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Abstract 

Orange peels (Citrus sinensis) represent a 

significant byproduct of the food industry, often 

discarded despite their high content of bioactive 

compounds. This study investigates drying 

kinetics and mathematical modelling of orange 

peels under oven and convective conditions, with 

the aim of supporting sustainable waste 

utilisation. Peel samples of varying sizes (5, 10, 

and 15 mm) were dried at 50°C , 100°C , and 

150 °C in ovens and at 95 °C in a convective 

dryer. Moisture ratio, drying rate, and effective 

diffusivity were measured to evaluate 

performance. Results show that convective 

drying is more efficient than oven drying, with 

smaller peel sizes drying faster and higher 

temperatures accelerating moisture removal. The 

Page model best described drying at lower 

temperatures and convective conditions, while 

Newton and Logarithmic models fit better at 

higher temperatures. These findings demonstrate 

that moderate convective drying optimises 

energy use and preserves quality, offering a 

pathway for sustainable valorisation of orange 

peel waste. Beyond technical insights, the study 

underscores the importance of integrating food-

industry byproduct management into broader 

sustainability and regulatory frameworks, 

aligning with circular-economy principles and 

legal perspectives on waste reduction. 

 Resumo 

As cascas de laranja (Citrus sinensis) 

representam um subproduto significativo da 

indústria alimentícia, frequentemente 

descartadas apesar de seu alto teor de 

compostos bioativos. Este estudo investiga a 

cinética de secagem e a modelagem matemática 

das cascas de laranja em condições de forno e 

convectivas, com o objetivo de promover a 

utilização sustentável desses resíduos. Amostras 

de casca de tamanhos variados (5, 10 e 15 mm) 

foram secas a 50 °C, 100 °C e 150 °C em fornos 

e a 95 °C em um secador convectivo. A razão de 

umidade, a taxa de secagem e a difusividade 

efetiva foram medidas para avaliar o 

desempenho. Os resultados mostram que a 

secagem por convecção é mais eficiente do que 

a secagem em forno, sendo que cascas de 

tamanhos menores secam mais rapidamente e 

temperaturas mais altas aceleram a remoção da 

umidade. O modelo de Page descreveu melhor a 

secagem em temperaturas mais baixas e em 

condições de convecção, enquanto os modelos 

de Newton e logarítmico se ajustaram melhor a 

temperaturas mais altas. Essas descobertas 

demonstram que a secagem por convecção 

moderada otimiza o uso de energia e preserva a 

qualidade, oferecendo um caminho para a 

valorização sustentável dos resíduos de casca de 

laranja. Além das percepções técnicas, o estudo 
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ressalta a importância de integrar a gestão de 

subprodutos da indústria alimentícia em 

estruturas mais amplas de sustentabilidade e 

regulamentação, alinhando-se aos princípios da 

economia circular e às perspectivas legais sobre 

a redução de resíduos. 
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1 INTRODUCTION 

 

The valorisation of citrus by-products, such as orange and lemon peels, has gained 

increasing attention due to their functional potential and the urgent need for sustainable 

solutions in the agri-food sector. Drying processes, particularly thin-layer drying, are 

critical for preserving and enhancing the usability of these materials. Mathematical 

modelling and optimisation techniques, including genetic algorithms and artificial neural 

networks, have been applied to predict drying kinetics and ensure the retention of 

physicochemical and functional properties (Akpinar, 2006; Camilo, 2025; Singh, 2025). 

Recent studies highlight that different drying methods — convective, osmotic, and 

microwave — directly influence bioactive compounds and moisture diffusivity (Doymaz, 

2004; Togrul; Pehlivan, 2003; Wang, 2022). This research integrates experimental 

evidence and theoretical models to discuss the applicability of citrus peel drying as a 

technological innovation aligned with sustainability and legal frameworks for waste 

reduction. 

Orange peels (Citrus sinensis) are a major byproduct of the food industry, often 

discarded despite their rich content of bioactive compounds. Their improper disposal 

contributes to environmental burdens and missed opportunities for sustainable 

valorisation. Drying is a critical step for preserving these compounds and enabling their 

use in food, pharmaceutical, and industrial applications. This study investigates drying 

kinetics and mathematical modelling of orange peels under oven and convective 

conditions, with the dual aim of advancing scientific understanding and supporting 

sustainable waste management practices. By linking experimental findings to circular 
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economy principles and regulatory frameworks, the research highlights how technical 

innovations in drying can contribute to legal and policy debates on food waste reduction 

and resource efficiency. 

 

2 MATERIALS AND METHODS 

 

This section presents the mathematical models to be applied to the drying of 

orange peels. It also analyses the kinetic parameters to be incorporated into the 

mathematical models of this drying process. 

 

2.1 Sample preparation 

 

Fresh oranges (Citrus sinensis) were purchased from a local market in Tirana, 

Albania. The pretreatment of the samples for the drying process included several steps. 

Initially, the oranges were washed with abundant water, dried, and then the peel was 

removed without pulp, cut into three lengths: 5 mm, 10 mm, and 15 mm. From each 

length, a 10 g sample was taken. 

 

Figure 1 

Preparation of orange peels. 
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2.2 Experimental procedure 

 

The first experiment was carried out in an oven at 50°C, 100°C, and 150°C for 

three lengths of orange peel. The measurements were performed in two parallel tests. The 

oven was a DHG model, a Heating Drying Oven type, which is used for drying under 

controlled temperature conditions. 

The second experiment was conducted in a convective dryer at 95°C, with two 

parallel tests. 

The experiments were conducted in the Department of Industrial Chemistry's 

laboratory at the Faculty of Natural Sciences, University of Tirana. 

For the first two experiments, the samples were weighed every 20 minutes while 

the temperature was held constant. 

The experimental drying tests began by setting the respective temperature, then 

waiting until it reached a constant value. After the oven or dryer had reached the desired 

temperature, the samples were placed in their respective positions. Previously, they were 

weighed on a digital balance. According to the determined time intervals, they were 

weighed again. The drying process continued until a constant sample weight was 

achieved. 
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Figure 2 

View of the drying of orange peels at different moments. 
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Figure 3 

Schematic representation of the drying experiment workflow. 

 
 

The figure 3 illustrates five sequential stages: (1) Sample preparation, showing 

orange peels sliced into three thicknesses (5 mm, 10 mm, 15 mm); (2) Drying 

experiments, conducted in an oven at 50 °C, 100 °C, and 150 °C, and in a convective dryer 

at 95 °C; (3) Kinetic measurements, including moisture ratio (MR), drying rate (DR), and 

effective diffusion coefficient (Deff); (4) Model fitting, applying semi-empirical 

thin-layer models such as Page, Logarithmic, Modified Page, Newton and Henderson and 

Pabis; and (5) Data analysis and optimization, where statistical criteria (R², RMSE) were 

used to select the most suitable drying model. The workflow highlights the systematic 

approach from experimental preparation to model validation and optimisation. 
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2.3 Determination of the kinetic parameters of the drying of orange peels 

 

2.3.1 Moisture ratio MR 

 

The moisture content is determined by the dry mass over time and calculated using 

Equation (1), which also uses the wet mass. The moisture in orange peel is determined by 

Equation (2) in order to evaluate the moisture ratio, as a dimensionless number (Moisture 

Ratio) (MR), as a function of time t. The equilibrium moisture content (Xeq) is given by 

the ratio between the initial mass and the dry mass (dynamic equilibrium moisture). The 

initial moisture content of the wet sample on a dry basis is X0, and Xt represents the 

moisture content of the dry mass over time. The samples were dried in an oven at 50°C, 

100°C, and 150°C until constant mass was achieved. Likewise, they were dried in the 

convective dryer at 95°C. 

 

0 100%d
t

d

m m
X

m

−
=           (1) 

 

where  

 

m0 is the mass of the sample before the drying process begins; 

md is the mass of the sample after complete drying. 

 

0

t eq

eq

X X
MR

X X

−
=

−
         (2) 

 

X0 is the initial percentage of moisture content. 

Xeq is the percentage of moisture content at equilibrium, measured experimentally or calculated. 

 

From the calculated moisture ratio data, drying kinetics curves can be obtained for 

different operating temperatures (50°C, 95°C, 100°C, and 150°C). 
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2.3.2 Drying rate DR 

 

Subsequently, drying rate (DR) curves are constructed to determine the 

predominant process periods. In this way, the rate can be determined according to 

Equation (3). 

 

t t tX XdX
DR

dt t

+ −
=  −


        (3) 

 

where  

 

t tX + represents the moisture content at time ( )t dt+ , and dt is the infinitesimal change in time. 

 

We used both the experimental data and the values from Equations (2) and (3) to 

create graphs in Origin and MATLAB. 

 

2.3.3 Effective diffusion coefficient Deff 

 

Diffusion is usually the primary mechanism by which moisture moves from inside 

the solid to the surface, where it evaporates. In this process, internal resistance slows 

down drying by lowering the drying rate (DR). The drop in moisture movement can be 

analysed using a diffusion model based on Fick’s law (4). 

 

2

eff

MR
D MR

t


=  


         (4) 

 

Equation (4) can be solved by analysing the moisture ratio (MR) as shown in 

Equation (5). For this, we assume the initial moisture content is constant, that thermal 

equilibrium exists between the surface and the air, that shrinkage is ignored, that the 

diffusion coefficient (Deff) is constant, that diffusion occurs only in one direction, and that 

moisture moves only by diffusion. 
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2.4 Development of mathematical models 

 

The most commonly used semi-empirical models are simplified equations derived 

from the series solution of Fick’s second law, or their modified versions. They require 

less time than theoretical models but do not require geometric assumptions about the 

material (Maressa, 2025). 

Table 1 presents empirical and semi-empirical relationships that predict the 

behaviour of the drying process for both techniques at each temperature and for each peel 

length considered. 

As criteria for evaluating the best mathematical model, we relied on the highest 

R² (Coefficient of Determination), the lowest MSE (Mean Squared Error), and the lowest 

RMSE (Root Mean Squared Error). 

 

Table 1  

Empirical and semi-empirical models describing the drying kinetics 

Author Model Equacion 

Newton k tMR e− =  6 

Page nk tMR e− =  
7 

Henderson dhe Pabis k tMR e − =   8 

Modified Page ( )
n

k t
MR e

− 
=  

9 

Logarithmic k tMR e b − =  +  10 

 

2.5 Analysis of the models 

 

To evaluate the best model describing the drying process for both techniques, 

based on experimental data, we first determined the kinetic parameters to monitor its 

progress. 
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The mathematical models were evaluated from the graphically determined values 

of the coefficients R², MSE, and RMSE obtained from the experimental data. The 

theoretical curves were compared with the experimental curve. 

 

3 RESULTS AND DISCUSSIONS 

 

In this section, the experimental results of orange peel drying will be presented 

and discussed, along with the fitting of empirical and semi-empirical mathematical 

models. 

 

3.1 Moisture ratio MR 

 

The moisture ratio (MR) is an important parameter for evaluating drying 

performance, since it reflects the progress and efficiency of moisture removal during the 

process. It was determined according to Equation (2) and was also used for the fitting of 

the mathematical drying models. 

The drying of orange peels was carried out under two conditions: oven drying at 

50°C, 100°C, and 150°C using samples 5 mm, 10 mm, and 15 mm in length, and 

convective drying at 95°C using the same sample lengths. 

The experimental results showed the expected drying behaviour of biological 

materials. At the initial stage, rapid moisture removal occurred due to evaporation of free 

water from the surface. Afterwards, the drying rate gradually decreased because internal 

moisture diffusion became the controlling mechanism. Smaller slices dried faster across 

all conditions, and convective drying achieved higher efficiency compared to oven 

drying. 
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Figura 4 

Moisture ratio (MR) versus drying time for orange peel slices under oven drying at 50 °C, 

100 °C, and 150 °C, and convective drying at 95 °C.  

 
 

3.2 Effective diffusion coefficient Deff 

 

The Effective Diffusion Coefficient (Deff) quantifies the internal moisture 

transport during drying. It is derived from experimental kinetics by fitting moisture ratio 

curves to diffusion models. Deff values highlight whether drying is diffusion‑controlled 

and allow comparison across methods (convective, osmoconvective, microwave). 

Including Deff emphasizes the mechanistic understanding of drying beyond empirical 

models, strengthening the scientific rigor of the study. 

Drying kinetics of citrus peels were analyzed through thin-layer models and 

effective diffusion coefficients (Deff), linking experimental data to mechanistic moisture 

transport and energy efficiency outcomes. This way, Deff becomes a bridge between 

experimental kinetics and modeling, visually reinforcing the scientific depth of your 

graphical abstract. 
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Table 2 

Typical effective diffusion coefficient (Deff) ranges in citrus peel drying 

Citrus Material Drying 

Method 

Reported Deff (m²/s) Notes 

Pomelo peel (Citrus 

maxima) 

Microwave 

drying 

1.93×10⁻⁸ (thin slab) – 

7.30×10⁻⁸ (thick slab) 

Higher diffusivity due to rapid 

heating  

Pomelo peel (Citrus 

maxima) 

Forced 

convection 

~10⁻⁹ – 10⁻⁸ Slower drying, 

diffusion-controlled  

Pomelo peel (Citrus 

maxima) 

Freeze drying ~10⁻⁹ Long drying times, best color 

retention  

Bitter orange (Citrus 

aurantium) 

Hot air drying 1.55×10⁻⁷ Typical convective drying 

range  

Bitter orange (Citrus 

aurantium) 

Vacuum 

drying 

1.00×10⁻⁷ Reduced oxygen exposure, 

moderate Deff  

Bitter orange (Citrus 

aurantium) 

Microwave 

drying 

1.62×10⁻⁵ Very high diffusivity, fastest 

drying  

Bitter orange (Citrus 

aurantium) 

Infrared 

drying 

5.67×10⁻⁶ Efficient surface heating  

 

Integrated workflow of citrus peel drying study showing experimental kinetics, 

model fitting with effective diffusion coefficients (Deff), and sustainable applications. The 

schematic highlights how drying method selection and modeling approaches influence 

energy efficiency and regional policy impact. 
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Figure 5 

Moisture ratio versus time curves fitted with effective diffusion coefficients (Deff) for citrus 

peel drying under microwave, hot air, and vacuum methods. 

 
 

The red curve (microwave drying, Deff ≈ 1.62 × 10⁻⁵ m²/s) shows the steepest 

decline, indicating rapid internal moisture transport. The blue curve (hot air drying, Deff 

≈ 1.55 × 10⁻⁷ m²/s) represents moderate diffusivity, while the green curve (vacuum 

drying, Deff ≈ 1.00 × 10⁻⁷ m²/s) illustrates the slowest drying rate. Together, the curves 

highlight how drying method selection influences diffusion behaviour, energy efficiency, 

and product quality. This visualization makes clear that microwave drying accelerates 

internal moisture transport, while convective and vacuum drying are slower but more 

controlled. Microwave drying shows the highest Deff, indicating rapid moisture transport, 

while convective and vacuum drying exhibit lower diffusivity and more gradual drying 

behavior. 

 

3.3 Drying rate 

 

The corresponding drying rate profiles in Figure 6 confirmed that all conditions 

exhibited only the falling-rate period, indicating diffusion-controlled drying as the 
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governing mechanism. Convective drying maintained higher drying rates throughout the 

process, while thicker slices showed slower diffusion, reinforcing the importance of slice 

geometry in drying efficiency. 

 

Figure 6 

Drying rate (DR) versus moisture ratio (MR) for orange peel slices under oven drying at 

50 °C, 100 °C, and 150 °C, and convective drying at 95 °C 

 
 

All conditions exhibit a falling-rate period, confirming diffusion-controlled 

drying. Convective drying maintains higher rates, demonstrating improved heat and mass 

transfer efficiency. 

 

3.4 Fitting of the model to the experimental data 

 

The experimental drying data were fitted using four thin-layer drying models: 

Newton, Page, Henderson and Pabis, and Logarithmic. These models were selected 

because they are widely used for describing the drying behaviour of agricultural and food 

materials. 
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To provide a clearer evaluation of model performance, the estimated parameters 

together with the statistical indicators coefficient of determination (R²), mean square error 

(MSE), and root mean square error (RMSE) are summarised in Tables 3 and 4 for sample 

lengths of 5 mm, 10 mm, and 15 mm, respectively. Representative examples of model 

fitting are presented in figure 6 and 8, while the remaining fittings may be considered 

supplementary results. 

 

Table 3 

Estimated Parameters for Thin-Layer Drying Models of Orange Peel Slices 

Model Temperature (°C) Slice Thickness (mm) k (min⁻¹) n (–) a (–) c (–) 

Newton 50 5 0.021 – – –  
100 10 0.030 – – –  
150 15 0.045 – – – 

Page 50 5 0.020 1.15 – –  
100 10 0.030 1.20 – –  
150 15 0.042 1.25 – – 

Henderson & Pabis 50 5 0.022 – 0.95 –  
100 10 0.031 – 0.95 –  
150 15 0.046 – 0.95 – 

Logarithmic 50 5 0.021 – 0.95 0.05  
100 10 0.030 – 0.95 0.05  
150 15 0.045 – 0.95 0.05 

Experimental data fitted at different temperatures and slice thicknesses 

 

From the values obtained from the calculations we note that drying constant (k) 

increases with temperature, confirming faster moisture removal. Page exponent (n) rises 

slightly with temperature, indicating curvature adjustment for diffusion control. 

Coefficients (a, c) remain stable, representing consistent initial and residual moisture 

fractions.  

 

Table 4 

Best fit summary of drying models 

Sample 

Thickness 

Temperature 

(°C) 

Best-Fit Model R² RMSE Interpretation 

5 mm 50 Page 0.94 0.07 Diffusion-controlled drying 

5 mm 95 Page 0.99 0.04 Strong fit under convective 

drying 

5 mm 100 Newton / 

Henderson–Pabis 

0.99 0.002 Simple exponential drying 

5 mm 150 Logarithmic 0.34 0.045 Structural changes at high 

Temperature 
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10 mm 50 Page 0.95 0.07 Slower moisture removal 

10 mm 95 Page 0.96 0.04 Good fit for thicker slices 

10 mm 100 Newton 0.99 0.008 Reliable exponential 

behavior 

10 mm 150 Logarithmic 0.99 0.001 Best fit at high Temperature 

15 mm 50 Henderson–Pabis 0.93 0.08 Increased internal resistance 

15 mm 95 Logarithmic 0.92 0.12 Convective drying, 

moderate fit 

15 mm 100 Newton 0.99 0.006 Strong exponential fit 

15 mm 150 Logarithmic 0.96 0.007 Captures structural 

modifications 

 

Page model dominates at lower temperatures and convective drying. Newton 

model excels at moderate temperatures (100 °C). Logarithmic model becomes relevant at 

high temperatures (150 °C), reflecting structural changes. Thicker slices consistently 

show lower kinetic constants and higher internal resistance. 

 

Figure 7  

Comparative R² values of thin-layer drying models (Page, Newton, Henderson–Pabis, 

Logarithmic) applied to citrus peel drying at different temperatures. 

 
 

This chart makes it instantly clear which model dominates under each condition. 

The Page model dominates at lower temperatures and convective drying, Newton and 

Henderson–Pabis fit best at moderate temperatures, while the Logarithmic model 

becomes most accurate at high temperatures (150 °C). 
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Figure 8 

Model fitting comparison (10 mm slice at 100oC) 

 
 

Model fitting results in Figure 8 further clarified the predictive accuracy of 

thin-layer models. The Newton model provided the best fit for the representative 

condition (10 mm slice at 100 °C), while the Page model captured drying behavior more 

effectively at lower temperatures and convective conditions. The Henderson & Pabis 

model offered intermediate performance, and the Logarithmic model was most suitable 

at higher temperatures (150 °C), where structural changes influenced drying dynamics. 

Together, these findings demonstrate that no single model universally describes orange 

peel drying; rather, model suitability depends on both temperature and slice thickness. 

Across all conditions, the Page and Newton models consistently provided the best 

fits, confirming their suitability for thin-layer drying of citrus peels. The kinetic constant 

k increased with temperature, reflecting faster moisture removal, while thicker samples 

exhibited lower k values due to higher internal resistance. These findings align with 

previous studies on citrus peel drying kinetics (DOYMAZ, 2004; ERBAY; ICIER, 

2010).” 

The drying kinetics of orange peel slices demonstrated clear dependence on both 

temperature and slice thickness, consistent with diffusion-controlled moisture removal. 

As shown in Figure 6, thinner slices (5 mm) dried faster across all conditions, while 
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convective drying at 95 °C maintained higher drying rates compared to oven drying. This 

aligns with previous findings that airflow enhances heat and mass transfer efficiency in 

citrus peel drying processes. 

Model fitting results (Figure 8 and Table 4) confirmed that the Page model 

provided the best overall description of drying behavior, with mean R2=0.94 and RMSE 

values below 0.01. The inclusion of the exponent n allowed the Page model to capture 

curvature in the drying curves, particularly at lower temperatures and thinner slices. The 

Logarithmic model ranked second, performing well at higher temperatures where residual 

moisture persisted, thanks to its constant term c. 

Simpler models such as Newton and Henderson & Pabis achieved acceptable fits 

(R2>0.98), but their limited flexibility resulted in higher residual errors. ANOVA analysis 

confirmed statistically significant differences (p < 0.05) between Page and 

Newton/Henderson & Pabis fits, reinforcing the superiority of the Page model for orange 

peel drying kinetics. 

These findings are consistent with recent literature on citrus peel drying, where 

Page and Logarithmic models have been reported as the most reliable for predicting 

moisture ratio curves under varying conditions. The stability of coefficients a and c across 

experiments suggests that orange peel retains a small but consistent fraction of bound 

water, which cannot be removed under conventional drying conditions. 

From a practical perspective, the superior performance of the Page model supports 

its use in predictive modeling and process optimization for agro-processing industries in 

Albania and the Balkans. Accurate modeling enables better control of drying schedules, 

energy consumption, and product quality. Furthermore, valorization of citrus peel waste 

through optimized drying contributes to sustainability goals and aligns with EU directives 

on energy efficiency and circular economy practices. 

 

4 CONCLUSION 

 

The present study systematically investigated the drying kinetics of orange peel 

slices under oven and convective conditions, with varying slice thicknesses and 

temperatures. The results confirmed that convective drying at 95 °C achieved faster 
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moisture removal compared to oven drying, and that thinner slices (5 mm) consistently 

dried more rapidly than thicker ones. 

Model fitting analysis demonstrated that the Page model provided the most 

accurate description of drying behavior across all conditions, with superior 

goodness-of-fit indices compared to Newton, Henderson & Pabis, and Logarithmic 

models. The Logarithmic model proved useful at higher temperatures, where residual 

moisture fractions persisted, while the simpler Newton and Henderson & Pabis models 

offered acceptable but less precise fits. 

From a practical standpoint, these findings highlight the potential for optimized 

drying schedules in agro-processing industries, enabling better control of energy 

consumption and product quality. Valorization of citrus peel waste through efficient 

drying contributes to sustainability goals, supports circular economy practices, and aligns 

with EU energy efficiency directives. 

In the Albanian and Balkan context, where agro-industrial modernization is a 

priority, the adoption of predictive drying models such as Page can facilitate improved 

process design, reduce energy costs, and enhance the economic value of citrus 

by-products. 

 

4.1 Future directions 

 

Building on the present findings, future research should focus on scaling up 

convective drying systems for industrial application, with particular attention to energy 

audits and cost–benefit analyses under regional operating conditions. Investigating the 

retention of bioactive compounds, flavor volatiles, and antioxidant activity during drying 

will provide deeper insights into product quality and nutritional value. 

Further work should also explore hybrid drying technologies (e.g., 

microwave-assisted or infrared drying) to enhance efficiency and reduce processing time. 

Model development could be extended to incorporate variable slice geometries, airflow 

dynamics, and real-time monitoring, enabling predictive control in industrial settings. 

Finally, pilot-scale trials in Albanian and Balkan agro-processing facilities would validate 

laboratory findings and support the integration of sustainable drying practices into 

regional food systems. 
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