimens, each of which may hold 50 mL 

of the allocated material. 

The heater is turned on to a certain required temperature ranging between (-20 – 100) ⁰C once the specimen 

tray is fixed inside the tank and filled with the assigned material. The by-pass line helps to better mix the 

water throughout the heating process, resulting in temperature uniformity in the tank. Meanwhile, the data 

logger (Almemo 2890-9) with nine input channels, as shown in Figure 2, stores the information from the 

sensors. A data logger is a device that measures and displays signal voltages plotted with time or another 

signal voltage. Until the user stops the data recorder, it measures in a continuous stream mode, every time 

new samples are taken during the measurement, they are transferred straight to the computer, where they are 

processed, displayed, and, if desired, stored on disk. The presence of a change in an input signal is 

immediately apparent. 

Two temperature sensors, NiCr-Ni type k (-40 →1000⁰C), are located on the right and left sides of the tank, 

as well as one ambient temperature sensor used as a reference temperature to determine when the container 

cools down to near ambient temperature, and another sensor inside the PCM capsule, as well as two heat flux 

sensors in the internal and external parts of the insulation. Finally, the goal is to calculate the time required 

for each experiment in which the water cools down to near ambient temperature after being heated, which is 

represented by the equation: 

Tavg_tank – Tamb ≤ +1 ⁰C 

 

Figure 1. Experiment components 
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Figure 2. ALMEMO 2890-9 type data logger 

The model was built using the R programming language, with coded values ranging from [-1, +1] for each 

variable, and the variables being "S" for Sample numbers, with the code (-1) for four samples and (+1) for 

eight samples. The quantity of PCM in each sample is denoted by the letter "Q," where (-1) code equals 5g 

and (+1) code equals 10g. Finally, the temperature is represented by the letter "T," with code (-1 denoting 

45°C and code (+1) denoting 75°C. As seen in Figure , this results in a cube pattern, with each corner 

representing a set of these three variables, resulting in a single experiment. As indicated in Table 1, the 

number of experiments is determined using the form 2k, where k is the number of variables; therefore, 23 

results in eight measurements. To detect the second-degree non-linear coefficients, additional measurement 

was undertaken out of the cube borders at (S=6, Q=7.5g, T=60⁰C) to add to the fact that the correlation was 

known before commencing the measurement. 

 

Figure 3. Experiment data set cube 

The relationship between coded values and real values is shown by the following equation: 

𝐶𝑜𝑑𝑒𝑑 𝑣𝑎𝑙𝑢𝑒 =
𝑅𝑒𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 − 𝐶𝑒𝑛𝑡𝑒𝑟 𝑝𝑜𝑖𝑛𝑡

1
2 (𝑟𝑎𝑛𝑔𝑒)
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Table 1. Experiment parameters 

 1 2 3 4 5 6 7 8 9_extra _pre 

Samples [-] -1 +1 -1 +1 -1 +1 -1 +1 0 

Quantity [g] -1 -1 +1 +1 -1 -1 +1 +1 0 

Temperature [℃] -1 -1 -1 -1 +1 +1 +1 +1 0 

The method used is the least-squares method, which was developed by Carl Friedrich Gauss in 1795 and 

offered the overarching justification for the best-fit line placement among the data points. Iterations are used 

to solve the non-linear model in our experiment. The following coded equation represents the created model: 

Yi = β0 + β1X1i + β2X2i + ui, i = 1..., n 

Where: 

• X1, X2 are the two independent variables (regressors) 

• (Yi, X1i, X2i) denote the ith observation on Y, X1, and X2. 

• β0 = unknown population intercept  

• β1 = effect on Y of a change in X1, holding X2 constant 

• β2 = effect on Y of a change in X2, holding X1 constant  

• ui = “error term” (omitted factors) 

3. Results 

In our experiment, the non-linear model is solved using iterations. The following coded equation represents 

the generated model: 

𝑦 = 16.09 + 2.3𝑆 − 1.12𝑄 + 0.2𝑇 − 1.3𝑄 ∗ 𝑆 + 0.57𝑆 ∗ 𝑇 + 2.1𝑄 ∗ 𝑇 + 0.2𝑄 ∗ 𝑆 ∗ 𝑇  

To understand the relationship between the factors and the objective, a Pareto plot is conducted as in  

Figure 4. 

 
 

Figure 4. General model Pareto plot 
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The magnitude of each parameter is easily observed using the Pareto plot, while the sample numbers (A) 

and temperature with the quantity (BC) both have the biggest positive magnitude. In the third and fourth 

places, contrariwise, the sample with quantity both (AB) and the quantity coefficient (B) have a negative 

magnitude due to non-linear behaviour. In the end, the sample numbers with temperature (AC) have a low 

positive magnitude, adding to the fact that the 3-factor interaction S*Q*T (ABC) or any three-factor 

interactions do not exist in nature, but as it is shown in the Pareto plot Figure 4, it has almost zero magnitude. 

This is similar to temperature, which has a low influence. On the other hand, the contour plot of each two-

factor interaction shows the curves where the overall result can be better, as seen in Figure 5. 

Paying attention to some coded values that may have no meaning on the chart, for instance, S(A) = 0 or 

Q(B) = 0 matches 0 samples and 0 g, so below 3 values in the chart have no meaning in real-world values. 

As we can see in the chart, to increase the time, we should increase the temperature and the PCM quantity, 

as in the referring arrow. On the other hand, the coefficients of S, Q, and T in the equation show the plot's 

direction. In other words, a coded value of ∆T → [+1] will add 0.2 hours to the overall result. Similarly, ∆Q 

→ [+1] will add -1.12 hours, and ∆S → [+1] adds 2.3 hours, as in Figure 5. 

       

 

 

 

Figure 5. The two-factors interactions 

On the other hand, the S*Q (AB) interaction shows better results (as shown in the5), we see for the 

efficiency B (quantity) is negative, and A (sample number) is positive. That means when the sample number 

increases, the time will be longer, and when the quantity decreases, the time will be longer. The black dots 

in the graph represent the 4 corners of the cube from a 2D Q*T perspective, adding to one pre and post 

experiments that were needed to identify the second-order coefficients. From the double-factor contour plot, 

the time increases if both factors are positive individually. That means both the sample number and the 

temperature should be increased to get the highest time. 

By conducting eight trials to optimise the performance in a specific thermal tank, a matrix set of three 

variables was studied: temperature, quantity, and sample number of Soy wax. The mathematical first-degree, 

non-linear, 3-factors interaction equation was created using an R script based on the data. Furthermore, one 

   -3         -2          -1          0           1           2           3 
B 

3 

2 

1 

C  0 

-1 

-2 

-3 

30 

20 

10 

0 

-10 

level 

   -3         -2          -1          0           1           2           3 

A 

3 

2 

1 

B  0 

-1 

-2 

-3 

30 

20 

10 
0 

level 

3 

2 

1 

C  0 

-1 

-2 

-3 

  -3         -2          -1           0           1           2           3 

A 

30 
 

20 

 

10 

level 



HUNGARIAN AGRICULTURAL ENGINEERING 
N° 42/2023 

 

MATHEMATICAL MODELLING AND EXPERIMENTATION 
OF SOY WAX 68℃ ENCAPSULATED INTO SOLAR TANK 

(CASE STUDY) 
 

52 

extra experiment was to determine non-linear coefficients. Also, a Pareto Plot depicts the most influential 

elements in the non-linear equation, with sample numbers having the most significant magnitude, followed 

by temperature and PCM amount. The quantity has the strongest negative magnitude, indicating non-

linearity. The results can be seen in Table 2. 

Table 2. Experiment parameters 

 1 2 3 4 5 6 7 8 9_extra_pre 

Samples [S] 5 10 5 10 5 10 5 10 7.5 

Quantity[Q]  4 4 8 8 4 4 8 8 6 

Temperature[T] 45 45 45 45 75 75 75 75 60 

y [hour] 16.3 11.43 12.5 12.56 11.43 19.38 15.68 19.28 15.03 

4. Conclusions 

Using domestic hot water can improve competitiveness and lead to environmental savings and economic 

advancement, especially in developing countries where solar energy is usually available and abundant. The 

predesigned solar hybrid systems have many advantages to be used nowadays, especially in developed 

countries where solar irradiation is usually sufficient. A big portion of energy is used in domestic hot water 

and industries and can be covered partially or totally with renewable energies such as solar energy. In 

practice, experimental work has been done in the lab where an insulated water tank filled with 5 litres of 

water and encapsulated PCM soy wax 68℃. Three parameters were applied: temperature, quantity, and 

sample number of Soy wax. This type of wax has not been tested before to see if it can be used in the solar 

system to prolong energy retention for a longer period. Especially when used in Hungary, where the heat loss 

is large. This article aims to study the impact of the size of the tank, its dimensions, the thickness of insulation, 

and its impact on solar fraction. An experimental work has been done in the laboratory using encapsulated 

PCM soy wax 68℃. Due to difficulties and time constraints, the three most important parameters were 

applied: temperature, quantity, and sample number. The response surface approach with non-linear 

correlation was used for the charging phase to determine the optimal number of samples and PCM quantity 

at two temperature levels. The results of temperature, sample numbers, and wax quantity demonstrate a 0.22, 

2.3, and -1.12 [Hours] first-degree magnitude effect, respectively. In addition, each two-factor interaction 

contour plot shows the optimal directions of the optimised system. From the second-degree aspect, BC and 

AC have the highest impact on the system. This type of wax can play a significant role in saving energy in 

solar tanks in central European climates due to its low price, easy installation, and long-life service. 
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Abstract: This article investigates the detection and monitoring of bearing defects in rotating machinery 

using vibration analysis techniques. The study employs a specially designed test bench set up at the Institute 

of Technology, Hungarian University of Agriculture and Life Sciences. The test bench incorporates an 

asynchronous motor and uses the SKF 1209 EKTN9 bearing model for analysis. Vibration data are captured 

using the SKF Microlog device equipped with accelerometer sensors. The study emphasizes the importance 

of early detection to prevent costly breakdowns and enhance operational efficiency. Experimental 

investigations reveal that as Inner Race Defects (IRD) severity increases, the vibration amplitude also rises, 

indicating a direct relationship between IRD severity, bearing damage, and vibration characteristics. The 

results demonstrate that higher IRD severity levels and rotation speeds increase vibration amplitude, 

providing valuable insights for predictive maintenance models. Vibration measurement techniques, such as 

analysing the vibration amplitude using gE True peak values, are explored as reliable methods for assessing 

the health status of rolling element bearings. Experimental investigations examined the effect of inner race 

defects (IRD) on bearing vibration. The results demonstrated a direct relationship between IRD severity, 

bearing damage, and vibration characteristics, with higher severity and rotation speeds leading to increased 

vibration amplitudes. 

Keywords: Inner race defect; Rolling element bearings; Bearing defects; Fault detection; Vibration 

measurement 

1. Introduction 

Due to its cost efficiency, performance, and robustness, rotating machinery has become a staple in industrial 

settings. However, these machines often operate under strenuous conditions, including high load, speed, and 

limited lubrication. The rolling element bearing is the most susceptible component to wear and tear in these 

machines. Operating under harsh and potentially dangerous conditions often leads to component failure, 

posing a risk to worker safety and leading to financial losses. In fact, bearing failures account for over 42% 

of mechanical failures [1]. 

As Heng et al. pointed out, bearing failures are the primary cause of mechanical breakdowns, leading to an 

upsurge in warranty and maintenance costs. In some cases, these failures can even precipitate a total 

machinery shutdown. [2] Given the implications, the diagnosis of rolling element bearings health has gained 

significant attention, especially with the advent of techniques such as machine learning. The vibration 

signature of these bearings often provides early indicators of a problem. The main causes of rolling element 

bearing failures are imbalance shaft faults, ball bearing defects, inner, outer, and cage faults. The field of 

defect diagnosis in rolling element bearings has recently undergone substantial advancement, with vibration 

techniques such as time domain, frequency domain, time-frequency domain, shock pulse method, and 
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acoustic emission technique playing a significant role. Numerous studies on vibration signal analysis 

techniques have been conducted, and numerous reviews have been made to categorise defect and fault 

diagnosis techniques [3]. The ability to accurately predict a machine or component's lifespan and potential 

failures through signal levels is a crucial focus of this research. The goal is to extend the life of the machinery 

by identifying faults at early stages, enabling the implementation of an effective maintenance schedule for 

corrective measures [4]. 

Additionally, the frequency domain technique provides valuable data to pinpoint the exact location of a 

fault in rolling element bearings. This is achieved by analysing the vibration peaks at characteristic 

frequencies of the bearings, allowing easy detection of defects [5]. It has been concluded from a study of 

various literature that for accurate fault analysis and condition monitoring, it is more beneficial to use a 

combination of condition monitoring techniques along with vibration analysis. 

The health of rolling element bearings can be swiftly determined through vibration monitoring, as it 

uncovers crucial data about the early onset of faults. Given the serious implications of such faults, it's 

essential to improve our understanding of early bearing defects through these techniques [6]. The process 

begins with data acquisition from the rotating machinery system via sensors. Following this, signal pre-

processing and feature extraction are performed to reduce raw data's dimensionality and glean valuable 

information from the signal. The efficacy of machine fault diagnosis heavily relies on the right feature 

extraction and selection techniques. The design of this device caters to the testing of a diverse range of 

mechanical drives, clutches, and rotating elements. The test bench's grooved table affords an array of 

possibilities for positioning both the drive and driven units. Throughout the measurement process, all drive 

parameters can be fixed using a data collector and accurately defined through a programmable logic 

controller (PLC), as depicted in figures 1 and 2. For an accurate interpretation of the bearing's condition, 

measuring and analysing signals from the bearing is necessary. This requires instrumenting the bearing with 

a suitable accelerometer sensor to measure the mechanical parameter that is manifested as a signal from the 

bearing [7]. 

2. Vibration Monitoring Techniques 

2.1. Frequency Domain Data Analysis  

Frequency domain analysis refers to the study or visualisation of vibration data in relation to frequency [8]. 

To transform the time domain vibration signal to the frequency domain, a Fourier transform is typically used, 

frequently in the form of a fast Fourier transform (FFT) algorithm. Frequency domain analysis refers to the 

study or visualization of vibration data in relation to frequency. In the case of rolling element bearings, we 

have four types of frequency measurements as follows: 

A. Ball Pass Frequency Outer Race (BPFO): BPFO signifies the basic vibration frequency generated when 

the ball passes over a defect, such as a crack, in the bearing's outer race [9]. The frequency of ball passes in 

the outer race can be computed as per the provided equation (1): 

         BPFO = (
𝑁

60
×

𝑛

2
) × (1 −

𝑑

𝐷
cos 𝜃)                                                       (1) 

When D denotes the pitch diameter, d represents the ball diameter, N indicates the shaft rotation speed in 

revolutions per minute, n is the number of balls, and θ is the contact angle. 

B. Ball Pass Frequency Inner Race (BPFI): BPFI is the vibration frequency induced by the ball passing 

over a defect, such as a crack, in the bearing's inner race. The frequency of ball passes in the inner race can 

be calculated using the provided equation (2) [10]. The frequency of ball passes in the inner race can be 

calculated as: 

          BPFI = (
𝑁

60
×

𝑛

2
) × (1 +

𝑑

𝐷
cos 𝜃)                                                     (2) 

When D denotes the pitch diameter, d represents the ball diameter, N indicates the shaft rotation speed in 

revolutions per minute, n is the number of balls, and θ is the contact angle. 
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C. Ball Spin Frequency (BSF): BSF refers to the rate of repetition of pulses each time a defective roller or 

ball passes over other elements of the rolling element bearing. The Ball Spin Frequency (BSF) can be 

calculated using the provided equation (3) [11]. The Ball Spin Frequency (BSF) can be calculated as follows: 

             BSF =
𝑁

60
×

𝐷

𝑑
× (1 − (

𝑑

𝐷
cos 𝜃)

2
)                                                       (3) 

When D denotes the pitch diameter, d represents the ball diameter, N indicates the shaft rotation speed in 

revolutions per minute, n is the number of balls, and θ is the contact angle. 

D. Fundamental Train Frequency (FTF): FTF denotes a defect that occurs in the cage of a rolling element 

bearing. The Fundamental Train Frequency (FTF) can be calculated using the provided equation (4) [12]: 

          FTF = (
𝑁

60
×

1

2
) × (1 −

𝑑

𝐷
cos 𝜃)                                                           (4) 

When D denotes the pitch diameter, d represents the ball diameter, N indicates the shaft rotation speed in 

revolutions per minute, n is the number of balls, and θ is the contact angle. 

The contact angle (θ) in the context of rolling element bearings is a critical geometric and mechanical 

parameter. It represents the angle between the line of contact formed by the rolling element (usually a ball or 

a roller) and the raceways, and a plane perpendicular to the bearing axis. 

Parameters Definition: 

D: Pitch Diameter 

The diameter of an imaginary circle that runs through the center of the balls when they are in contact 

with the races. It is a critical geometric parameter of the bearing. Usually measured in millimeters (mm) 

or inches (in). 

d: Ball Diameter 

The diameter of the individual rolling element, typically a ball. Also usually measured in millimeters 

(mm) or inches (in). 

N: Shaft Rotation Speed 

The speed at which the shaft of the machinery, to which the bearing is attached, is rotating. It is measured 

in revolutions per minute (RPM). 

n: Number of Balls 

The total number of rolling elements (balls) in the bearing assembly. 

θ: Contact Angle 

The angle at which the rolling elements (balls) make contact with the races. It's usually expressed in 

degrees (∘). 

1/60 and 2n/2 Conversion Factors 

1/60 is a conversion factor to change RPM to revolutions per second. 

2n/2 signifies the number of times the ball makes contact with either race within a single revolution. It's 

half the number of balls because each ball contacts either the inner or outer race once per revolution. 

2.2. Time-Frequency-Domain Technique  

The time domain approach, as described by Tse et al., is utilised to visualise or scrutinise vibration data with 

respect to time. [13] Several time-frequency domain methods have been developed which show potential for 

detecting and diagnosing bearing issues in some of the more complex rotating machines. This is especially 

when the ratio of noise level to vibration signal is low and numerous frequency components are present. The 

time-frequency technique can display the frequency segments of a vibration signal and differentiate their 

time variation characteristics. Techniques in the time-frequency domain can handle both non-stationary and 

stationary vibration signals. This is the main advantage of time-domain techniques over frequency-domain 

techniques. 

3. Methodology 

The primary objective of this research is to investigate the effect of inner race defects (IRD) on the vibration 

characteristics of rolling element bearings. The study aims to provide a comprehensive understanding of how 
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different sizes of IRD influence the vibration amplitude at various rotational speeds. The motivation behind 

this research stems from the critical role that rolling element bearings play in industrial machinery. Early 

detection of bearing defects can prevent costly breakdowns, improve operational efficiency, and ensure 

worker safety. Understanding the relationship between IRD and vibration characteristics can contribute to 

the development of predictive maintenance models. 

The methodology involves the following steps: 

1. Experimental Setup: A test bench replicating industrial conditions is set up, featuring an 

asynchronous motor and SKF 1209 EKTN9 bearings. The setup is instrumented with vibration 

measurement tools like the SKF Microlog device. 

2. Defect Creation: Controlled defects of sizes 0.5 mm, 1 mm, and 2 mm are created on the inner race 

of the bearings using an Electrical Discharge Machine (EDM). 

3. Alignment: The Fixturlaser XA system is used to ensure proper alignment of the motor and bearing 

assembly. 

4. Vibration Measurement: Vibration data is collected using accelerometers attached to the bearing 

housing. The data is then analyzed using MATLAB software. 

5. Data Analysis: The vibration data is analyzed in both time and frequency domains to understand the 

effect of IRD on vibration characteristics. 

6. Result Interpretation: The gE True peak values are used to quantify the vibration levels for bearings 

with different sizes of IRD at various speeds. 

Creating defects on the inner race of a bearing is a precise task that requires strict adherence to procedures 

to achieve a 1 mm defect size. One common method for defect creation is using an Electrical Discharge 

Machine (EDM). The EDM process involves creating a high-frequency electrical spark between an electrode 

and the bearing's submerged inner race, which is immersed in dielectric fluid. This spark generates intense 

heat that melts the localised area, leading to the removal of material and the creation of a defect [14]. The 

controlled creation of defects using EDM enables researchers to study bearing failures under specific 

conditions, facilitating the development of predictive maintenance models and advancing our understanding 

of bearing behaviour in real-world scenarios. 

3.1. Experimental setup 

A specially designed test bench was set up in the Department of Machine Construction at the Institute of 

Technology, Hungarian University of Agriculture and Life Sciences, with the primary focus of analyzing 

bearings, as shown in Figure 1. This setup is a replica of the one explained in [15], intended to detect the 

initial stages of rolling element bearing failure. 

The test bench incorporates an asynchronous motor frequently used in industrial applications such as pumps 

and fans. The bearing model selected for analysis was SKF 1209 EKTN9, renowned for its significant radial 

load endurance and minimal axial load capacity in both directions. The complete test bench assembly 

comprised a motor unit, rolling bearing elements, an electrical control board, and a measuring system (refer 

to Fig. 1). The bench structure was versatile, consisting of two independent grooved tables that could be 

positioned as needed.  

The specifications for the SKF 1209 EKTN9 bearing are as follows: 

• Type: Self-aligning ball bearing 

• Model: SKF 1209 EKTN9 

• Boundary dimensions: 

• Bore diameter (d): 45 mm 

• Outer diameter (D): 85 mm 

• Width (B): 19 mm 

• Dynamic Load Rating (C): Approximately 22.9 KN 

• Static Load Rating (Co): Approximately 7.8 kN 

• Limiting Speed: Approximately 11,000 RPM with grease lubrication 

• Weight: Approximately 0.47 kg 

The mounting of SKF 1209 EKTN9 demands meticulous attention to detail to ensure optimal performance 

and longevity [16]. Initially, the workspace, including the shaft and housing bore, needs to be thoroughly 

cleaned. If necessary, SKF-approved grease should be evenly applied to the bearing's interior and the shaft. 
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However, excessive grease should be avoided as it could cause overheating. The bearing should be placed 

on the shaft such that it slides on smoothly, and it should be tapped into its correct position on the shaft using 

an SKF fitting tool or a sleeve and a soft mallet. After properly aligning the bearing, it should be secured 

following the machine's design specifications, typically involving a locknut or an end plate. Finally, the 

bearing should be manually rotated to check for smooth operation without any unusual noise or friction. 

Always ensure that all safety protocols are followed, and appropriate personal protective equipment is used 

throughout the process. 

 

Figure 1. Experimental Setup of the Rolling Element Bearing Test Bench 

3.2. Alignment Procedure 

Alignment of rotating machinery is essential to ensure the proper functioning of interconnected machines 

and prevent misalignment-related issues. In standard operational conditions, the rotational centers of the 

shafts align perfectly, demonstrating collinearity [17]. Alignment involves adjusting the relative positioning 

of two interconnected machines, such as a motor and a pump, to center the moving machine's shafts with 

those of the stationary machine. During regular machine operation, the axial centerlines converge, 

necessitating the determination and adjustment of the relative positioning of the machines [18]. 

The Fixturlaser XA system is commonly utilised for assessing and rectifying misalignment. This system 

allows for the adjustment of the front and back pairs of the motor's feet, both vertically and horizontally, to 

align the shafts within specified tolerances. A tolerance table provided in the device manual guides this 

alignment process. The Fixturlaser XA system incorporates two measuring units positioned on each shaft 

using fixtures provided with the system, as depicted in Fig. 2. The system calculates the relative distance 

between the two shafts in two planes by rotating the shafts into various measuring positions with the bearings. 

Measurements from the bearing to the coupling and the motor feet are inputted into the system. Subsequently, 

the Fixturlaser XA display provides information on the actual alignment condition and the motor's position, 

enabling explicit adjustments to be made based on the displayed values. The alignment results are stored in 

the memory manager for record-keeping, and the data can be easily transferred to a PC for further analysis 

[19]. 

In Fig. 2 shows the To initiate the defect-creation process, thorough cleaning of the bearing is essential to 

remove any grease or contaminants. Once cleaned, the bearing is positioned in the EDM machine, ensuring 

proper inner race alignment with the electrode. Parameters such as pulse duration, discharge current, and 

voltage are carefully set to create the desired 1 mm defect without causing unintended damage to the rest of 

the bearing. Close monitoring of the process is necessary to prevent over-cutting and ensure precise defect 

size [20]. After the defect is created, the bearing should undergo another round of cleaning to eliminate any 

residual particles. To confirm the size of the defect, precise measuring equipment like a micrometre or optical 

comparator is used for accurate measurements [21].  
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Figure 2. Using Fixturlaser XA system to check the alignment of shaft bearings system 

3.3. Vibration Measurement 

Vibration measurement plays a crucial role in assessing the health of bearings across various types, and it 

can be effectively conducted using a Microlog analyser (Fig. 3). To begin the measurement process, one end 

of an accelerometer is connected to the analyser's Fast Fourier Transform (FFT) port. Then, the other end of 

the accelerometer is attached to the bearing housing in both axial and radial directions, allowing for the 

capture of vibration signals in the form of time-domain and frequency-domain curves. The FFT analyser and 

vibration analysis software interface makes diagnosing bearing defects possible [22]. Alignment adjustments 

are typically performed in the horizontal plane while the motor operates at full speed and under full load 

conditions. To obtain optimal readings, it is advisable to position the accelerometer sensor near the vibration 

generation point, which is usually near the bearing location. This is crucial since issues like shaft 

misalignment can generate forces that impact the bearing [23]. 

 

Figure 3. Vibration Measurement Setup using Microlog Analyzer 

The experimental procedure for vibration measurement is outlined as follows:  

i.  Affix an accelerometer device to the bearing housing in both axial and radial directions. 
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ii.  Connect the accelerometer to the Microlog analyser device using cables. 

iii.  Gather vibration data by running the bearings at various loads and speeds. 

iv.  Analyse the data from the Microlog analyser device using MATLAB software, particularly the 

Signal Processing Onramp tool. 

v.  Analyse the vibration data using both time-domain and frequency-domain techniques. 

vi.  Measure the torque through the bearing under different misalignment cases. 

In the study, the SKF Microlog device as shown in figure, equipped with two accelerometer sensors, will 

be employed to capture vibration data from bearings subjected to axial and radial loads. The investigation 

will also explore the effects of machine and motor imbalances on both roller and sliding bearings, as 

imbalances can generate excessive forces that affect bearing performance. Additionally, the impact of 

misalignment on sliding bearings will be studied. Data collected from the HBM Spider8 acquisition and SKF 

Microlog devices will be analysed using MATLAB software. The SKF Microlog analyser and SKF sensors 

will be utilised to examine the effects of inner race defect in three size 0.5 mm,1 mm and 2 mm on the 

bearing.  

4. Experimental Result 

4.1. Vibration measurement for bearing defect and healthy bearing 

Table 1 presents the True Peak Values (TPV) obtained from vibration measurements for different bearing 

conditions, including a healthy bearing (HB) without any defect and bearings with inner race defects (IRD) 

of varying sizes (IRD0.5 with a 0.5mm defect, IRD1 with a 1mm defect, and IRD2 with a 2mm defect). The 

gE True peak values are reported for different speeds ranging from 500 RPM to 2500 RPM. At a speed of 

500 RPM, the gE True peak value for the healthy bearing (HB) is 0.354. As the size of the inner race defect 

increases, the gE True peak values also increase. The gE True peak value for IRD0.5 is 2.07, IRD1 is 1.64, 

and IRD2 is 1.1. These results indicate that even a small defect size of 0.5mm can significantly impact the 

vibration levels in the bearing. Moving to a higher speed of 1000 RPM, the gE True peak value for the healthy 

bearing is 0.465. Similar to the previous speed, larger defect sizes increase the gE True peak value. The gE 

True peak value for IRD0.5 is 1.28, IRD1 is 2.31, and IRD2 is 2.63. These findings further emphasise the 

correlation between defect size and vibration levels, highlighting the increased impact of larger defects on 

the bearing's vibration signature. At 1500 RPM, the gE True peak value for the healthy bearing is 0.643. The 

gE True peak values for IRD0.5 is 1.4, IRD1 is 1.87, and IRD2 is 1.22. It is notable that the gE True peak 

values for IRD1 and IRD2 are closer to the gE True peak values of the healthy bearing at this speed. This 

suggests that the influence of defect size on vibration levels may vary depending on the operating speed. 

As the speed increases to 2000 RPM, the gE True peak values for the healthy bearing significantly rises to 

1.43. Similarly, the gE True peak values for the bearings with defects also increase. The gE True peak values 

for IRD0.5 is 3.69, for IRD1 is 1.9, and for IRD2 is 3.64. These results indicate that higher speeds amplify 

the effect of defects on vibration levels, resulting in more pronounced differences between healthy and 

defective bearings. Finally, at 2500 RPM, the TPV for the healthy bearing is 1.59. The gE True peak values 

for IRD0.5 is 2.54, IRD1 is 3.54, and IRD2 is 4.58. These findings demonstrate a clear trend of increasing 

gE True peak values with larger defect sizes at higher speeds. 

Table 1. True peak values (TPV) of Bearings with heatley bearing and inner Race Defects  

Speed 

RPM 
HB IRD0.5 IRD1 IRD2 

500 0.354 2.07 1.64 1.1 

1000 0.465 1.28 2.31 2.63 

1500 0.643 1.4 1.87 1.22 

2000 1.43 3.69 1.9 3.64 

2500 1.59 2.54 3.54 4.58 
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4.2. Vibration Measurements for inner race defect in Vertical Direction 

Table 2 presents the effect of inner race defect (IRD) on rolling element bearings at various speeds. The table 

consists of five columns and six rows. The first column represents the rotation speed of the rolling element 

bearing in RPM (revolutions per minute). The position of the Inner Race Defect (IRD) after mounting the 

bearing into the housing can be a critical factor in the experimental setup and subsequent data analysis. The 

second, third, and fourth columns represent the IRD severity levels of 0.5, 1, and 2, respectively. The fourth 

column displays the gE True peak values, which are measures of the vibration of the rolling element bearing. 

The results in Table 2 demonstrate the impact of different IRD severity levels and rotation speeds on the 

vibration of the rolling element bearing. As the severity of the IRD increases, the gE True peak values also 

increase, indicating a higher level of vibration. This observation implies that the inner race defect's severity 

directly influences the bearing's vibration characteristics. Furthermore, it is evident that the gE True peak 

values vary with the rotation speed of the bearing. Some speeds exhibit higher vibration values compared to 

others for the same IRD severity level. 

To visually represent the vibration measurements, Fig. 4 depicts the relationship between the rotation speed 

and the gE True peak values for different IRD severity levels in the vertical direction. The graph highlights 

the increasing trend of vibration with higher IRD severity levels and demonstrates the influence of rotation 

speed on the vibration levels. 

Table 2. True peak values (TPV) for inner race defect in vertical Direction 

Rotation Speed 

RPM 
IRD0.5 IRD1 IRD2 

500 2.07 1.64 1.1 

1000 1.28 2.31 2.63 

1500 1.4 1.87 1.22 

2000 3.69 1.9 3.64 

2500 2.54 3.54 4.58 

 

Figure 4. True peak values (TPV) in vertical direction for Inner Race Defects  
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4.3. Vibration Measurements in Horizontal Direction 

Table 3 presents the effect of inner race defects (IRD) on rolling element bearings at various speeds. The 

table consists of four columns, with the first column representing the rotation speed of the bearing and the 

remaining three columns representing the IRD severity levels (IRD0.5, IRD1, and IRD2). The values in the 

table represent the gE True peak values, which serve as a measure of the vibration amplitude of the bearing. 

The results obtained from experimental investigations indicate that as the speed of the bearing increases, the 

vibration amplitude also increases, suggesting a higher level of IRD severity. Additionally, it can be observed 

that as the severity of IRD increases (from IRD0.5 to IRD2), the vibration amplitude also increases, indicating 

a greater level of damage to the bearing. To visualise the relationship between the rotation speed, IRD 

severity, and vibration amplitude, Fig. 5 illustrates the trend of increasing vibration amplitude with higher 

IRD severity and rotation speed. This graph clearly represents the impact of IRD severity and speed on the 

vibration characteristics of rolling element bearings. The presented table and graph in Figure 7 serve as 

valuable references for diagnosing the severity of IRD in rolling element bearings based on the measured 

vibration amplitude using gE True peak values. By analysing the vibration data at different speeds and IRD 

levels, engineers and technicians can effectively assess the condition of bearings and identify potential issues 

early on, enabling proactive maintenance and reducing the risk of bearing failure. 

Table 3. True peak values (TPV) for inner race defect in horizontal direction 

Rotation Speed 

RPM 
IRD0.5 IRD1 IRD2 

500 1.22 1.44 1.12 

1000 1.26 1.68 1.24 

1500 1.92 2.26 1.79 

2000 3.95 3.77 5.63 

2500 6.7 2.71 6.51 

 

Figure 5. True peak values (TPV) for inner race defct in horizontal for Inner Race Defects  
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with the speed of the rolling element bearing, with some speeds having higher values than others for the same 

IRD severity level. 

5. Conclusion 

 In conclusion, this article has highlighted the significance of early detection and monitoring of bearing 

defects in rotating machinery. Vibration measurement techniques, such as analysing the vibration amplitude 

using gE True peak values, have proven to be reliable and non-invasive methods for assessing the health 

status of rolling element bearings. Through experimental investigations, the effect of inner race defects (IRD) 

on bearing vibration has been examined. The results obtained from the experimental works and the presented 

table have demonstrated that the vibration amplitude of rolling element bearings increases with higher IRD 

severity and rotation speed. This indicates a direct relationship between the severity of IRD, bearing damage, 

and vibration characteristics. By monitoring the vibration amplitude using gE True peak values, engineers 

and technicians can assess the severity of IRD and detect potential bearing failures at an early stage. 

Overall, this article emphasises the importance of vibration measurement techniques and their role in 

detecting and monitoring bearing defects. By leveraging these techniques, engineers and technicians can 

implement effective maintenance strategies, improve operational efficiency, and enhance the reliability and 

lifespan of rotating machinery. The graphs highlights the increasing trend of vibration with higher IRD 

severity levels and demonstrates the influence of rotation speed on the vibration levels Further research is 

recommended to explore additional techniques and technologies for bearing fault detection and diagnosis to 

enhance the reliability of rotating machinery in industrial settings. Finally, the paper provides valuable 

insights into the effect of inner race defects on rolling element bearings and highlights the importance of 

vibration  
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Abstract: By synergizing solar energy with heat pump technology, this solution represents a stride toward a 

greener and more sustainable future, reducing reliance on non-renewable energies and promoting cleaner air 

and a less carbon footprint, simply by using the Solar Assisted Heat Pump (SAHP). In this article, we’ll 

investigate an energy study of a SAHP aiming for further sustainable heating applications, our investigation 

centres on the system’s efficiency and potential energy losses under various conditions: when operating with 

a single compressor versus two, and comparing the impact of insulation versus its absence, to pinpoint areas 

for potential system enhancements. Utilizing CoolPack software, we conduct theoretical calculations of the 

Coefficient Of Performance (COP), aligning our findings with experimental measurements. The results show 

the importance of the insulation in reducing the losses within the system, we were able to conserve 90 W of 

heat power when the system was running with one compressor, and about 429 W when both compressors 

were in operation. 

Keywords: SAHP, heat pump, system efficiency, insulation, compressor(s), energy loss, CoolPack software 

1. Introduction 

Climate change poses a significant threat to the future of our planet, mostly caused by the continuous 

consumption of fossil fuels to meet the energy demands of residential and commercial sectors. The adoption 

of renewable energy not only serves as a strong response to the effects of global warming but also facilitates 

the advancement of energy optimization. Embracing renewable energy solutions, humanity showcases a 

profound commitment to preserving the environment for upcoming generations while positioning ourselves 

to potentially reap the advantages of reduced energy costs [1]. The European Union (EU) has emphasized 

the importance of energy efficiency and renewable energy in its strategic plan for sustainable development, 

recognizing the various challenges associated with this goal. The EU Emission Trading Scheme (ETS) serves 

as evidence of the EU’s commitment to reducing emissions, particularly in the domains of electricity 

generation and large-scale industrial activities [2]. Within this context, the International Energy Agency’s 

2012 report highlighted the diverse heating and cooling demands across the EU’s 27 nations, pinpointing a 

significant demand for low exergy heat, particularly between 60 °C and 100 °C. Notably, these requirements 

are common in diverse sectors, covering industries and individuals, for instance, in cold regions (like 

Budapest), water heating alone contributes to around 15% of the overall energy consumption [3] [4]. Instead 

of resorting to fossil fuel combustion, a more sustainable and efficient alternative lies in the adoption of heat 

pump technology. 

Heat pumps, already recognized for their pivotal role in heating and cooling homes and various other 

industrial applications, have seen an impressive uptake but are also very important in swimming pool 

technology [5], [6]. Between 2010 and 2015, sales figures for electrically driven heat pump units in the EU 

touched approximately 800,000 units annually [7]. This trend underscores the potential of heat pumps in 

electrifying heat, presenting a viable alternative to traditional electrical heating. Their inherent efficiency and 

reduced carbon footprint lend heat pumps a competitive edge [8]. Furthermore, refrigeration emerges as a 
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dominant player in the broader landscape of energy consumption. Serving a plethora of industries, from food 

and beverages to chemicals, refrigeration’s utility in processes ranging from cooling to environmental 

conditioning is undeniable [9]. Combining the power of solar energy with heat pump technology, the SAHP 

stands out as an innovative alternative. This system excels at cooling and heating by harnessing the sun’s 

energy to facilitate enhanced heat exchange, boosting overall efficiency. Integrating solar panels, typically 

solar thermal panels, the SAHP captures solar energy to assist in the heating or pre-heating process. This 

captured energy can pre-heat the refrigerant, reducing the energy required by the heat pump’s compressor 

and other components. In a study conducted by [10], a comparative assessment of Flat-Plate Collector (FPC) 

data was undertaken with a focus on its applications for domestic hot water (DHW). Serving as a real-world 

example for this investigation was a laboratory at Szent Istvan Campus, located in Gödöllő, Hungary; 

practical findings from this case study highlighted that the model utilized achieved a commendable 69% solar 

fraction, corresponding to an annual solar yield of 510 𝑘𝑊ℎ [11]. It’s noteworthy to mention that such 

technologies hold potential for integration with heat pumps, a domain that has seen significant advancements 

over the past two decades. 

 

Figure 1. Experimental layout of a SAHP [12] 

Figure 1 shows a detailed experimental layout of a SAHP. Water is the liquid used for heat transfer in this 

setup as referenced in [12]. This medium circulates through the solar panel, facilitating heat transfer from the 

solar collector to the evaporator and subsequently from the condenser to a storage tank. In certain conditions, 

it may be necessary to mix water with glycol to prevent freezing when the ambient temperature falls below 

0℃ [13] [14]. 

Properly integrating solar thermal collectors with heat pump systems presents a challenge due to the 

inherent complexities of integration. The inconsistency of solar radiation, influenced by climatic shifts and 

diurnal cycles, adds another layer of difficulty, prompting researchers to explore advanced control strategies 

for optimal operation under fluctuating solar conditions. Further, the goal is not only to harness the sun’s 

energy but to do so efficiently, demanding precise calibration for system optimization in real-time [15]. 

Simulation tools offer the means to enhance the effectiveness, operation, and configuration of refrigeration 

cycles. Prior studies have explored the modelling capabilities of heat pumps, as exemplified by [16], who 

demonstrated the efficient modelling of energy characteristics in cooling circuits using straightforward 

software like Solkane 7.0. Additionally, alongside Solkane, CoolPack can be used as a simulation tool for 

the operation of the heat pump and then the SAHP. 

2. Materials and Methods 

2.1. Materials and equipment 

The experiment took place at the energetic building’s laboratory of the Hungarian University of Agriculture 

and Life Sciences, spanning four distinct days in July. The experimental setup consists of two primary 

components: an external flat plate solar collector positioned on the rooftop of the aforementioned building 

and an internal heat pump situated within the laboratory itself. The integration of these components occurs 
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at the evaporator level, facilitating the exchange of heat between the antifreeze flowing through the flat plate 

solar collector and the refrigerant circulating in the heat pump. This interaction enables the efficient transfer 

of thermal energy between the two blocks. For a visual representation, refer to Figure 2, outlining the 

experimental configuration. 

 

 

 

 

 

 

 

 

 

Figure 2. Experimental setup, (A): Schematic diagram, (B): Flat plate solar collector, (C): Heat pump 

A flat plate solar collector with a surface area of 1.92 m² was used. The collector was thoughtfully 

positioned facing southwards at a precise angle of 33 degrees concerning the horizontal plane. The primary 

function of the solar collector was to harness solar energy effectively. A mixture of 70% water and 30% 

glycol was circulated through a network of tubes positioned within the collector to achieve this. We used a 

storage tank of 13 liters to serve as a reservoir for storing the heated antifreeze. In the depicted second 

component, as shown in Figure 2C, which corresponds to the heat pump, a condensing unit equipped with a 

twin compressor manufactured by the renowned company Danfoss was employed. 

(B) 

(C) 

(A) 
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2.2. Measuring instruments 

We strategically positioned multiple sensors and devices in our experimental arrangement to gather essential 

data and monitor the system’s performance. These instruments are presented in Figure 3. 

 

Figure 3. Measuring instruments and sensors, (A): Testo 549i Bluetooth high-pressure gauge, (B): Testo 

115i Bluetooth clamp thermometer, (C): Micro rotating vane anemometer, (D): Temperature sensor “Pt 

100” type, (E): Temperature sensor “K” type, (F): Data logger, (G): Water meter gauge, (H): Ampere 

clamp meter 

To assess pressure and temperature levels at the compressor(s), we employed two sets of Testo smart probes 

and clamp thermometers (refer to Figures 3A and 3B). Utilizing Bluetooth technology, we seamlessly 

transmitted the data on a smartphone. Temperature readings at various system points (outlet and inlet 

temperature of the solar collector, refrigerant’s temperature after passing the condenser, and the airflow 

temperature at the level of the condenser) were captured through “Pt 100” and “K” type sensors (Figures 3D 

and 3E). These readings were then integrated into the ALMEMO device (Figure 3F), conveniently displaying 

results on a connected laptop. For airflow measurement at the condenser back surface (heat outlet), a micro-

rotating vane anemometer (Figure 3C) was employed, and the recorded data were stored on a separate data 

logger. The flow meter (Figure 3G) was strategically positioned vertically on the tubes to measure the flow 

rate of the antifreeze circulating to the solar collector precisely. To determine the compressor’s power 

consumption, an ampere clamp meter was connected to its power supply (Figure 3H). The ALMEMO system 

efficiently stored the amperage clamp meter readings obtained during the experiment. 

2.3. Description of the experiment 

In this experiment, we employed an inorganic fibrous material as insulation for the compressor(s), 

capitalizing on its exceptional thermal properties and non-combustible nature. One of the compressors was 

covered with this insulation material (Figure 4A), while in another case; we insulated both compressors 

(Figure 4B) to thoroughly evaluate losses compared with the non-insulated scenario. Besides the 

compressor(s) insulations, we extended the application to cover the tubes of the heat pump and those 

connected to the solar collector (inlet and outlet tubes) with rubber insulation pipes, making it an ideal option 

for ensuring optimal heat transfer and retention within the entire system. 

To measure the system’s released heat accurately, we arranged nine sensors symmetrically at the 

condenser’s output and added two sensors at its inlet (K-type). Data from these sensors was collected using 

two ALMEMO devices (Figure 3F). The drawing in Figure 4C demonstrates the division of the condenser’s 

back surface, with each sensor centrally positioned within its section. This strategy enabled us to measure 

the difference of the air temperature flowing at the level of the condenser, and subsequently, the heat emitted 

per section. We then summed the heat from each section and applied Equation (2), detailed below, to 

determine the condenser’s total heat discharge. 
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Figure 4. Insulation strategy, (A): Partially insulated system, (B): Totally insulated system.  

(C): Condenser back surface partitioning in [mm]. 

The primary objective of insulating the setup was to minimize heat losses during the operation, thereby 

significantly enhancing the system's overall efficiency. The trials were conducted across a span of four days, 

for each day different setup was tabulated as follows: 

Table 1. Experiments schedule and explanation 

Day Date Description 

1st day July 14, 2023 One compressor is running without insulation. 

2nd day July 17, 2023 Two compressors are running without insulation. 

3rd day July 24, 2023 
One compressor is running with partial insulation (Insulation at the level 

of one compressor and the tubes). 

4th day July 28, 2023 
Two compressors are running with total insulation (Insulation at the level 

of two compressors and the tubes). 

2.4. Adopted calculations 

Energy balance equation for the system: 

 𝑄�̇� = 𝑄�̇� + 𝑃𝑒𝑓𝑓 + 𝐸𝑙𝑜𝑠𝑠 (1) 

Where: 

𝑄�̇�: The total heat flow of the condenser [W], can be calculated as: 

 𝑄�̇� = ∑ 𝑄𝑖
̇ =  �̇�𝐴𝐹 + �̇�𝐵𝐹 + �̇�𝐶𝐹 + �̇�𝐴𝐾 + �̇�𝐵𝐾 + �̇�𝐶𝐾 + �̇�𝐴𝐴 + �̇�𝐵𝐴 + �̇�𝐶𝐴

𝐶𝐴
𝑖=𝐴𝐹  (2) 

The energy released by the condenser per section (𝑄𝑖
̇ ) could be determined as follows: 

 𝑄𝑖
̇ = �̇�𝑎𝑖𝑟 ∙ 𝑐𝑎𝑖𝑟 ∙ (𝑇𝑖 − 𝑇𝐼𝑛𝑙𝑒𝑡) (3) 

Where: 

�̇�𝑎𝑖𝑟: The air's mass flow at the condenser's level [kg/s]. 

𝑐𝑎𝑖𝑟: The specific heat capacity of the air [J/kg·°C]. 

𝑇𝑖: The outlet air temperature of the specific section of the condenser [°C]. 

𝑇𝐼𝑛𝑙𝑒𝑡: The average inlet air temperature of the condenser [°C]. 

𝑄�̇�: The obtained heat from the solar collector [W] can be calculated as follows: 

 𝑄�̇� = �̇�𝐴𝑛𝑡𝑖𝑓𝑟𝑒𝑒𝑧𝑒 ∙ 𝑐𝐴𝑛𝑡𝑖𝑓𝑟𝑒𝑒𝑧𝑒 ∙ (𝑇𝑂𝑢𝑡𝑙𝑒𝑡 − 𝑇𝐼𝑛𝑙𝑒𝑡) (4) 

(A) (B) (C) 
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Where: 

�̇�𝐴𝑛𝑡𝑖𝑓𝑟𝑒𝑒𝑧𝑒: The mass flow of the Antifreeze at the condenser level [kg/s]. 

𝑐𝐴𝑛𝑡𝑖𝑓𝑟𝑒𝑒𝑧𝑒: The specific heat capacity of the antifreeze [J/kg·°C]. 

𝑇𝑖: The outlet temperature of the solar collector [°C]. 

𝑇𝐼𝑛𝑙𝑒𝑡: The inlet of the solar collector [°C]. 

𝑄�̇�: The obtained heat from the solar collector [W] can be calculated as follows: 

𝑃𝑒𝑓𝑓: The power consumed by the compressor [W], can be calculated using the following formula: 

 𝑃𝑒𝑓𝑓 = 𝑈𝑒𝑓𝑓 ∙ 𝐼𝑒𝑓𝑓 (5) 

Where: 

𝑈𝑒𝑓𝑓: The voltage from the grid, is equal to 230 [V]. 

𝐼𝑒𝑓𝑓: The consumed current by the compressor(s) [A]. 

𝐸𝑙𝑜𝑠𝑠: Energy loss of the system [W], can be concluded from the equation (6) as follows: 

                                          𝐸𝑙𝑜𝑠𝑠 = 𝑄�̇� − 𝑄�̇� − 𝑃𝑒𝑓𝑓             (6) 

3. Results 

3.1. Heat pump efficiency 

The theoretical COP is obtained using CoolPack software for the employed refrigerant R22, providing an 

idealized representation of the heat pump’s efficiency. The p-h diagram is built by plotting the pressure and 

temperature data captured by sensors at a critical point in the cycle (without considering pressure and 

temperature drops) as shown in Figure 5A. 

 

Figure 5. Schematic drawing of the experimental setup: (A) Sample p-h diagram, (B) Heat pump 

We calculated the theoretical COP for each day using Equation (7): 

 COP𝐻𝑃𝑡ℎ𝑒𝑜𝑟.
=

𝑄�̇�

�̇�
=

(ℎ2−ℎ4)

(ℎ2−ℎ1)
 (7) 

Where ℎ1, ℎ2, and ℎ4 are the enthalpies at specific points in the cycle, estimated with the help of the 

software. 

The following equation was used to compute the real COP for each day based on the measured data: 

 COP𝐻𝑃𝑟𝑒𝑎𝑙
=

𝑄�̇�

𝑃𝑒𝑓𝑓
 (8) 

The results are illustrated in Figure 6, accompanied by grey bubbles indicating the average system loss in 

each scenario. 

(A) (B) 
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Figure 6. Average COP results and energy losses 

It’s evident that the theoretical COP values are higher than the real ones, attributed to measurement errors, 

heat dissipation, and operational parameter discrepancies. However, a consistent correlation exists between 

the values, with insulation consistently leading to higher COP, as observed: 

On the 1st and 3rd days, the non-insulated heat pump with one operating compressor exhibited higher loss 

(419 W) compared to the insulated counterpart (329 W). Theoretical COPs were 4.67 and 5.13, while real 

COPs were 2.35 and 2.6, respectively. 

On the 2nd and 4th days, the non-insulated heat pump with two operating compressors had the highest loss 

(706 W) among the scenarios, and the loss reached the lowest value when the insulted applied (277 W). 

Theoretical COPs were 3.78 and 4.54, while real COPs were 2 and 2.08, respectively. 

3.2. System energy analysis 

  
        QḢ: Total energy released by the condenser, 
       TOutlet: Outlet temperature of the solar collector, 

        𝑄�̇�: The obtained heat from the solar collector + 𝑃𝑒𝑓𝑓: Consumed power by the compressor(s) 

Figure 7. Energy comparison of the system 
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In this section, we’ll understand more about the losses that occur during the system by presenting the 

condenser’s thermal performance concerning the energy consumed by the compressor(s) and extracted heat 

from the solar plate, as mathematically shown in equation (1). The graphs in Figure 7 exhibit the measured 

energies besides the outlet temperature of the solar collector, the measurements were conducted throughout 

the day, however, due to data losses and transient periods, we are adopting the evaluation from 10:30 AM to 

2:30 PM (a total of four hours of operation). 

The graphical contrast between the orange and blue plots illustrates the energy losses in our system. The 

alignment is particularly pronounced on days when insulation is applied, underscoring the insulation’s 

efficacy in mitigating losses. A correlation was found between the outlet temperature of the solar collector 

and the reduction in energy losses. Specifically, a lower outlet temperature corresponded to a decrease in the 

absorbed heat, consequently resulting in diminished overall system losses. 

4. Conclusions 

Given that heating is a crucial energy requirement for individuals and businesses worldwide, the importance 

of well-designed equipment such as the SAHP system becomes essential. This not only translates into 

tangible cost savings but also contributes significantly to reducing carbon footprints, aligning with the global 

push for sustainable living. By carrying out methodical experiments and conducting a thorough analysis, we 

have discovered valuable insights into the operational efficiency of this technology. Our findings demonstrate 

that the application of insulation aids in achieving a state of perfect reversibility by minimizing energy loss 

caused by external thermal transformations. Additionally, increasing the operational units of the compressor 

can further reduce these losses. Furthermore, we discovered that the system was unable to effectively utilize 

the heat gained by the solar collector, when the outlet temperature of the solar collector increases, the amount 

of heat acquired increases as well, resulting in system losses. In conclusion, while insulation and compressor 

functioning are crucial factors in the SAHP, there are additional components inside the system that 

significantly influence overall efficiency and should be taken into consideration for future studies and 

designs, such as the evaporator and the solar collector. 
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