


Assessment of The Performance of Energy-Efficient Electric And Solar Tunnel Dryers For Drying Tomatoes

Abstract
[bookmark: _GoBack]Postharvest losses of tomatoes (Solanum lycopersicum) in Tanzania have become unacceptably high, exceeding 50% due to the perishable nature of the produce, inadequate preservation practices, and the lack of affordable and effective preservation technologies. This research compares solar tunnel drying with electric drying for fresh tomato processing under critical drying conditions, including temperature, relative humidity (RH), wind speed, as well as solar radiation intensity. The study obtained fresh and defect-free ripe tomatoes directly from Mlali Ward farmers, followed by processing through the use solar drying technology at the Sustainable Green Energy Cooperative (SUGECO) situated in Morogoro Municipal and through the use of an energy-efficient electric dryer at Sokoine University of Agriculture (SUA), School of Engineering and Technology.
The electric dryer was operated under controlled conditions, including maintaining temperatures between 50 and 65°C and RH between 20 and 60%, which resulted in moisture reduction from 95% to 10.4%, within 12 hours. The solar tunnel dryer was operated under inconsistent environmental conditions where the temperature ranged between  30 and 50°C, while the Relative Humidity remained at 30 to 65%, attaining moisture content reduction to less than11% within 18 to 20 hours. Despite the environmental variability, solar drying was found to be effective during peak solar hours when solar intensity exceeded 1000 W/m² and wind speed exceeded 2.5 m/s. ).
The results show that although electric dryers provide quicker and more reliable drying, small-scale farmers cannot afford them due to their high energy requirements. On the other hand, solar tunnel dryers provide rural communities an affordable and environmentally friendly substitute. To decrease postharvest losses, enhance food security, and raise household income in Tanzanian tomato-producing regions, the study suggests improving solar dryer design, encouraging local fabrication, and strengthening farmer training and policy assistance.
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1.0 Introduction
1.1 Background information
Tomato (Solanum lycopersicum) is one of the most important and widely cultivated horticultural crops globally, valued for its nutritional content, versatility in culinary use, and economic significance. There are variations in cultivation as governed by climatic, agronomic, and socio-economic circumstances of diverse regions. Tomatoes are eaten raw and in manufactured foods like tomato sauces, tomato juice, tomato paste, as well as canned tomatoes. In 2022, the Food and Agriculture Organization (FAO, 2023) reported that approximately 186.1 million tons of tomatoes were produced worldwide on more than 5 million hectares of land. The role of tomatoes in the global market has continued to be given more emphasis by the rising demand for vegetables by the consumer, who is now more aware of their health and nutritional values.
Tomatoes are well valued in terms of food and nutrition security. They are rich in essential nutrients such as vitamins A and C, potassium, dietary fiber, and bioactive compounds like lycopene, β-carotene, and flavonoids, which act as antioxidants that protect the body from oxidative stress (Abu Haraira et al., 2022; Umeohia & Olapade, 2024). Lycopene, in particular, has been associated with a reduced risk of several non-communicable diseases, including cardiovascular conditions and prostate cancer (Luo et al., 2021). Due to such properties, tomatoes can be described as functional foods that could potentially help in solving micronutrient deficiencies, particularly in low-income and nutrition-sensitive groups.
In Africa, the average volume of the tomato crop is about 23 million tons each year (Helgi Library, 2023). The majority of the producers who are said to provide a lot in terms of national consumption and export of the product are in Nigeria and Egypt. But this has not been the only answer to the problem of postharvest losses, which range from  30% to 50% (Akinwale et al., 2021). The primary reason that characterizes these losses is improper handling, lack of proper storage facilities, and lack of more affordable processing technology. These deficiencies result  in loss of large amounts of tomatoes that are produced, thus giving way to low income levels at the farm level and low food supplies, and inefficiency in the value chain.
Tomato is among the horticultural crops that are cultivated in East Africa, including Kenya, Uganda, and Tanzania. Helgi Library (2023) further estimates that tomatoes grown in Tanzania amount to about 464,000 tons on more than 37,000 hectares of land. Nevertheless, huge supplies are particularly noticeable in areas like Morogoro, Arusha, and Iringa, with the favorable agro-ecological conditions to allow year-long production (Mwanekoma et al., 2023). The crop is useful in rural livelihood in terms of food and income security, as well as a major supplier to the development of the country's agribusiness.
Tomatoes are also a significant food crop to the economy of Tanzania as well as to their nutrition, but there are numerous challenges that affect their postharvest management. Tomatoes are perishable because of their high moisture content; this makes them susceptible to rapid decay, especially when subjected to high temperatures and ineffective handling. Postharvest losses have been reported to be as high as 40 percent, mainly due to congestion in the market during the high harvest season, as the market cannot keep up with the supply (Msuya et al., 2021). Such losses take place at several levels of the value chain, starting with harvesting and on-farm handling, to storing, transportation, and marketing, compounded by poor infrastructures where temperatures cannot be controlled to preserve perishable goods, poor road systems, and limited access to the markets (Akinwale et al., 2021).
To reduce postharvest losses and increase the shelf life of tomatoes, there are some preservation methods as well as processing methods that can be used. Among  the most available and affordable drying, or inexpensive methods, is to avoid the presence of microbes and enzyme activity causing spoilage. Drying can also decrease the logistic costs since the product has less weight and is easy to store and transport (Hilmi, 2022). Smallholder farmers can use this opportunity to add value to the crop, stabilize their income base, and minimize the effects of periodic changes in prices.
In Tanzania, the open sun drying is a traditional method that has been largely used where tomatoes are placed on the mats, roof tops, as well as bare open grounds, and left to dry. Although the approach is cheap and not complex, it has a number of drawbacks. It is prone to uneven drying since it is weather-dependent, and since it is exposed to dust, insects, and microorganisms, both the safety and quality of the final product are impaired (Kimaro et al., 2022). As a result, there is an increase in demand for more effective drying technologies that can provide quality control of products and good safety. However, cost, technical competence, and adoption of modern drying technologies by the user are some of the factors that will determine the level of adoption in Tanzania. The financial support and the required training are also not available to many smallholder farmers for installation and use of the more advanced drying systems (Ngulube et al., 2023); (Agarwal et al., 2021). A possible solution based on solar resources with high potential and the ability to work regardless of the central power grid of the country is solar tunnel dryers. These dryers are in line with the goals of sustainable development and climate adaptation in Tanzania due to their low cost and being energy-efficient technology that can be used in agricultural communities with low access to modern processing units.
Morogoro, situated in eastern Tanzania, is a region with a sufficient amount of sunlight and a high density of smallholder tomato producers; thus, it will be a good place to conduct tests and applications of solar drying technology (URT, 2021). The climatic conditions of the area and the specifics of agricultural production are more than suitable to grow tomatoes and use solar tunnel drying technology to manage the postharvest losses (Mboya & Ndyetabula, 2022; FAO, 2023). Also, an increase in the number of farmers and other stakeholders, including local non-governmental organization (NGOs), agricultural extension services, and research institutes involved in the elevation of solar tunnel dryers and other energy-efficient drying methods is improving the economic value of tomatoes and decreasing the postharvest losses (Mtega et al., 2022). Such innovations are useful in opening new markets to smallholder farmers, raising incomes, and enhancing national food and economic security in areas such as Morogoro (Kangile et al., 2023).
The government has prioritized sustainable food systems and postharvest losses attributable to the Tanzania Agriculture and Livestock Policy (2022) and international commitments, particularly the Sustainable Development Goals (SDGs) 2 (Zero Hunger), 9 (Industry, Innovation and Infrastructure), and 12 (Responsible Consumption and Production) (URT, 2022; UNDP, 2023). Such technologies have to be scaled along the tomato value chain with supporting infrastructures, better skills, and an enabling policy environment.
The purpose of the study is to quantify and compare the efficiency of solar tunnel and energy-saving electric dryers to minimize tomato postharvest losses and retain the quality of the produce in Morogoro. Already, this region has experienced pilot testing of such technologies by development partners and research centers, and one of them is SUGECO and Sokoine University of Agriculture (SUA) (SUGECO, 2024). The results of the study will guide future enhancement of drying technology, agricultural policy review, and extension services to tomato farmers in Tanzania and other related agro-ecological zones.
2.0 Materials and Methods

2.1 Study Area
Morogoro Region in eastern Tanzania (6.8278° S, 37.6591° E, elevation 525 m) was chosen as a prominent representative of tomato cultivation in the country.The area experiences a tropical savanna climate with annual rainfall of 800–1000 mm and average temperatures of 18–33°C. Tomato samples for this research were sourced from Mlali ward in Mvomero district, as one of the key tomato-producing areas in the region. Solar drying tests were conducted at the Sustainable Green Energy Cooperative (SUGECO) facility located in Morogoro Municipality, involving the existing solar tunnel drying systems. All other drying activities took place at the School of Engineering and Technology, Sokoine University of Agriculture (SUA), where an energy-efficient electric dryer was utilized.
2.2 Weather conditions during the experiment 
Ambient temperature during the drying period ranged from 27–32°C, relative humidity 45–70%, solar radiation 600–1100 W/m², and wind speed 1.5–3.0 m/s, as recorded hourly using a portable digital instrument
2.3 List of instruments used in data collection
The instruments used in this study included Stainless steel knife, digital analytical balance, thermocouples, hygrometer, anemometer, oven, analytical balance, and pH meter. Grinding and sieving of dried tomato samples were performed using a laboratory hammer mill and sieve. These instruments ensured accurate measurement and control of physical, environmental, and product quality parameters throughout the drying process.
2.4 Tomato Varieties
The study selected the Dhahabu and Emerald tomato varieties as experimental subjects because they represent the main cultivated species throughout the Morogoro Region. The research examined these specific tomato varieties due to their extensive growth patterns and effective drying properties (Yusufe et al., 2017). 
2.5 Sample Collection and Preparation
At the farm level, the fully ripe tomatoes with a uniform shape and free from defects were chosen and harvested by hand. The harvested tomatoes were packed in properly ventilated bamboo crates to protect them from mechanical injuries and minimize losses during postharvest handling steps as per recommendations for fresh produce management by Kitinoja (2021). Upon reaching the drying experimentation sites, the accidentally damaged and the overripe tomatoes were discarded to minimize negative quality attributes of the end product.  The representative sample was cleaned by washing with water to eliminate all contaminants, including soil debris and pesticide residues, which could negatively affect either the drying operation or the quality of finished dried products. This was followed by knife slicing to 4-6 mm thick pieces to enable an adequate drying process.
 2.6 Drying Techniques
2.6.1 Solar Tunnel Drying
The dryer utilized renewable solar energy for heating and air circulation, and consisted of a semi-cylindrical tunnel made of transparent UV-stabilized polyethylene sheeting supported by a galvanized steel frame. The tunnel measured about 10 meters in length, 4 meters in width, and 3 meters in height. The floor consisted of a concrete slab to enhance heat absorption, while screened air inlets and outlets promoted natural ventilation and airflow. Freshly harvested tomato slices were then arranged in layers on food-grade drying trays made of synthetic mesh to allow air circulation on both sides while supporting the drying of the product. The trays were loaded into the drying tunnel during the morning hours to maximize exposure to solar radiation throughout the day.
Drying took place under ambient sunlight conditions between 9:00 a.m. and 5:00 p.m. under solar radiation ranging from 600 W/m²  to 1150 W/m², with an average of 890 W/m². Wind speed ranged from 1.6 m/s  to 3.2 m/s, averaging 2.4 m/s during the trials. At different points within the tunnel, temperature and relative humidity were monitored daily with digital thermometers and hygrometers, respectively. Due to the influence of the weather, the drying process was conducted until the tomato slices attained a target final moisture content of 10 to 15% (wet basis), which lasted for almost two days. The tunnel design created a controlled drying environment that reduced contamination from dust, insects, and other external agents, addressing key limitations of the traditional open sun drying. The drying process aimed at preserving the nutritional quality, sensory attributes, and shelf life of the dried tomato products.
2.6.2 Energy-Efficient Electric Drying
Tomato slices were dried in an electric dryer that blew warm air over them. The dryer included an insulated chamber for drying, a heating element, and a fan to distribute the air evenly. Before drying, the slices were placed on perforated stainless-steel trays to allow air to reach all sides. Drying temperatures ranged from 50°C to 65°C, RH was maintained between 20–60% automatically and drying continued until the moisture content of the slices dropped to 10% to 15%. The fan circulated cool air into the chamber to maintain humidity and ensure even heating. The chamber's air was frequently exchanged through exhaust systems to ensure proper drying. All drying parameters, including time, temperature, moisture content, and relative humidity, were monitored with digital sensors installed on the dryer. The drying process lasted 12 hours for the product to achieve the desired moisture level.
2.7 Drying Procedure
[bookmark: _Hlk207047635]Two drying methods were employed, aiming at producing dry tomato slices with a moisture level ranging from 10% to 15% on a wet basis, observed continuously during drying. This information helped to assess the time effectiveness of each drying process for preserving tomatoes (Nguyen, Hieu, & Mai, 2019). Moisture content was determined before drying and continuously at fixed intervals of 1 hr to enable the determination of drying rates. Also, the continuous monitoring during drying was essential to avoid excessive drying, which could have adversely impacted both the sensory attributes and rehydration behavior of dried tomato end products, as reported in previous studies by Elmasry et al. (2020) and Kuwar Mausam et al., (2024). Moisture content ranging between 10% and 15% on a wet basis is essential for inhibiting microbial growth and enzyme activity in dried products, resulting in longer shelf stability (Kyamuhangire et al., 2021). The uniform slicing of the peeled tomatoes, followed by proper arrangement of the slices for drying, enables consistent drying rates, which helps to preserve quality factors, including color, appearance, and nutritional attributes (Ndiaye et al., 2022).  
2.8 Tomato Powder Preparation and Packaging
The dried tomato slices were cooled at ambient temperature (approximately 25°C) to prevent possible moisture reabsorption and microbial contamination reported in previous studies by Kitinoja (2021). A laboratory electric grinder was used to grind the dried slices into fine powder, following the food milling procedures as described by Fellows (2017). Grinding was performed in short intervals to minimize overheating. The ground tomato powder was then passed through a 630-micron mesh sieve according to Ranganna (2019) to achieve quality powder flow characteristics and solution absorption properties. The fine powder was immediately packaged in high-density polyethylene (HDPE) bags (100 g per packet) to prevent moisture loss, oxygen intrusion, and light degradation as shown in figure 1 (FAO, 2019). 
[image: ]
   Figure 1: Experimental setup of the tomato powder-making process

2.9 Determination of Tomato Drying Parameters and Drying Efficiency
A systematic data collection procedure was adopted to determine the performance levels of solar tunnel and energy-efficient electric drying methods. Drying time and moisture loss were essential drying parameters. Solar radiation and dryer conditions, including relative humidity and temperature, were also monitored.
2.9.1 Moisture content determination 

Moisture content of the tomato slices before and after drying was determined by the standard oven method at 105 ± 2 °C  (). Initial and final moisture content were determined using the Association of Official Analytical Chemists (AOAC, 2019, AOAC, 2020; Codex Alimentarius, 2022), which is a standard oven method that involves drying the samples in an oven at 105oC for 24 hours, followed by gravimetric measurements and weight loss determination to obtain moisture values on a wet-basis. Agricultural products require this standard method as it has been proven to be both precise and reliable for their moisture analysis process.The procedure was in the laboratory at Sokoine University of Agriculture and was replicated three times to obtain average moisture values on a wet-weight baisis, from which dry matter was also calculated. 
The moisture content reduction was calculated to assess drying efficiency (Sanginga, Vancutsem, & Yameogo, 2021). The percentage moisture reduction was calculated based on the initial and final moisture content values using the following equation.(Li & Shao, 2025). 
    × 100                                                                (1)
Where:
Mi - Initial Moisture Content
Mf - Final Moisture Content

2.9.2 Relative Humidity (%) during Tomato Drying in Solar and Electric Dryers
Relative humidity (RH) during the drying was monitored to assess its influence on drying efficiency and product quality. For the solar tunnel dryer at SUGECO, Relative Humidity levels were not controlled, as the system relied entirely on ambient environmental conditions and solar radiation. Relative Humidity data were collected using a digital thermo-hygrometer placed at the center of the drying chamber. The device was programmed to log humidity readings at regular intervals throughout the day, capturing data during early morning, midday, and evening hours. These measurements were used to track diurnal fluctuations in humidity, particularly during periods of low and high solar intensity.
In contrast, the electric hot air dryer maintained consistent low RH levels within the drying chamber through the use of heated mechanical airflow. The dryer operated with RH levels ranging from 10% to 25%, which was sustained using its built-in air circulation and dehumidification system. Relative Humidity was monitored periodically using integrated sensors, which were inserted inside the dryer. This controlled drying environment ensured uniform moisture removal, minimized microbial risks, and enhanced overall drying speed and product quality (Mekonnen, Delele, & Getahun, 2022). The stable RH conditions in the electric dryer provided better control over final moisture content and texture compared to the more variable conditions in the solar dryer, despite the higher energy efficiency and environmental advantages of solar drying (Pandey et al., 2024).
2.9.3 Temperature (°C) during Tomato Drying in Solar and Electric Dryers
Temperature regulation and monitoring during drying were conducted differently for the solar and electric dryers due to the nature of each system. For the solar tunnel dryer used at SUGECO, temperature was not actively regulated but was instead influenced by ambient weather conditions and solar intensity. Temperature was monitored hourly using digital thermometers placed at different locations along the dryer to capture variations throughout the drying time, which ranged from 30°C in the early morning to around 50°C at midday. 
In contrast, the electric dryer offered precise temperature control through an integrated thermostat. The drying chamber was pre-set to maintain a constant temperature of 60°C ± 2°C, which is considered optimal for achieving uniform drying while preserving the nutritional and sensory quality of tomatoes (Mekonnen et al., 2022; Kobusingye et al., 2025). Internal temperature was continuously regulated by the system’s heating element, and periodic checks were conducted using an external digital thermometer to verify accuracy and uniformity. A forced air circulation mechanism ensured even heat distribution across all trays, reducing the risk of localized overheating or under-drying. This controlled environment allowed for consistent drying conditions, minimizing quality losses and enabling reproducibility across drying batches.
2.9.4 Solar Intensity (kW/m²) during Tomato Drying in Solar and Electric Dryers
The intensity of solar radiation during drying was monitored daily during peak sun hours. Variations in solar radiation were considered in assessing drying performance and consistency across different drying periods. The evaporation rate and air circulation within the drying chamber greatly depend on wind speed, which functions as a key factor in solar drying operations. The perfect level of wind speed for tomato drying efficiency occurs at 1 to 3 m/s because it eliminates surface moisture through effective airflow without lowering the dryer temperature (Kumar & Mandal, 2020). In this research, wind speed was measured using a digital anemometer placed at the air inlet and outlet of the solar dryer to monitor airflow and ensure it remained within the optimal range. The wind speed was naturally maintained within this range due to the open-ended tunnel design of the solar dryer, which allowed for passive airflow driven by ambient wind conditions and temperature-induced pressure differences.
2.10 Data Analysis
SPSS version 27 and Microsoft Excel 2019 were used for data analysis. Descriptive statistics (mean, standard deviation, frequency, and percentage) were employed to summarize moisture content, drying temperature, and relative humidity for both solar tunnel and electric dryers. An independent samples t-test was used to compare the mean final moisture content of tomatoes dried using the solar tunnel dryer against the electric dryer. Uncertainties were estimated using standard error propagation. Measurement uncertainties were ±0.5°C for temperature, ±2% RH, ±0.1 m/s wind speed, and ±5 W/m² solar radiation. Triplicate runs yielded coefficient of variation (CV) was less than 5%, indicating high data precision and reliability  
3.0 Results and Discussion
The descriptive statistics in Table 1 present a comparative summary of key drying variables, namely relative humidity, temperature, moisture content, solar intensity, and wind speed, across two drying methods (energy-efficient electric and solar drying). The relative humidity was notably higher in the solar dryer (mean = 53.51%) compared to the electric dryer (mean = 37.33%), indicating that the solar drying method was more affected by ambient conditions. Temperature, on the other hand, was significantly higher in the electric dryer (mean = 54.62°C) than in the solar dryer (mean = 33.8°C), with a narrower standard deviation (6.66 vs 8.53), highlighting the electric dryer's ability to maintain more consistent heat levels crucial for efficient and uniform drying ((Afzal et al., 2023)
In terms of moisture content reduction, drying in the solar dryer recorded a slightly higher mean (53.54%) compared to drying in the electric dryer (41.91%), though both methods exhibited high variability (SD = 26.18 and 31.84, respectively). This suggests variability in product exposure or inconsistency in environmental control, especially in the solar dryer. Additionally, solar intensity (mean = 528.2 W/m²) and wind speed (mean = 1.88 m/s), affect solar drying performance but are understandably absent in electric drying, which operates under controlled indoor conditions. Overall, these statistics reinforce that electric drying provides more controlled and stable drying conditions, while solar drying is subject to greater environmental fluctuation. This distinction is crucial for informed decision-making in agricultural processing, particularly when product quality and drying efficiency are paramount (Esper & Muhlbauer, 2017).
Table 1. Summary of drying variables of energy-efficient electric and solar tunnel dryers
	Variables 
	Dryer type
	  N
	     Min
	              Max
	     Mean
	SD

	Relative humidity (%)
	Solar
	20
	33.53
	64.5
	53.51
	16.37

	
	Electric
	12
	22.38
	62.52
	37.33
	14.18

	Temperature (0C)
	Solar
	20
	26.07
	48.98
	33.8
	8.53

	
	electric
	12
	34.05
	63.47
	54.62
	6.66

	M.C (%)
	Solar
	20
	13.80
	94.60
	53.54
	26.18

	
	electric
	12
	10.40
	95.00
	41.91
	31.84

	Solar intensity (W/M2)
	Solar
	20
	204.00
	1072.00
	528.20
	287.89

	
	electric
	12
	        N/A
	                N/A
	          N/A
	    N/A

	Wind Speed (M/S)
	Solar
	20
	0.70
	3.50
	1.88
	0.79

	
	Electric
	12
	        N/A
	                N/A
	          N/A
	     N/A


N/A- Not Applicable




3.1 Relative Humidity, Moisture Content, and Temperature in Solar Tunnel Dryer 
Figure 1 presents the diurnal variation in relative humidity (R.H %), moisture content (M.C %), and temperature (°C) during day one for tomato drying in the solar tunnel dryer. Data reveal a typical solar drying pattern where temperature increases until early afternoon before gradually declining, while relative humidity inversely correlates with temperature. In the early morning (0949hours), R.H. was highest (above 60%) while temperature was lowest (approximately 23°C). As the day progresses, temperature peaks around midday to early afternoon (13:49h), reaching approximately 47°C, while R.H drops to its lowest point (34%). 
This inverse relationship between temperature and relative humidity is consistent with solar drying dynamics, where increased solar radiation raises air temperature, reducing its capacity to hold moisture and thus lowering relative humidity (Prakash & Kumar, 2017). Concurrently, the moisture content of the product steadily declined from 94% at 9:49 to 48% at 18:49, illustrating effective moisture removal over the drying period. This pattern aligns with findings by Hii et al. (2016) and (Srinivasan et al., 2021), who emphasized that efficient solar drying is achieved when there is high temperature and low relative humidity, enhancing the drying rate through improved heat and mass transfer. Notably, during late afternoon (after 16:49), a rise in relative humidity and a slight temperature drop is observed, which may slow drying efficiency. Overall, the interplay between temperature and humidity significantly influences moisture removal efficiency, reinforcing the importance of time-of-day optimization for solar drying operations.


Figure 2: Average relative humidity, Moisture content, and temperature levels during solar energy drying on day one
Furthermore, Figure 2 illustrates the hourly trends in average relative humidity (%R.H), moisture content (%M.C), and temperature (°C) inside a solar dryer on the second day of drying. At the beginning of the day (7:31), moisture content is the highest at around 50%, while relative humidity and temperature are approximately 42% and 32°C, respectively. As the day progresses, the temperature rises, peaking around 14:31 at approximately 50°C, which corresponds with a significant decline in both moisture content and relative humidity. By 17:31, moisture content drops sharply to about 10%, highlighting the dryer’s effectiveness in moisture removal over time. The %R.H follows a relatively stable pattern with minor fluctuations, indicating moderately controlled drying conditions (Zurbriggen et al., 2022).
 These findings align with those of Shittu et al. (2022), who reported a similar rapid decline in moisture content (from an average 60% to below 15%) during tomato drying under solar conditions with peak temperatures around 50–55°C. Also, Ekezie et al. (2023) found that in solar tunnel dryers, the optimal drying happened when internal temperatures exceeded 45°C, and relative humidity remained under 40%, which closely reflects the environmental trends observed in this study. The reasonably stable % R.H. pattern observed here is also consistent with discoveries by Mohammed et al. (2021), who distinguished that stable humidity contributes to uniform drying and tomato product quality preservation.

The steep decline in moisture content between 11:31 and 17:31 when temperatures are high and humidity is low is a classic indicator of enhanced drying performance through convective heat and mass transfer (Dissa et al., 2019). Compared to day one, the drying process on day two appears more efficient, possibly due to earlier initiation of drying, higher peak temperatures, or improved air circulation. The results affirm that maximising temperature while minimizing humidity accelerates drying rates, in alignment with findings from recent solar drying studies such as those by Tiwari et al. (2020), who emphasize optimizing thermal conditions to improve product quality and drying time.


Figure 3: Average relative humidity, Moisture content, and temperature levels during solar drying in day two

3.2 Relative Humidity, Moisture Content, and Temperature in Energy-efficient Electric Dryer
Figure 3 and Table 2 show the changes in average relative humidity (%R.H), moisture content (%M.C), and temperature (°C) over time during tomato drying in electric energy dryer.  This is an illustration a highly controlled drying environment with steady high temperatures and a consistent decrease in both relative humidity and moisture content throughout the drying process. At the start of drying (8:45h), moisture content was very high (around 95%) but as drying progressed a steady decrease to about 10% by 21:45 h was displayed, indicating efficient and gradual dehydration. Concurrently, the temperature rose sharply,  reaching around 65°C by 12:45 h, and slowed down to relative steady values (55–58°C). The thermal stability observed is characteristic of drying in electric dryers,  which indicates controlled heating independent of environmental changes, signifying significant advantages over solar drying methods (Elwakeel et al.,2024); (Zeeshan et al., 2024); (Esper & Muhlbauer, 2017)
Table 2: Relative Humidity, Temperature, and Moisture content of Energy-efficient Electric Dryer
	Time (Hours)
	Relative Humidity (%)
	Temperature
(OC)
	Moisture contents (%)

	0945
	59.70
	53.1
	94.6

	1045
	56.33
	55.0
	80.1

	1145
	44.92
	61.3
	71.3

	1245
	42.62
	63.5
	57.9

	1345
	38.75
	59.1
	45.1

	1445
	37.67
	54.0
	32.0

	1545
	33.83
	57.0
	24.6

	1645
	26.97
	55.1
	19.2

	1745
	25.97
	54.7
	16.6

	1845
	24.13
	54.9
	14.2

	1945
	23.55
	55.6
	13.4

	2045
	23.33
	53.9
	12.4

	2145
	22.38
	53.6
	10.4



Furthermore, relative humidity dropped progressively from as high as 63% to below 25% after 16:45 h. The simultaneous and steady decline in R.H.% and % M.C. suggests that the electric dryer maintained a low-humidity environment conducive to effective moisture removal, as reported in Owureku-Asare et al., (2022). Also, these dynamics align with the findings by Fadhel et al. (2016), which emphasized the superiority of electric dryers in achieving rapid drying, enhanced product safety, and reduced microbial risk due to their ability to sustain optimal drying conditions. However, irrespective of drying in the energy-efficient electric dryer attaining the desired moisture content of dried tomatoes (10.40%) faster than drying in the solar tunnel dryer, it still recorded a slightly prolonged drying time (12 hours). This extended duration allows for gradual moisture removal, reducing the risk of case hardening and helping to preserve product quality (Pravitha et al., 2024).

Figure 4: Average relative humidity, Moisture content, and temperature levels during drying in the electric energy dryer

3.3 Variation of Tomato Drying Response Variables  between Dryers
3.3.1 Relative Humidity
Table 1 provides a statistical comparison of the relative humidity levels between solar and electric drying environments. The results indicate a significant difference, with solar drying having a higher mean relative humidity (53.51%) compared to electric drying (37.33%). The t-test yielded a t-statistic of 3.412 and a p-value of 0.002, confirming that the observed difference was statistically significant at the 95% confidence level.
The solar drying environment maintains higher mean relative humidity levels than electric dryers because solar systems operate without regulation, which allows ambient weather conditions that include morning condensation, alongside cloud cover and restricted airflow to affect them (Kumar & Prakash, 2024). The external influences on drying chambers produce unstable and increased humidity levels. The controlled heating, along with active ventilation in traditional dryers, removes moist air from enclosed systems so it maintains steady low humidity that supports efficient evaporation. A stronger vapor pressure gradient between the tomato surface and air develops in the electric drying chamber due to its low and stable relative humidity, thus improving drying speed and moisture extraction (Onwude et al., 2022). The scientific assumption verifies the significant outcomes presented in Table 1, which confirms that controlled drying methods produce better drying environments.
[bookmark: _Hlk192197345]Higher humidity levels in the solar dryer can delay the drying process, particularly during early morning and late evening hours when ambient humidity tends to be highest. This creates an unfavorable environment for effective drying and can result in microbial contamination if the drying is prolonged (Pravitha et al., 2024).  Chowdhury et al. (2018) and Kumar et al. (2019) emphasized that controlling humidity during drying is essential to ensure safe moisture content levels and prevent spoilage. In contrast, electric dryers operate under low and consistent relative humidity, improving the drying rate and reducing drying time. These findings underscore the importance of RH control in the drying process, particularly when dealing with moisture-rich crops such as tomatoes. The implication is that electric dryers are more suitable for rapid, hygienic, and efficient drying, especially in commercial applications where quality assurance is critical, although solar tunnel dryers can be promising in places with high, prolonged, and high solar intensity and where there is no electricity.
[bookmark: _Hlk192197292]Table 3: Relative Humidity comparison of dryers
	Type of dryer
	  Mean
	     SD
	Observations
	 df
	       t-test
	            P-Value

	Solar
	53.51
	16.37
	33
	28
	        3.41
	          0.002

	Electric
	37.33
	14.18
	14
	 

	 
	 



3.3.2 Temperature
There was a significant difference (p ˂ 0.05) in temperature change over time between the two dryers (Table 2). The high t-statistic value (8.983) and an extremely low p-value (3.89E-10) confirm that electric dryers maintain substantially higher and more consistent temperatures throughout the drying process. The significant difference in temperature profiles between solar and electric drying methods can be explained by the controlled heat source in electric dryers, which maintains a consistently high temperature throughout the drying process (Fernandes & Tavares, 2024). In contrast, solar drying is influenced by variable external conditions such as sunlight intensity and weather, resulting in lower and fluctuating temperatures. The steady and elevated temperatures in electric dryers promote faster moisture evaporation and more efficient drying, as higher temperatures enhance the moisture removal rate, thus suggesting the good quality of dried tomatoes (Suraparaju et al., 2024);(Onwude et al., 2022). This accounts for the significant statistical difference observed.
Furthermore, higher drying temperatures improve the rate of moisture removal by increasing the vapor pressure deficit between the tomato surface and the drying air. However, excessive temperatures can also damage heat-sensitive nutrients and alter the organoleptic properties of the dried product (Kumar & Prakash, 2024). Ahmed et al., (2022) noted that temperatures in the range of 50–60°C are optimal for drying tomatoes, ensuring effective dehydration while preserving bioactive compounds like lycopene and vitamin C. Gabas et al., (2020) also reported that poor control of drying temperatures in solar systems can lead to uneven drying and loss of color and nutritional quality. Therefore, while electric drying offers superior performance in terms of speed and reliability, care must be taken to operate within recommended temperature ranges to avoid compromising the nutritional and sensory quality of the final product.
Table 4: Temperature Comparison of Driers
	Type of dryer 
	  Mean
	SD
	Observations
	    df
	t-test
	p-value

	 
	Solar
	33.798
	8.53
	33
	31
	8.98
	3.89E-10

	 
	Electric
	54.618
	6.66
	14
	 
	 
	 



3.3.3 Moisture content
Table 3 compares the moisture content variation of tomato products dried using solar and electric dryers. The results show a higher mean moisture content change for the solar dryer (53.54%) compared to the electric dryer (41.91%), with standard deviations of 26.18 and 31.84, respectively. Although the solar dryer exhibited greater moisture retention, the t-test result (t = 1.18, p-value = 0.246) indicates that this difference was not statistically significant at the 5% level. This suggests that, despite numerical differences, the variation in moisture content between the two drying methods could be due to random chance rather than a consistent effect of the drying method. 
However, from a practical perspective, the lower and more consistent moisture content achieved by electric dryers supports their effectiveness in moisture removal due to their controlled temperature environment, unlike solar dryers, which were influenced by fluctuating external conditions. These findings are consistent with previous studies that highlighted the superiority in the efficiency of electric dryers in achieving uniform and rapid drying (Fadhel et al., 2016; Tiwari et al., 2020). It is important to note that all dryers achieved dried tomato products with a moisture content below 11%, important for the quality and shelf stability.
Table 5: Moisture content Comparison of dryers
	Type of dryer
	            Mean
	           SD
	Observations
	   df
	 t-test
	         p-value

	Solar
	53.54
	26.18
	21
	33
	1.18
	2.46

	Electric
	41.91
	31.84
	14
	
	
	



3.4 Distribution of Solar Intensity during the Experiment
Figure 4 depicts solar irradiance over two consecutive days and reveals a typical diurnal trend in solar energy availability, characterized by predictable daytime peaks and evening declines. Both days show irradiance intensifying toward midday, with maximum values occurring between 13:49 and 14:49, reaching close to 1000 W/m². However, Day 2 records slightly higher peak values and maintains elevated irradiance levels longer into the afternoon, whereas Day 1 experiences a more rapid decline post-peak. This temporal concentration of solar energy, primarily within the 6-hour window from 11:49 to 17:49, highlights a core limitation of solar power systems: the mismatch between peak generation and typical peak residential demand, which tends to occur during the evening. Consequently, the sharp drop from peak irradiance to near-zero levels by 18:49 underscores the necessity of integrating energy storage technologies and adaptive grid management. Moreover, subtle differences in afternoon irradiance between the two days emphasize the importance of accurate, weather-responsive forecasting and the inclusion of flexible backup energy systems to ensure stability in solar-based grids (Srinivasan et al., 2021). These observations align with findings from recent research focused on solar energy variability and integration strategies (Reindl et al., 2017; Ouedraogo et al., 2019; Hirzallah & Chen, 2022).


Figure 5: Distribution of Solar intensity on day one and two

3.5 Distribution of Wind speed during the experiment
Figure 5 presents, there is a clear contrast in wind speed distribution between the two observed days. On Day One (represented by the orange line), wind speeds exhibit greater variability, fluctuating between roughly 1.0 m/s and 3.0 m/s from 09:49 to 18:49. A significant peak is observed around midday (13:49–14:49), nearing 3.0 m/s. In contrast, Day Two (depicted by the blue line) demonstrates stronger and more consistent wind activity. Starting from late morning, wind speeds surpass those of Day One, progressively increasing to a maximum of nearly 4.0 m/s between 14:49 and 15:49. These speeds remain above 3.0 m/s until after 17:49 before tapering off. This pattern indicates that Day Two experienced a more stable and intense wind flow compared to the more erratic and subdued conditions of Day One. Similar observations on daily wind variability and diurnal patterns have been documented in recent meteorological studies (Chen et al., 2016; Liu & Tang, 2020; Nyang’aya et al., 2021).


Figure 6: Distribution of Wind speed on day one and two
3.5 Relationship between solar intensity, Wind speed, and tomato Moisture Content Reduction Rate of the Solar Dryer
Table 3 presents detailed observations of moisture content reduction in tomatoes under solar drying conditions, along with the corresponding solar intensity and wind speed values. The data show a clear trend where increased solar intensity and wind speed correspond with rapid moisture reduction. The moisture content decreased from 94.6% at 9:49 AM to 36.6% by 12:31 PM, coinciding with a rise in solar intensity from 242 W/m² to 1072 W/m². By the end of the drying cycle (20 hours), the moisture content dropped to as low as 10.3%. 
The results showed a slight increase in moisture content on the second day of drying. This was attributed to moisture equilibration, which occurs when drying is paused and the surrounding environment becomes cooler and more humid overnight. Under these conditions, the dried tomatoes absorbed moisture from the air. This reabsorption led to a temporary rise in moisture content, as the product adjusted to the ambient humidity levels the following morning, Ahmed et al. (2022).
These results support that solar intensity and air movement are critical factors influencing drying performance. Increased solar radiation raises the internal temperature of the dryer, while higher wind speeds enhance heat and mass transfer by reducing the boundary layer resistance. These findings align with the studies of Akinoso et al. (2016) and Okello et al., (2021), who demonstrated that high solar intensity and high airflow significantly accelerate drying and reduce drying time. Additionally, Mohamed et al. (2019) emphasized that inadequate air movement in solar dryers can lead to non-uniform drying and microbial growth. Therefore, optimizing solar dryer designs to improve solar capture and enhance natural or forced airflow can significantly improve drying efficiency and product safety, especially in regions with abundant solar resources like Eastern Tanzania.

Table 6: Variation of Temperature, Solar Intensity, Wind Speed, and Tomato Moisture Content Reduction Rate in a Solar Tunnel Dryer
	Day
	      Time                        (Hours)
	Temperature (0C)
	Moisture Content (M.C %)
	Solar Intensity (W/M²)
	Wind Speed (M/S)

	
Day One
	0949
	23.78
	94.6
	242
	0.9

	
	1049
	26.07
	93.1
	307
	1

	
	1149
	41.30
	91.6
	551
	0.7

	
	1249
	43.13
	88.9
	600
	2.5

	
	1349
	47.37
	84.8
	983
	2.3

	
	1449
	44.30
	71.6
	922
	2.2

	
	1549
	40.73
	66.9
	718
	1.4

	
	1649
	37.27
	54.5
	465
	1.2

	
	1749
	32.38
	52.4
	204
	1.1

	
	1849
	27.72
	48.8
	0
	0.9

	
	-
	-
	-
	-
	-

	
Day Two
	0731
	32.37
	50.6
	214
	1.1

	
	0831
	33.35
	47.9
	226
	1.3

	
	0931
	34.55
	48.3
	300
	1.5

	
	1031
	41.12
	46.5
	435
	2.2

	
	1131
	41.43
	42.4
	648
	2.4

	
	1231
	42.43
	36.6
	1072
	2.8

	
	1331
	46.45
	34.4
	975
	3.2

	
	1431
	48.98
	28.6
	556
	3.5

	
	1531
	42.77
	17.7
	443
	2.5

	
	1631
	44.25
	13.8
	363
	2.1

	
	1731
	38.20
	10.3
	340
	1.7


 	- No data recorded during night time
	
4.0 Conclusion and Recommendation
4.1 Conclusion
This study demonstrates that both solar and electric drying techniques are effective in reducing tomato moisture content to safe storage levels. Solar dryers achieved final moisture contents of approximately 11% within 20 hours, while energy-efficient electric dryers reached a similar level but slightly faster (within 12 hours). Although solar dryers were more affected by environmental fluctuations, improvements such as the use of transparent covers and enhanced airflow helped maintain consistent drying performance. Solar drying can significantly reduce dependency on grid electricity or fuel-based heating, making it a practical and eco-friendly technology for rural areas with limited infrastructure.
4.2 Recommendations
Based on the findings of this study, it is recommended that development stakeholders, agricultural researchers, and local governments promote the adoption and scaling up of improved solar drying technologies in tomato processing. Emphasis should be placed on designing more efficient solar dryers to address their current limitations, particularly by integrating features such as thermal energy storage, forced airflow systems, and protective mesh coverings to guard against pests and rehydration during night hours. Capacity-building programs should also be implemented to train farmers and agro-processors on the proper use and maintenance of solar dryers to ensure high product quality and consistency. Furthermore, collaborative efforts between local innovators, universities, and private-sector actors should be encouraged to develop cost-effective and locally manufactured solar dryers that are affordable for the rural communities. Finally, policy interventions such as subsidies or credit schemes can facilitate tomato farmers' access to this technology, ultimately reducing postharvest losses, increasing farmers’ income, and contributing to food security and environmental sustainability in Eastern Tanzania.
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Average in %RH, %MC and Temp(0C) 




S.I (W/M2) day 01	0.40960648148148149	0.45127314814814817	0.49293981481481502	0.53460648148148104	0.57627314814814801	0.61793981481481497	0.65960648148148104	0.70127314814814901	0.74293981481481597	0.78460648148148304	242	307	551	600	983	922	718	465	204	0	S.I (W/M2)day 2	0.40960648148148149	0.45127314814814817	0.49293981481481502	0.53460648148148104	0.57627314814814801	0.61793981481481497	0.65960648148148104	0.70127314814814901	0.74293981481481597	0.78460648148148304	214	226	300	435	648	1072	975	556	443	363	Time (hours)


Solar Intensity (W/M2)




W.S (M/S) Day 2	0.40960648148148149	0.45127314814814817	0.49293981481481502	0.53460648148148104	0.57627314814814801	0.61793981481481497	0.65960648148148104	0.70127314814814901	0.74293981481481597	0.78460648148148304	1.1000000000000001	1.3	1.5	2.2000000000000002	2.4	2.8	3.2	3.5	2.5	2.1	W.S(M/S) day 1	0.40960648148148149	0.45127314814814817	0.49293981481481502	0.53460648148148104	0.57627314814814801	0.61793981481481497	0.65960648148148104	0.70127314814814901	0.74293981481481597	0.78460648148148304	0.9	1	0.7	2.5	2.2999999999999998	2.2000000000000002	1.4	1.2	1.1000000000000001	0.9	Time


Wind Speed (M/S)




R.H %	0.40902777777777777	0.45069444444444445	0.49293981481481502	0.53460648148148104	0.57627314814814801	0.61793981481481497	0.65960648148148104	0.70127314814814901	0.74293981481481597	0.78460648148148304	61.75	51.916666666666664	41.42166666666666	36.416666666666664	33.533333333333339	35.6	35.433333333333337	48.45	63.083333333333336	64.05	M.C %	0.40902777777777777	0.45069444444444445	0.49293981481481502	0.53460648148148104	0.57627314814814801	0.61793981481481497	0.65960648148148104	0.70127314814814901	0.74293981481481597	0.78460648148148304	94.6	93.1	91.6	88.9	84.8	71.599999999999994	66.900000000000006	54.5	52.4	48.8	Tempreture 0C	0.40902777777777777	0.45069444444444445	0.49293981481481502	0.53460648148148104	0.57627314814814801	0.61793981481481497	0.65960648148148104	0.70127314814814901	0.74293981481481597	0.78460648148148304	23.783333333333335	26.066666666666666	41.300000000000004	43.133333333333333	47.366666666666667	44.300000000000004	40.733333333333334	37.266666666666673	32.383333333333333	27.716666666666669	Time


Average %RH, %MC and Temp (0C)
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