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Abstract 

Agriculture plays a central role in the economy of Nepal, serving as a major source of income and 

employment for much of the population. This study was conducted as part of the Solar Food: Reducing 

Post-harvest Losses project, a collaboration between Lund University, Kathmandu University, and 

The Royal Institute of Bhutan. The project aims to design solar dryers to reduce post-harvest losses in 

rural Nepal and Bhutan. 

In this study, two prototypes, the Δ-dryer and the newly developed Γ-dryer, were investigated under 

outdoor conditions at Kathmandu University. The experiments included full-load drying tests and 

systematic modifications of components, such as removing the internal fan, heat exchanger, or 

insulation, adding a heating element, and changing the collector cover from glass to plastic. Drying 

performance was assessed through drying rate and uniformity, while economic feasibility was 

evaluated via payback period and sensitivity analysis. To obtain more reliable drying-rate results, a 

multiple linear regression analysis was conducted to minimize the impact of variable weather 

conditions on the Δ-dryer experiments. There was a lack of data points to do the same for the Γ-dryer. 

The results showed that removing insulation in both dryers provided a low-cost option without 

significantly affecting performance or payback time. Adding a heating element increased capital and 

running costs but resulted in faster drying rates, more uniform drying, and a shorter payback period. 

The regression analysis indicated that for the Δ-dryer, polycarbonate glazing could outperform the 

glass cover, although further studies are needed on sheet thickness and sourcing from cheaper 

suppliers. The Δ-dryer configurations without the fan and without the heat exchanger exhibited less 

uniform drying and reduced drying rates, making them economically unfeasible. 

The Γ-dryer design addresses earlier issues raised by farmers: it is more portable and has higher 

capacity. Experiments showed that the Γ-dryer achieves faster drying rates than the Δ-dryer. Due to its 

higher cost, the Γ-dryer is recommended for farmers with larger production volumes who require 

higher capacity and can make additional investment. 
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1. Introduction 

Agriculture plays a central role in Nepal, serving as the main source of income and employment for 

most of the population. Despite its importance, the country faces significant challenges in preserving 

food efficiently and minimizing post-harvest losses. Since 2020, a collaborative project titled Solar 

Food: Reducing Post-Harvest Losses through Improved Solar Drying has been underway, involving 

Lund University, Kathmandu University, and the Royal University of Bhutan with the goal of 

designing an energy efficient, fast drying and economically feasible solar dryer. The target group is 

smallholder farmers to large scale farmers in Nepal, where the second mentioned can have a production 

of approximately 3 100 tons of apples per year (Thapa, o.a., 2023). This report aims to investigate 

whether costs of the dryer can be reduced to increase the affordability and support the work towards 

better food care.  

Over the years, several iterations of the prototype have been developed through multiple master’s 

theses, each focusing on improving the dryer’s performance. For example, one study conducted 

experiments on fruit drying and analyzed temperature variations across components for different air 

flows to determine the optimal airflow for higher efficiency of each component (Rissler, 2023). 

Another study, explored social and economic factors influencing the adoption of solar drying in Nepal, 

identifying both drivers, such as government subsidies, and barriers, including limited awareness of 

the technology and the dryer being too expensive. In The study also highlights the need for a more 

portable design (Sonesson & Lundqvist, 2024). 

In response to these findings, a new prototype has been designed at Kathmandu University, which in 

this study will be tested and compared to the old design. By looking at the efficiency of different 

components, the goal is to find the most economical design. Experiments will quantify the impact of 

components on the drying performance and help in deciding if the component contributes enough to 

the drying process to warrant the cost. The absorber glazing will also be tested in a new material to 

decide if material choice can reduce the price of the product but keep the desired results and quality. 

A review of existing literature revealed a lack of studies that took the economic analysis into 

consideration. This report aims to fill that gap by methodically testing different features to the indirect 

solar dryers to make the dryer more affordable for the smallholder farmers. The scope of this thesis is 

limited to the study of low-cost indirect solar dryers and experimental work will be conducted using 

the two solar dryers available at Kathmandu University. Potential directions for further research will 

be identified for experiments that fall outside the present study. 

In conclusion, the purpose of this report is to answer the following questions: 

• Can components be removed or added for better cost efficiency and still have a competitive 

product on the market? 

• Is the new prototype better suited to the economic needs of farmers in Nepal and Bhutan 

compared to the previous design? 
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2. Background 

Nepal, located in the Himalayan region of Asia is a country of large contrasts. Around 75 % of its land 

is covered by mountains and the altitude ranges from almost sea level in the south to 8 848 meters at 
the peak of Mount Everest (Karan, o.a., 2025). The climate is diverse with tropical/sub-tropical climate 

in the Terai region (59 m – 700 m), moderate climate in the hilly region (700 m – 3 000 m) and sub-
alpine/alpine climate in the mountain regions (3 000 m – 8 848 m) (Board & Industry, 2017). Overall, 

Nepal experiences 2 529 sunny hours on average annually, which means about 210 sunny hours 

monthly. These geographical and climatic conditions not only create environmental diversity but also 

strongly influence agriculture, infrastructure, and overall economic development. 

Nepal lacks major natural resources that could drive economic growth, and together with inadequate 
infrastructure, this contributes to the country being one of the least developed in the world. The 

economy relies heavily on agriculture for export earnings, but this income is fragile as it is weather 

dependent. In addition, the country’s diverse geography and climate often create imbalances in supply 
and demand. For example, during the harvest season in the southern Terai region, food shortages may 

still occur in the mountainous regions. Due to insufficient national transportation systems, surplus 
crops from the south are frequently exported to India instead of being distributed to areas of deficit in 

the north (Karan, o.a., 2025). Given the fragility of agricultural income and the challenges in 

transporting food, effective preservation methods are essential to support Nepal’s food security.  

Despite the importance of preserving as much food as possible, large amounts still go to waste before 

consumption (Lunds universitet, u.d.). From a study in Nepal, apple-farmers with an average apple 
productivity of 9 710 t / ha lose on average 2 119 tons of the produce to post-harvest losses (Thapa, 

o.a., 2023). One major reason for this is contamination by microorganisms, bacteria, or mold. To 

address this problem, drying can be used as a preservation technique, as it reduces the natural water 
content of fruits and vegetables and thereby slows down their decomposition (Fernandes, Fernandes, 

& Tavares, 2022). 

Historically, solar drying has been used as a technique for food preservation. It is especially 

advantageous in areas where the harvesting times are short, and the foods shelf time is limited. 

Compared to other preservation methods, solar drying offers several benefits: it helps retain nutrients, 
reduces weight and volume, minimizes storage space, facilitates transportation, and lowers 

preservation costs (Fernandes, Fernandes, & Tavares, 2022). 

Solar drying systems can be categorized into four main types: direct, indirect, mixed, and hybrid dryers 

(Fernandes, Fernandes, & Tavares, 2022). Open-air sun drying can also be used. This article focuses 

on indirect solar dryers, which are valued for their simple fabrication, low investment and operating 
costs, and the ability to control temperature by adjusting airflow (Lingayat, Chandramohan, Raju, & 

Meda, 2019). 

2.1 Indirect Solar Dryer 

Solar dryers are classified according to their heat transfer method and air circulation method. A solar 

dryer can use either direct or indirect heat transfer. In direct dryers, transparent walls allow the produce 
to dry through radiation. In contrast, indirect solar dryers contain an absorber, also known as a 

collector, which heats the air that then dries the produce through convection. Air circulation can be 

either passive or active: in passive dryers, the air flows naturally, while in active dryers, it is circulated 
by a fan (Shekata, Tibba, & Baheta, 2024). It is also possible to combine the above-mentioned dryers 

into mixed or hybrid solar dryers. A mixed solar dryer uses a collector to preheat the air while also 
allowing the drying chamber to be exposed to direct solar radiation. A hybrid solar dryer, on the other 
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hand, combines solar heating with supplementary non-solar energy sources such as fuel, biomass, or 

electricity (Fernandes, Fernandes, & Tavares, 2022). 

As stated earlier, this report focuses on developing an indirect solar dryer, however one experiment is 

containing heating elements, making the solar dryer a hybrid.  

2.1.1 The Δ-Dryer  

The current solar dryer, referred to as the Δ-dryer (Delta-Dryer), has a triangular shape and is made of 

galvanized iron sheets lined on the inside with an insulating layer consisting of nitrile rubber with 

aluminum foil. The dryer stands on a platform of metal pipes, that is not included in Figure 2.1. Air 

enters the dryer at the bottom, where an external fan creates a pressure difference, forcing the air to 

move upwards through the passage past the glass covered, black painted poli-carbon sheet absorber 

and then into the drying chamber. The interior is divided into two sections by a metal plate, and the 

two sides exchange air through a fan located at the upper part of the wall and a gap at the bottom. In 

total, there are nine levels and eighteen trays on which the fruit can be placed for drying. After passing 

through the drying chambers, the air exits at the bottom of the dryer. As the inlet and outlet air streams 

move across each other, heat is exchanged, and this section functions as the heat exchanger. Figure 2.1 

shows a drawing of the dryer, with arrows indicating the direction of airflow.  

 

Figure 2.1. Drawing of the Solar Food projects’ current design, also called the Δ-dryer in this report. Figure taken with 

consent from (Adhikari, Garg, Davidsson, Baral, & Andersson, 2025). 

Heat exchanger: 

When the incoming air flows from the back of the dryer toward the front, it allows heat to be transferred 

from the already heated outgoing air. The purpose of this process is to preheat the incoming air before 

it passes through the absorber, thereby increasing the temperature inside the drying chamber. A 

previous study showed that incorporating a heat exchanger can increase the dryer temperature by 10 
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℃ (Probert, 2022). The relationship between the heat exchanger and the airflow has also been studied. 

The results indicate that increased airflow reduces the efficiency of the heat exchanger but enhances 

the performance of the absorber and the overall efficiency of the dryer (Aacharya, 2024a). 

Collector:  

The collector consists of a glass plate cover and a black painted metal sheet, called absorber, that is 

heated by solar radiation and transfers heat to the air. Testing showed that a v-corrugated galvanized 

iron (GI) sheet contributed to higher efficiency and drying rate compared to a flat sheet. Unfortunately, 

the v-corrugated sheets are more difficult to acquire locally (Aacharya, 2024b). 

Drying chamber: 

As mentioned, the drying chamber is divided into two smaller sections that are connected by an internal 

fan. The purpose of the separator is to prevent the airflow from moving horizontally (Sörensson, n.d.). 

Designs that included holes in the chamber wall were also evaluated, but these were found to have a 

negative impact on the drying rate (Mahmoodi, 2023). The trays inside the drying chamber are made 

of metal mesh supported by metal frames. 

Internal fan: 

There is an internal fan installed on the partition wall in the drying chamber that forces the air from 

the front to the back of the dryer for an increased air circulation and more uniform drying (Faudot, 

2022). From a computer simulation, the internal fan should be placed high up on the separating 

chamber wall to enhance the air flow. It has also proven to have a larger effect on the drying rate 

compared to the external fan (Sörensson, n.d.). 

2.1.2 Drying process  

To understand how an indirect solar dryer works and to evaluate its performance, some key parameters 

need to be defined, measured and finally calculated. Energy in the drying process is mostly used to 

remove the water from the produce. To achieve the desired effect of food preservation enough moisture 

content must be removed. The moisture content is defined either on dry or wet basis but in agriculture 

the latter is more widely used. Moisture content is weight of moisture per unit of wet material: 

𝑊 =
𝑚𝑤

𝑚𝑤 + 𝑚𝑑
∙ 100 (2.1) 

Table 2.1. Moisture content parameters. 

Parameter Definition Unit 

W Moisture content on wet basis % 

𝑚𝑤 Mass of water kg 

𝑚𝑑 Mass of dry solid kg 

 

Determining moister content for the crop before drying is important because it can affect the methods 

used for drying and the time it takes. For example, apricots have high moisture content and must be 

dried first at low temperatures or a crust will form, and the water won’t be able to escape prolonging 

the drying time or even risking spoiling the food (Belessiotis & Delyannis, 2010). 
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Another important parameter is the drying rate, which is also dependent on the moisture content, 

temperature, relative humidity and velocity of the drying air. It helps appreciate the efficiency of the 

whole dryer. To paint a picture of the drying process and how it changes over time, the drying rate can 

be divided into three phases. Phase 1 has constant drying rate while the surface is saturated with water, 

then Phase 2 the drying rate starts to slow down while the water in the crop must move to the surface 

before evaporating and finally Phase 3 the evaporation slows down and stops eventually (Belessiotis 

& Delyannis, 2010). The goal is to evaluate phase 2 and see the drying rate of the fruit before it 

stagnates and enters phase 3. 

An important condition for drying is the temperature in the drying chamber. For the best quality of the 

produce suitable mean temperature for drying is 60 ℃. Already at 30 ℃, the drying is so slow there is 

a risk of spoilage and molding of the crop. Another factor that can have impact on the quality is the 

pretreatment of the crops. Therefor some of the important steps before drying is to select crops that are 

ripe, firm and without scratches. Then wash the crop to decrease the microorganisms and depending 

on the crop it can be peeled and sliced. In some cases, blanching of crops by treating it with steam is 

recommended for retaining the color (Belessiotis & Delyannis, 2010). 

The drying rate can be calculated to compare the performance of the different setups. It is defined as 

the ratio between the mass difference of the sample fruits and the drying time, multiplied by the total 

surface area of the apples (Aacharya, 2024b). However, it is also important to consider the solar 

irradiance and reference temperature when using this method for comparison. 

𝐷𝑟 =
𝑚𝑖−𝑚𝑓

∆𝑡×𝐴
     (2.2) 

Table 2.2. Drying rate parameters. 

Parameter Definition Unit 

𝑚𝑖 Initial mass of the drying sample kg 

𝑚𝑓 Final mass of the drying sample kg 

∆𝑡 

𝐴 

Drying time 

Total surface area of apple 

s 

𝑚2 

 

2.2 Overview of the Literature 

This overview aims to present user preferences alongside insights related to economic considerations, 

material availability, and recent technical findings. When the Solar Food project was initiated, its main 

goal was to develop a solar dryer with a short drying time, constructed from locally available materials, 

and socially accepted by the farmers of Nepal and Bhutan. To achieve this, the dryers were to be co-

produced with farmers to better understand their needs (Lunds universitet, u.d.). By reviewing findings 

from reports associated with the Solar Food project, as well as relevant literature on indirect solar 

dryers, the aim is to guide the selection of experiments towards those that are most likely to serve the 

overall objective of this report: develop a more economically viable solar dryer. The outcomes of this 

review are also intended to serve as a foundation for more informed recommendations on how to 

improve the solar dryer in future development stages, with particular attention to the preferences and 

requirements of the intended users.  



 

11 
 

Interview studies with farmers in Nepal and Bhutan were conducted to capture their perspectives, 

which are presented in Section 2.2.1 User Preferences, with the aim of ensuring that future designs 

better address their requirements. Section 2.2.2 Economy discusses the cost of the dryers, introduces 

innovative ideas to overcome economic challenges. Finally, Section 2.2.3 Technical Findings 

summarizes relevant technical insights that, if applied, could enhance the drying efficiency of the solar 

dryer. 

2.2.1 User preferences  

Previous interviews and literature studies conducted in relation to the Solar Food project revealed 

some technical user preferences of the solar dryer. The most mentioned technical barriers for usage of 

the solar dryers in Nepal included portability, durability, investment costs, capacity, drying time, and 

user friendliness (Sonesson & Lundqvist, 2024). 

Portability is a recurring concern. Farmers have emphasized the need for a lighter design that allows 

flexible placement, such as on rooftops or relocating it throughout the year to optimize sunlight during 

seasonal changes. The dryer previously used by the farmers was an older project model made of mild 

steel, weighing around 100 kg. During transport, the weight proved to be a challenge, and the fragility 

of the glass also posed problems on the roads and has already been damaged once during transportation 

(Sonesson & Lundqvist, 2024). 

Capacity and drying efficiency are also highlighted. In regions where grains are the main crop, larger 

drying capacity is required. Farmers further stress the importance of faster drying rates to improve 

efficiency, although the dryer is still valued for its ability to protect crops from external damage such 

as rain and dust (Sonesson & Lundqvist, 2024). A study from the Jumla district in Nepal with 80 

randomly selected apple farmers showed that if multiplying the average apple-growing land area with 

the apple productivity the average production was about 3 tons per year giving an indication of the 

capacity needs (Thapa, o.a., 2023). 

Economic concerns present another major challenge. In 2024, the price of the Solar Food prototype 

was 35 000 NPR, compared to government-produced dryers, which cost between 32 000 and 45 000 

NPR but are reduced to 15 000 – 20 000 NPR after subsidies (more about the subsidies in section 2.2.2 

Economy). Farmers interviewed in Nepal noted that a lower price is necessary for the dryer to be 

competitive on the market (Sonesson & Lundqvist, 2024). Similarly, farmers in Bhutan also considered 

the dryer too expensive. Due to the high investment cost, farmers emphasized that durability is crucial 

and that the dryer must guarantee a reliable payback (Andreasson & Lundevaller, 2025).  

Seasonal performance issues were also raised. A farmer in Samdrup Jongkhar, Bhutan, who had used 

the Solar Food prototype for two years, reported that the dryer performed poorly during rain and was 

non-functional during the monsoon season. To protect the dryer from damage, it was covered with 

plastic during rain. He suggested a hybrid model with electrical heating and a water-tight design as a 

possible solution. Such improvements would be particularly valuable during the monsoon, when post-

harvest losses are typically highest (Andreasson & Lundevaller, 2025).  



 

12 
 

Regarding user-friendliness, it was observed that drying on the trays was not uniform, and the trays 

were prone to deformation. In addition, the farmers expressed a need for longer electricity cables and 

pointed out that the dust filter at the fan inlet was susceptible to damage (Sonesson & Lundqvist, 2024). 

2.2.2 Economy  

The economic aspect of the solar dryer is essential for it to be commercialized. It must be available in 

a price category that suits the local farmers. Unfortunately, many of today’s solar dryers are not 

designed with the economical aspect in mind (Lingayat, Chandramohan, Raju, & Meda, 2019). 

A study was conducted in 2025 regarding barriers and drivers for the adaption of solar dryers in 

Bhutan. The study underscored that the current investment cost is simply too high, and many people 

could not afford it. The reviewed literature and the interviewed farmers in the study agreed that the 

price is too high. The price for the Bhutanese solar dryer was 17 000 BTN which converts to 

approximately 27 000 NPR. The profitability and payback period of the solar dryer is important for 

the farmers, since there is no leeway for a bad investment. One must note that economic profitability 

looks different depending on the usage of the solar dryer. While some farmers might have the purpose 

to sell the dried crops, some might just want to have the dryer for self-consumption and that can affect 

the profitability (Andreasson & Lundevaller, 2025).  

A way to lower the price is to use cheaper or recycled and easily available materials. In one study, 

recycled black painted aluminum cans were used as absorbers and the drying chamber was built with 

recycled Styrofoam boxes. Together with two fans of 12 V each, a 4 mm glass window to protect the 

cans, three plastic trays the design had a total cost of 40 €. It was paired with a photovoltaic panel of 

10 W to power the fans, that had a cost of 22 €, making the total investment cost 62 €, which is 

converted to 10 300 NPR. The dryer could be loaded with 2 kg of fruit, was expected to last for 3 years 

and be able to be used 40 times per year. With apples as the object for drying, the price for the dried 

product was 16.72 € / kg, including the cost of the initial apples purchased for a cost of 1.50 € / kg. 

The article compares this price to a medium price of dried apples of 34.50 € / kg (Fernandes, Fernandes, 

& Tavares, 2022). 

Government of Nepal supports users of solar dryers by offering subsidies that fall under certain criteria. 

Agency responsible for implementing the policy is Alternative Energy Promotion Center. “Subsidy 

Policy for Renewable Energy 2069 BS” document is a translation of the official document for the 

policy regulations. Subsidies for thermal energy are only given to rural areas. The subsidy is up to 50 

% of the price with an upper limit depending on the drying area capacity and applying to specified 

dryers. The division of dryer type and maximum subsidy amount is shown in Table 2.3. It is important 

to mention that for large scale institutional or commercial dryers an additional 20 000 NPR will be 

supplied if the target group consists of 50 % or more single women, disabled, disaster victim, conflict 

victim or endangered ethnic group recognized by the Government of Nepal (Ministry of Science, 

2013). There are also subsidies given for some solar dryers on the market, but the prototype by Solar 

Food project is not included in the policy.  
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Table 2.3. Subsidy compensation depends on type of dryer. 

Dryer type Drying Area / 𝐦𝟐 Maximum subsidy amount  

/ NPR 

Domestic dryer 0.28 - 1.86 15 000 

Medium scale commercial dryer 1.86 - 7.9 100 000 

Large scale institutional or commercial dryer 7.9 + 150 000 

 

2.2.3 Technical Findings 

Below are twelve chosen findings about airflow, absorbers, solar air collectors, a recirculation system, 

reflectors and heating elements. They will serve as basis for better decision making in experimental 

choices and recommendations.   
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Table 2.4. Technical findings in the research area of Indirect Solar Dryers, divided by component. 

Component Drying Condition Findings Ref 

Air inlet Dryers with different air inlet shapes and 

areas were tested during same conditions. Air 
inlet shapes were circular, rectangular, square 

and tringle. 

Results showed that the larger air inlet area 

enhanced performance. The circular shape set up 
had the best efficiency, but only 0.5 % higher than 

the highest average for square shape. 
 

(Etim, Eke, & 

Simonyan, 
2020) 

Adjustable fan A fan at two different voltage levels was 

tested for different air flow velocity. 

It showed that the air flow velocity has impact on 

the drying rate, but the optimal velocity depends on 

the chosen crop. Therefore, an empirical test should 

be done for specific crops based on dryer design and 

set up. 

(Moghimi, 

Rahimzadeh, 

& Ahmadpour, 

2021) 

Absorber coat thickness In this study an absorber with 2 mm and 4 

mm black paint coating were tested in an 

empty dryer, in 2 following days. 

2 mm coating showed a higher temperature during 

longer period of the day than the thicker coated 

absorber. 

(Moghimi, 

Rahimzadeh, 

& Ahmadpour, 

2021) 

Shotblasted flat and 

corrugated absorber 

A shot blasted flat plate, and a shot blasted 

corrugated plate absorber were compared in a 

study by drying over 2 days under similar solar 

conditions with constant mass flow rate 0.02 

kg / s. 

The study showed that the thermal efficiency of the 

shot blasted corrugated absorber was consistently 

higher during the day. 

(GaneshKumar

, o.a., 2024) 

Absorber coated with 

nano particles 

Flat plate collector coated with CuO nano 

particles. 

An increase in absorber efficiency was seen for 

CuO coated absorber vs. only black painted 

absorber, as well as drying time reduction by 6 %. 

(Jangde, Singh, 

& Arjunan, 

2022) 

Absorber with steel wire 

mesh 

n.a. Steel wire mesh as an absorber plate showed 

superior thermal efficiency, in comparison to 

conventional solar air heaters.  

(Jobair & 

Nima, 2022) 

Double-pass solar air 

collector (DPSAC) dryer 
 

 

Temperature in drying chamber varies 
between 45 ℃ - 60 ℃. Grapes were dried 
until moisture content on dry basis was 0.01 

and wet basis 18.5 %. Airflow was 220 
m3/ h.  

3 different drying times were achieved, and 
maximum time was 250 minutes.  

(Srivastavaa, 
Ananda, 
Shuklaa, 

Kumarb, & 
Buddhic, 

2021) 
 

Multi-pass solar air 

collector  

n.a. Multi-pass solar air collectors are of higher 

investment cost, but cheaper running costs due to 

their significantly lower drying time in comparison 

to single solar air collectors.  

(Lingayat, 

Chandramohan

, Raju, & 

Meda, 2019) 

Re-circulation type 

indirect solar dryer with 

energy storage 

A solar dryer with solar air collector, energy 

storage (paraffin) and a re-circulation system 

connecting the dryers exit air to the inlet.  

The drying time improved by 4 - 5 times compared 

to open sun drying and the productivity and 

efficiency increased by 1.5 – 2 times compared to 

without re-circulation system and energy storage. 

(Lingayat, 

Chandramohan

, Raju, & 

Meda, 2019) 

Reflector A natural convection, indirect solar dryer 

with a flat plate collector, double shelf 

cabinet dryer and reflectors.  

The reflector increased collector efficiency by 40 % 

- 58.5 %.  

(Lingayat, 

Chandramohan

, Raju, & 

Meda, 2019) 

Indirect solar drying with 

electric heater 

An indirect solar dryer dried grapes without an 

electric heater and with an electric heater 

placed in the drying chamber. Two tests were 

done with electric heater, one with 600 W and 

the other with 1 200 W effect of the heater. 

The grapes dried in the indirect solar dryer with 

electric heater of 600 W had the best color and 

quality. The electric heater of 1 200 W was the 

faster at drying than 600 W and without the heater.  

(Sepehrimehr 

& Kohan, 

2014) 

Heating element 2 heating coils of 2 000 W were placed at the 

bottom of the drying chamber and tested for 

drying pumpkin slices. 

Heating coils contributed to more uniform drying 

between the trays in a day. The more optimal 

placement of heating coils was in the rear part of the 

drying chamber since the internal fan was blowing 

air from the back to the front of the chamber.  

(Om, Tshering, 

Tashi, Subba, 
& G, 2025) 
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2.3 The Γ-dryer   

The new design, here called the Γ-dryer (Gamma-dryer) has been further developed to better meet the 

needs of farmers. It is constructed to be more affordable, lightweight, and user-friendly. In the end it 

turned out to be more expensive than the Δ-dryer, but it was inevitable with the increased size. This 

dryer has been designed so that all parts can be delivered in a flat package, allowing for easy 

transportation and assembly on-site. The following section provides a description of the new design, 

along with the motivations behind the chosen features. 

 

Figure 2.2. The Γ-dryer. 

The prototype features a horizontal absorber with an area of 2 m². Its horizontal orientation makes it 

independent of the sun’s seasonal movements compared to the Δ-dryers diagonally placed absorber 

which needs to face the sun for optimal irradiation absorption. The absorber is also 0,14 m2 larger than 

in previous designs, which increases heat exchange from the solar irradiation to the absorber before 

the air enters the drying chamber.  

In this prototype, no heat exchanger has been included, reducing both the cost and complexity of the 

construction.  

The horizontal positioning of the absorber enables the drying chamber to take the shape of a cuboid 

with internal dimensions of 650 mm × 960 mm × 1000 mm, providing more space for drying. The 

chamber remains divided into two sections, a configuration that has proven effective for promoting 

airflow and achieving more uniform drying. Each part of the chamber has 10 levels for trays, with 

space for two trays at each level, making it 40 in total, an increase in capacity of more than double 

compared to the Δ-dryer with 18 trays. The chamber is constructed from 2 mm galvanized iron sheets, 

the same as for the Δ-dryer, which offer excellent durability due to its corrosion resistance, while also 

being affordable and lightweight.  
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Unlike the previous design, this solar dryer incorporates three external fans at the outlet rather than the 

inlet. The fans create negative pressure within the drying chamber, drawing fresh air in through the 

rectangular inlet located beneath the absorber plate. Three internal fans are also located at the top of 

the dividing wall in the chamber. This is three times the number of fans as in Δ-dryer, which increases 

the airflow.  

2.4 Economic Evaluation Methods  

Profitability of a product is appreciated by the payback period. The payback period is described as 

capital cost divided by the annual earnings subtracted by annual total cost (Jangde, Singh, & Arjunan, 

2022).  

𝑃𝑎𝑦𝑏𝑎𝑐𝑘 𝑝𝑒𝑟𝑖𝑜𝑑 =
𝐶

𝑀𝑑𝑦𝑋 − 𝑀𝑓𝑦𝑌 − 𝐴𝑇𝐶
(2.3) 

Table 2.5. Payback period parameters. 

Parameter Definition Unit 

C Capital cost NPR 

𝑀𝑑𝑦 Dried product Kg 

X Selling price NPR 

𝑀𝑓𝑦 Fresh product Kg 

Y Buying price NPR 

ATC Annual total cost NPR 

 

Annual total cost is a sum of annual capital cost and annual running cost (Jangde, Singh, & Arjunan, 

2022). 

𝐴𝑇𝐶 = 𝐴𝐶𝐶 + 𝐴𝑅𝐶 = (
𝐶 − 𝑆

𝑛
+

(𝐶 + 𝑆) ∙ 𝑖

2
) + (𝐹 +

𝑅(𝑛 − 1)

2
) (2.4) 

Table 2.6. Annual total cost parameters. 

Parameter Definition Unit 

ACC Annual capital cost NPR 

ARC Annual running cost NPR 

S Scrap value of equipment NPR 

n Lifetime years 

𝑖 Interest rate per year - 

F Running cost the first year NPR 

R Increase in running cost per year NPR 
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3. Method  

3.1 Limitations 

This study focuses exclusively on low-cost, indirect solar dryers (or hybrid versions with an added 

heating element); other types of dryers were not considered in either the literature review or the 

experimental work. Experiments were conducted on the two available dryers with the objective of 

identifying potential solutions to reduce costs or shorten the payback period. Consequently, expensive 

features were excluded from testing, even when the literature suggested potential efficiency 

improvements. The analysis focuses solely on aspects necessary to address the aim of the study, 

reducing costs, and therefore calculations of dryer efficiency are not included. Furthermore, all 

experiments were conducted outdoors at Kathmandu University, and no trials were performed under 

controlled conditions. To address this limitation, a multiple linear regression analysis was conducted. 

The dried product used in the experiments was limited to apples. 

3.2 Literature Findings 

The search for relevant literature was divided into two parts, where the first consisted of articles related 

to the Solar Food project and the other part consisted of a search on the Database Scopus with the 

search TITLE-ABS-KEY (Indirect solar dryer AND (economics OR design)). This means that the title, 

abstract, or keywords of the report must include “indirect solar dryer” along with “economics” and/or 

“design” for the report to appear in the search results. 

The number of articles related to the Solar Food project, conducted at Lund University, was 17 and 

the most relevant ones have been included in this article. These articles were not included in the Scopus 

search.  

The method for identifying relevant articles in Scopus involved an initial search and subsequent 

screening. The search yielded 241 articles, and all abstracts were reviewed. Papers on solar dryers with 

photovoltaic cells, comparisons with irrelevant dryer types, or topics such as food preservation, heat 

storage, quality testing, computer simulations, and mathematical models of specific dryers were 

excluded. Performance testing of specific dryers was also excluded, since this study conducts its own 

tests and such results are difficult to compare due to varying conditions. In contrast, studies on indirect 

solar dryer design, economic analyses, or potentially relevant applications, materials, or design 

features were included. After screening, 75 articles remained. These articles were studied, and 16 were 

chosen eligible for this report and 9 were included in chapter 2.4 Technical Findings. 
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Figure 3.1. Prisma flow diagram for technical findings with Scopus database.  

After systematically reviewing articles related to the Solar Food project and conducting searches on 

Scopus, the remaining articles included in this study were found through open internet searches. 

Careful consideration was given to the credibility of all sources used. 

3.3 Testing the prototypes 

3.3.1 List of tests 

All tests were conducted on both prototypes except for the fact that the Γ-dryer does not have a heat 

exchanger, and it will not be added in any experiment. Each experiment was conducted one to three 

times. The list of tests includes the following: 

• Full-load drying test: Drying with a 100 % fruit load in the original setup. For the Δ-dryer, 

this corresponded to 3.4 kg ± 100 g of apples and for the Γ-dryer 8.2 kg ± 100 g of apple, both 

with 200 g ± 10 g of apples on each tray. 

• Component evaluation tests: The remaining tests involved systematically adding or removing 

individual components to assess their effect on drying time and the total volume of dried 

produce. The following components were tested: 

o Heating element: Previous studies (summarized in Table 2.4) have shown that heating 

elements improve drying time. A 400 W heating element was incorporated to evaluate 
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whether the increased apple sales compensates for the additional cost of the heating 

element and electricity consumption. 

o Internal fan: Tests were conducted with and without internal fans. The Δ-dryer is 

equipped with one internal fan, whereas the Γ-dryer has three. The tests aim to assess 

whether performance improvement justifies the associated capital and operating costs. 

o Heat exchanger: Drying was tested with and without the heat exchanger on the Δ-

dryer. Blocking the heat exchanger allowed quantification of its contribution to the 

drying process. 

o Insulation: Drying was conducted without insulation to quantify its contribution to the 

drying process. 

o Absorber coverage material: The absorber coverage material was changed from glass 

to a polycarbonate sheet. 

3.3.2 Taking measurements 

The measuring equipment used in the tests includes twelve thermocouples and two relative humidity 

sensors, positioned as shown in Figures 3.2 and 3.3 for the respective prototypes. In some locations, 

multiple thermocouples were placed to ensure more reliable data collection. Measuring the temperature 

difference before and after a component allows for the evaluation of its efficiency, while measuring 

the temperature inside the drying chamber provides an indication of overall performance and ensures 

that the temperature remains within food safety limits. 

 

Figure 3.2. Thermocouple positions for the Δ-dryer. The relative temperature was measured outside the dryer, three 

thermocouples were positioned before the absorber (1), two after the absorber (2), one thermocouple as well as a humidity 

sensor in the first chamber (3), one thermocouple at the bottom of the chamber (4), one thermocouple and a humidity 
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sensor was positioned in the second chamber (5), two thermocouples were positioned before the heat exchanger (6) and 

one thermocouple after the heat exchanger (7).  

 

 

Figure 3.3. Thermocouple positions for the Γ-dryer. The relative temperature was measured outside the dryer, two 

thermocouples were positioned after the absorber (1), and one thermocouple at each other position (2-5). 

A pyranometer was placed outside the dryer to measure solar irradiance throughout the day. Since 

solar irradiance directly affects the temperature inside the dryer, it is important to understand the 

relationship between the two and to determine whether the conditions between tests are comparable. 

All thermocouples were connected to a multiplexer that, together with humidity sensors and the 

pyranometer, were connected to a Campbell Scientific data logger. The data logger recorded two 

measurements per minute and stored the average value on a connected computer. The data collected 

was then transferred and analyzed using Microsoft Excel. 

Additionally, a handheld anemometer was used to measure the airflow through the dryer. Airflow was 

measured once for each fan configuration, as it remained constant during operation. To measure 

airflow, a 2-meter duct was attached to the inlet fan. For the Delta dryer the measurements were taken 

1.5 meters from the pipe entrance and 0.5 meters from the fan (Johansson & Svensson, 1982). For the 

Gamma-dryer the measurement was taken 1.5 meters from the fan and 0.5 meters from the outlet since 

the fan is blowing the air out and not in. The measurements were taken at four points across the cross 

section calculated for a 140 mm diameter pipe (Johansson & Svensson, 1982). The mean air velocity, 

𝑣𝑚𝑒𝑎𝑛, for the points was calculated along with pipe cross area, A, and used to derive volume flow, Q 

in l / s using following formula. 

𝑄 = 𝑣𝑚𝑒𝑎𝑛 ∙ 𝐴 ∙ 1 000  l/s (3.1) 
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For the calculation of total air volume flow rate of Γ-dryer, the volume flow of one exhaust fan was 

multiplied by three. 

Preparation for each test included washing the apples, removing the cores, slicing them into 3 mm 

pieces using a mandolin, and placing them on the trays. Before drying, chosen trays (as shown in 

Figure 3.2. and 3.3.) were weighed individually, along with the total sample weight. Each test started 

at 10:00 a.m. and ended at 1:00 p.m., except for some that continued until 4:00 p.m. The weight of the 

samples was measured every three hours or every hour, depending on the experimental objective. 

During the first test, drying continued until the drying rate decreased and the weight difference between 

successive measurements became insignificant, indicating entering phase 3. After that, an 

uninterrupted test was conducted during the same duration as determined in the first test.  

3.3.3 Economic analysis 

To evaluate the economic feasibility of the dryer and compare the profitability of different components, 

the payback period is calculated for all dryer configurations. This provides insight into how each 

component’s cost influences the overall payback period, as well as how soon farmers can begin 

profiting from the dryer. A sensitivity analysis is also conducted to assess how changes in key variables 

affect the payback period. 

The base-case scenario for the payback-period calculation is based on the following assumptions. 

Apple harvesting takes place between August and October; therefore, it is assumed that drying occurs 

from September to November, during which there are 580 sunny hours annually (Climate data, 2022). 

By dividing the available sunny hours by the drying time, the total annual amount of fresh product is 

estimated. The annual output of dried apples is assumed to be 15 % of the annual volume of fresh 

apples. 

The scrap value at end of life is estimated at 1 700 NPR for the Δ-dryer and 2 000 NPR for the Γ-dryer. 

The annual interest rate is set to 10 %. Running costs include the electricity consumption of the fans 

and, for the relevant experiment, the heating element. The running cost increases by 1.8 NPR annually, 

which is 10 % of the running cost in the first year. The lifetime of the solar dryer is assumed to be 20 

years, although the fan is expected to require replacement every five years. 

In the base-case scenario, the apples are produced by a farmer with a production cost of 25 NPR / kg 

(Pandey, Neupane, Joshi, Paudel, & Khatri, 2023), while the selling price of dried apples is 1 000 NPR 

/ kg (Temperate Horticulture Development Center Marpha, Mustang, u.d.). These base-case values are 

summarized in Table 3.1. 
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Table 3.1. Base case values for the payback period calculation. 

Parameter Value Unit 

Scrap value Δ: 1 700 

Γ: 2 000 

NPR 

Production price 25 NPR / kg 

Selling price 1 000 NPR / kg 

Interest rate 10 % 

Running cost increase/year 1.8 NPR 

Lifetime 20 years 

Sunny hours  580 hours 

 

3.3.4 Multiple Linear Regression 

A multiple linear regression analysis was conducted to enable an analysis of the results without the 

impact of variable solar irradiance and ambient temperature. Using MATLAB, the following 

regression model (equation 3.2) was estimated to describe the sample weight reduction during 3 hours 

of drying in the Δ-dryer. It was not possible to develop a corresponding model for the Γ-dryer due to 

an insufficient number of measurements, and the two dryers could not be combined since they operate 

independently. 

The independent variables are solar energy per square meter, reference temperature, and a binary 

variable indicating whether the sample was subjected to specific experimental conditions, such as 

operation without insulation. The average solar irradiance and the reference temperature were scaled 

by factors of 10-3 and 10-2 respectively, to obtain values between 0 and 1. 

𝑊𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛,3ℎ = 0.2466 + 1.7678 ∙ 𝑄𝑠 + 0.3309 ∙ 𝑇𝑟𝑒𝑓 − 0.0573 ∙ 𝐼 − 0.1620 ∙ 𝐻𝐸𝑥 + 0.0159 ∙ 𝐼𝐹

+ 0.1742 ∙ 𝑃𝐴 + 1.2162 ∙ 𝐻𝐸𝑙 (3.2)
 

3.2. Parameters.  

Parameter Definition Unit 

𝑄𝑆 Average Solar Irradiance (0 -1) 10−3 ∙ 𝑊/𝑚2 

𝑇𝑟𝑒𝑓 Average Reference Temperature (0 -1) 10−2 ∙ ℃ 

𝐼 
𝐻𝐸x 

𝐼𝐹 

PA 

HEl 

Without insulation (=1) 

Without Heat Exchanger (=1) 

Without Internal Fan (=1) 

With Plastic Absorber (=1) 

With Heating Element (=1) 

1 or 0 

1 or 0 

1 or 0 

1 or 0 

1 or 0 

 

3.3.5 Sources of error 

One limitation of this study is the difficulty in comparing results due to variations in solar irradiation 

and reference temperature. Additionally, there were some errors and inaccuracies connected to 

measuring equipment. At the beginning of the experimental work, only a less precise weighing scale 

was available, which may have led to less accurate weight measurements. During the experiments, 

some thermocouples were also observed to detach when the tape adhesive melted at high temperatures, 

and on several occasions the datalogger failed to record certain temperature readings. To cope with 

that, additional weather data was sourced from a weather station nearby.  
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The drying time was calculated by extrapolating the drying time of the slowest drying tray. This 

assumption is only valid if the drying rate of the tray doesn’t change during the drying process. For 

experiments without the inner fan or with heating element this is not the case. This means that the 

drying time calculation is less reliable for these experiments.  

When the drying rate was calculated, the apple coverage area was assumed to be 70 %. However, as 

the apples dried, this area decreased, and the reduction was not accounted for. Additionally, obtaining 

weight measurements required opening the dryers, which resulted in the loss of warm air leading to 

extended drying time and lower drying rate. 

The dryers were built locally, which reflect real-world conditions, but several construction issues 

were observed. These included gaps between the drying chamber and the absorber plate in the Γ-

dryer, as well as gaps in the lining of both absorbers. Pictures of the errors of the construction are 

gathered in the Appendix C. These errors could be contributing to heat loss through the cracks and 

lower temperatures inside the drying chamber. 

The plastic plate and glass for the two dryers were also of different thickness. The Δ-dryer had a 4 

mm glass cover and was tested with a 2 mm plastic cover while the Γ-dryer had a 5 mm glass cover 

and a 5 mm plastic cover. This means that a general conclusion about plastic cover can’t be reached 

and the results are case to case. 

Airflow measurements in the Γ-dryer were conducted on only one of the three fans. The measurements 

varied across different points, indicating that the airflow had not yet stabilized. In addition, it was 

assumed that the airflow from a single fan could be multiplied by three to estimate the total airflow; 

however, this assumption may not be entirely accurate.  
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4. Results 

The results are divided into one chapter about drying performance and one chapter about costs, material 

effects and payback period.   

4.1 Drying Performance  

4.1.1 General findings for starting setup 

Figure 4.1 shows the drying stagnation points for trays 1 to 3 (see Figure 3.2) in the Δ-dryer. The first 

tray began to stagnate after three hours, the second after five hours, while the third tray showed no 

stagnation during the six-hour period. 

Trendlines were added to the weight measurement points to visualize the drying rate: Tray 1 follows 

best a third-degree polynomial drying-rate function, whereas Trays 2 and 3 follow linear functions. 

Tray 3 exhibits the slowest drying rate and is therefore used as the reference; when Tray 3 is dry, all 

fruit in the dryer is assumed to be dry. This assumption is applied in the subsequent experiments as 

well. 

Using the weight measurements taken at the start and after three and/or six hours, the total drying time 

was extrapolated using a linear equation. This extrapolated drying time is later used to estimate the 

maximum possible amount of dried fruit produced annually (see Chapter 4.2). 

 

Figure 4.1. Weight of the three chosen trays over six hours with trendlines.  

The apples were once dried until only solid mass remained and then weighed 12.5 % of their initial 

mass which counts as the dry mass. The water content in the apples is consequently 87.5 % and the 

density was measured to 0.84 g / cm3. However, apples are considered dry and suitable for preservation 

at a moisture content below 15 % (Dried Fruit). 
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The solar irradiation and temperature look different each day, and an example of a cloudy and sunny 

day are given in Figure 4.2 below. The diagram shows weather data and chamber temperature from 

experiment 1.1 Original setup on a sunny day and experiment 1.2 Original setup on a cloudy day, 

between 10 a.m. and 1 p.m. The solar irradiance and temperatures were measured every minute.  

 

Figure 4.2. Solar Irradiation and reference temperature between 1000 and 1300 during experiment 1.1 and 1.2. 

From Figure 4.2 it is visible that even though the ambient temperature is similar in two experiments, 

the chamber temperature can be significantly different because of the changing solar irradiance. The 

average solar irradiance reference temperature and chamber temperature for each experiment will be 

presented later and will be taken into consideration when comparing the results. 

Using equation 3.1 the air volume flow rate was derived for the two dryers. Table 4.1. presents the 

results. The Γ-dryer is equipped with three inner and three outer 3 W -fans, while the Δ-dryer is 

equipped with one inner and one outer 1.8 W-fans. 

Table 4.1. Mean air velocity and the air volume flow rate through the dryers. 

Dryer Mean air velocity Air volume flow rate 

Δ 0.675 m/s 10 l / s 

Γ 1.95 m/s 90 l / s 

4.1.2 Key numbers for all conducted experiments 

Performance of the Δ-dryer 

The solar irradiance, reference temperature, average chamber temperature and mass change for all 

experiments conducted on the Δ-dryer are presented in Table 4.2. All numbers are calculated for the 

first three hours of the experimental set-up. One of the samples used in the test without the heat 

exchanger (Experiment 3.3.1) was dried again the following day (Experiment 3.3.2), this second 

drying is included in the table to illustrate how a sample dries on a second day. 
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In experiment 1.2, with cloudy weather, solar exposure was observed to be less and a lower mass 

change was measured. This test was mainly conducted to gain knowledge of the dryer’s performance 

during cloudy days, but since this study assumes exclusive usage of the dryer during sunny days, this 

experiment will be excluded in most cases. Excluding experiment 1.2, the average solar irradiance 

ranges from 553 W / m2 to 752 W / m2 with an average solar irradiance of 675 W / m2 between 10 a.m. 

and 1 p.m. The average temperature during each three-hour experiment ranged from 16.1 ºC to 25.9 

ºC with an average of 20.5 ºC, also excluding experiment 1.2. 

Table 4.2. Summary of average solar irradiance, reference temperature, chamber temperatures and changes in the 

samples mass for all experiments on the Δ-dryer.  

Experiment Avg. Solar 

Irradiation 

 / (W/m2) 

Avg. 

Reference 

Temperature 

/ ºC 

Avg. 

Chamber 

Temperature 

/ ºC 

Final mass 

after 3h / % 

Mass 

reduction 

after 3h / kg 

Final mass 

after 6h / % 

1. Fruit experiment, original set-up 

1.1 (clear 

sky) 

752 23.3 38.6 51.7 1.63 14.8 

1.2 (cloudy) 345 23.3 27.1 72.4 0.93 - 

1.3 (half-

cloudy) 

736 25.9 38.2 50.8 1.66 - 

2. Without internal fan 

2.1 688 25.6 53.5 50.9 1.64 - 

2.2 660* 17.5* - 58.2 1.41 46.8 

3. Without heat exchanger 

3.1 731 24.4 39.9 57.8 1.43 - 

3.2 697 24.5 40.3 58.5 1.40 - 

3.3.1 625* 16.7* - 62.4 1.27 36.7 

3.3.2 (same 

sample. 2nd 

day) 

747* 17.6* - 31.6 – 13.9** 0.6 - 

4. With heating element 

4.1  699* 19.6* - 18.9 2.73 14.3 

4.2 553 17.0 52.8 25.3 2.53 14.5*** 

5. Without insulation 

5.1 621* 21.2* - 63.3 1.24 39.0 

5.2 659 17.7 28.9 54.8 1.53 27.4 

6. With plastic cover 

6.1  603 16.1 - 54.3 1.54 28.0 

*Weather data from weather station in Dhulikhel. 

** The first weight was measured 9 a.m. and the second weight was measured at 1 p.m. 

*** Final mass after 5 hours of drying 

 

The Δ-dryer reached a final mass of 14.8 % within six hours, which is considered a complete test since 

the final moisture content is below 15 %. The test without the internal fan performed similarly to the 

original setup during the first three hours but ended with a final mass of 46.8  % after six hours. 

compared to 14.8 % for the original dryer. 

The drying performance of the test without the heat exchanger was also reduced compared to the 

original setup, with an average mass of 56.6 % after three hours and a mass of 36.7 % after six hours. 

On the second day, the sample reached a final mass of 13.9 % at 1 p.m. 
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The test without insulation performed similarly, with average masses of 59.1 % after three hours and 

33.2 % after six hours. The experiment using the plastic absorber reduced the mass slightly faster than 

the two previous configurations, reaching 54.3 % after three hours and 28.0 % after six hours. The 

results for the plastic absorber were obtained under less favorable weather conditions compared to the 

previously mentioned tests. 

The setup with the heating element outperformed all other configurations achieving an average final 

mass of 22.1 %. Experiment 4.1 reached a final mass of 14.3 % after six hours of drying and 

Experiment 4.2 reached 14.5 % after five hours. The latter was dried for five hours because it was 

assumed that the mass had stagnated before six hours and that further drying would not reduce the 

mass significantly. 

The chamber temperature ranged from 27.1 °C in Experiment 1.2 (the cloudy day) to 53.8 °C in 

Experiment 2.1 (without internal fan). On average, the chamber temperature was lowest in the test 

without insulation; however, the reference temperature during that experiment was 17.7 °C, one of the 

colder days.  

Experiment 4.2. with the heating element, was conducted at a reference temperature of 17.0 °C and 

still reached a chamber temperature of 52.8 °C, the second highest measured. Experiments 3.1 and 3.2, 

conducted without a heat exchanger, showed a slightly higher average chamber temperature of about 

one percentage unit compared to the original setup, despite somewhat less favorable weather 

conditions.  

Performance of the Γ-dryer 

The average solar irradiance and reference temperature between 10 a.m. and 1 p.m., average chamber 

temperature and mass change for all experiments conducted on the Γ-dryer are presented in Table 4.3. 

Γ-dryer was loaded with 8.2 kg ± 0.1 kg apple in all experiments excluding experiment 1.2 which was 

loaded with 3.4 kg of apple.  

The average solar irradiance ranges from 364 W/m2 to 645 W/m2 with an average solar irradiance of 

552 W/m2 between 10 a.m. and 1 p.m. The average temperature during each three-hour experiment 

ranged from 13.2 ºC to 18.5 ºC with an average of 15.8 ºC. Note that this is lower averages compared 

to the Δ-dryer.  
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Table 4.3. Summary of average solar irradiance, average reference temperature, average chamber temperature, changes 

in the samples mass for all experiments on the Γ-dryer. 

Experiment Avg. Solar 

Irradiation 

/ (W / m2) 

Avg. 

Reference 

Temperature 

/ ºC 

Avg. 

Chamber 

Temperature 

/ ºC 

Final mass 

after 3h / % 

Mass 

reduction 

after 3h / kg 

Final mass 

after 6h / % 

1. Fruit experiment. original set-up 

1.1.1 645 18.0* - 74.1 2.13 55.5 

1.1.2 (same 

sample, 2nd 

day)  

603 15.0 - 28.1 2.24 18.3 

1.2 (3.4 kg) 534 18.5 21.1 29.3 2.39 23.0 

2.Without internal fan 

2.1 538 14.7 18.0 73.0 2.20 60.0 

3. With heating element 

3.1  364* 13.2* - 67.0 2.71 36.4 

4. Without insulation 

4.1 574 15.0 - 79.7 1.68 62.5 

5. With plastic absorber 

5.1  606 16.5 - 79.2 1.70 62.6 
*Weather data from weather station in Dhulikhel. 

 

Experiment 5.1 was conducted on the same day as Experiment 6.1 for the Δ-dryer. With the plastic 

absorber, the Δ-dryer reduced the sample weight to a final mass of 54.3 % in three hours, corresponding 

to a mass reduction of 1.54 kg. During the same period, the Γ-dryer reduced the weight to 79.2 % of 

the initial mass, corresponding to a reduction of 1.70 kg, which is 0.16 kg more than the Δ-dryer. After 

six hours, the Γ-dryer had reduced the weight to 62.6 %, corresponding to a total mass reduction of 

3.07 kg, while the Δ-dryer reached 28.0 %, corresponding to a mass reduction of 2.45 kg. 

In Experiment 1.2, the Γ-dryer was loaded with 3.4 kg of apples, the same sample weight as used for 

the Δ-dryer. The average solar irradiance and reference temperature were lower compared to 

Experiments 1.1 and 1.3 for the Δ-dryer. After three and six hours, the Γ-dryer reduced the weight to 

29.3 % and 23.0 %, respectively. In comparison the Δ-dryer (average of Experiments 1.1 and 1.3) 

reduced the weight to 51.3 % after three hours and 14.8 % after six hours. During the first three hours, 

the Γ-dryer removed 0.745 kg more moisture than the Δ-dryer. However, after six hours, the Δ-dryer 

had removed 0.279 kg more than the Γ-dryer. 

The experiment without insulation performed very similarly to the test with the plastic absorber, 

showing a slightly lower drying rate compared to the original setup. The mass was reduced to 79.7 % 

after three hours and 62.5 % after six hours. 

Without internal fans, the sample mass decreased slightly faster than in the original setup during the 

initial phase, but after six hours the original dryer performed better. This behavior was also observed 

for the Δ-dryer. The Γ-dryer with a heating element showed the fastest drying rate, reducing the mass 

to 67 % after three hours and 36.4 % after six hours. While the Δ-dryer with a heating element was 

able to reach a satisfactory moisture content within five hours, the Γ-dryer would need a longer drying 

time to reach a final moisture content below 15 %. 
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Regarding chamber temperatures, the original Γ-dryer setup reached an average temperature of 21.1 

°C, and the experiment without an internal fan reached 18.0 °C. These temperatures were on average 

17.3 °C and 35.5 °C lower (excluding Experiment 1.2) compared to the corresponding Δ-dryer 

experiments. The Γ-dryer increased the chamber temperature by 2.6 °C relative to the reference 

temperature in the original setup, while the Δ-dryer increased the chamber temperature by an average 

of 13.8 °C in Experiments 1.1 and 1.3. 

4.1.3 Drying rate, comparative diagrams 

Figure 4.3 shows the variation in drying rate (y-axis starting at 250 g / (h·m2)) for each experimental 

setup of the Δ-dryer during the first three hours, excluding Experiment 1.2. The drying rate has a 

maximum deviation of 31 g / (h · m²).  

 

Figure 4.3. Boxplot with the drying rate for the Δ-dryer. 

Figure 4.4 presents the drying rates over three and six hours, along with the solar irradiance, for one 

selected experiment from each test configuration of both the Δ-dryer and the Γ-dryer. Overall, the 

drying rate decreases when calculated over six hours instead of three. The largest reduction between 

the three-hour and six-hour drying rates is observed for the Δ-dryer equipped with a heating element. 

The experiments conducted without an internal fan show the second largest decrease, indicating a 

notably lower drying rate over the full six-hour period compared to the initial three hours. 
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Figure 4.4. Drying rate and Solar Irradiance for chosen experiments. 

Overall, the Γ-dryer showed a higher drying rate compared to the Δ-dryer in all experimental set-ups.  

Figure 4.5 shows the weight of dried products per hour that each experimental set-up produced on 

average over the complete drying process. The total drying time used is the extrapolated value from 

the slowest drying tray. The amount of dried apples for each experiment is equal to the initial sample 

weight, which was 3.4 kg for the Δ-dryer and 8.2 kg for the Γ-dryer times the final moisture content 

of 15 %. The values act as a comparative, to be able to better understand the relation between the 

drying time and the sample size.  

 

Figure 4.5. Produced dried apples per hour for both dryers.  
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The results show that the Γ-dryer is drying more apples per hour compared to the Δ-dryer in all 

scenarios. When the heating element was added, both dryers performed similarly. The largest 

difference is seen when the internal fan is removed.  

4.1.4 Drying uniformity 

Figure 4.6 shows the weight reduction of tray 1 – 3 (see figure 3.2) for the Δ-dryer after 3 hours of 

drying. In general tray 1 is drying quicker compared to tray 2 and 3. A mass reduction of 170 g for a 

tray starting at 200 g is considered a dry sample as the mass is reduced to 15 %. 

 

Figure 4.6. Weight reduction after 3 hours drying in different conditions for tray 1, 2 and 3 in the Δ-dryer. 

Figure 4.7 shows the weight reduction of trays 1 – 6 (see figure 3.3) in the Γ-dryer after three hours of 

drying. In general, the first tray exhibits the highest drying rate, while trays 2 – 6 perform similarly in 

terms of moisture removal. 
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Figure 4.7. Weight reduction after 3 hours drying in different conditions for tray 1 – 6 in the Γ-dryer. 

Trays 3 and 6 are the bottom trays which are close to the heating element, explaining the increased 

moisture removal for that experiment.  

4.1.5 Drying rate with Multiple Linear Regression  

The model achieved a coefficient of determination of 𝑅2 = 0.985 based on a total of 13 observations, 

indicating a good fit. This implies that approximately 98.5 % of the variation in the measured weight 

reduction is explained by the model. The overall regression was statistically significant (F = 46.95, p 

= 0.000291). The mean square error was 0.0088, indicating low prediction errors. However, the 

relatively small sample size (n = 13) should be considered when interpreting the results, and the 

model should primarily be regarded as exploratory. A comparison between predicted and observed 

values is presented in Figure 4.8. 

 

Figure 4.8. Predicted and observed values from the regression analysis.  
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The regression model was used to forecast drying rates using Equation 4.1. The solar irradiance and 

reference temperature were fixed at 675 W/m² and 20.5 °C, respectively. The results are presented in 

Figure 4.9. 

 

Figure 4.9. Calculated drying rates with the formula generated from the regression analysis.  

The regression analysis indicates that configurations without an internal fan or insulation do not 

significantly reduce the drying rate compared to the original setup. However, the configuration with 

an internal fan had a higher drying rate during the first three hours compared to the total drying 

period of six hours. This observation should be noted, as the regression model is based solely on data 

from the first three hours of drying. 

Compared to the experimental results, the configuration with a plastic absorber now shows a higher 

drying rate than the original configuration. The configuration without a heat exchanger exhibits the 

lowest drying rate and the one with heating element has the highest.  

4.2 Economic Performance and Material Considerations 

4.2.1 Cost 

The Δ-dryer has an initial total investment cost of 41 070 NPR, where 29 070 NPR are material costs 

and 12 000 NPR are manufacturing costs. The running costs for fans and heating elements are 0.03 

NPR per hour for both fans, and 3.8 NPR per hour for a heating element of 400 W respectively. For 

the Γ-dryer, the investment cost is 55 644 NPR, where 40 644 NPR are material costs and 15 000 NPR 

are manufacturing costs. The running costs for fans and heating element are 0.17 NPR per hour for six 

fans and 3.8 NPR per hour for a heating element of 400 W respectively. The electricity cost used for 

running cost calculation is set to 9.5 NPR / kWh (NEA Electricity tariff rates, u.d.). Table 4.5 shows 

the costs of the variable components and how they affect the total material cost of the solar dryers.  
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Table 4.5. Cost of the experimental components and how they affect the total cost of the Δ- and Γ-dryer. 

Component with 

specification 

Cost per Unit / 

NPR 

Quantity Δ-

dryer 

Quantity Γ-

dryer 

Cost difference 

for Δ-dryer 

Cost difference 

for Γ-dryer 

Halogen Heating 

Rod 

200 1 1 + 200 + 200 

Inner Fan DC 12 V 350 1 3 - 350 - 1 050 

Aluminium Foil 

Insulation. 13 mm 

800 / m2 4 4 - 3 200 - 3 200 

Polycarbonate 

Sheet. 2 mm 

1 452 / m2 1.86 m2 - - 1 300 - 

Polycarbonate 

Sheet. 5 mm 

3 300 / m2 - 2 m2 - + 2 200 

Heat exchanger. 

solar dryer sheets 

1 225 1 - - 1 225 - 

4.2.2 Material effects 

For the models used in this study, galvanized iron sheets were used for both the drying chamber and 

the absorber plate. Although this material accounted for approximately 25 % of the total material costs 

of the dryer, it offered advantages such as good mechanical strength, corrosion resistance, and low 

weight. 

Nitrile rubber with aluminum foil was used as insulation. This material was only available from a 

limited number of retailers but could be found in Kathmandu and possibly in other larger cities. Despite 

representing approximately 8 % to 11 % of the total material costs, the insulation was easy to handle, 

provided good resistance to moisture, and was food safe. Other food-safe insulation options were 

difficult to find. Materials such as Styrofoam, which are not food safe, would need to be placed on the 

exterior of the dryer, leading to additional costs for protective plastic wrapping or other weatherproof 

coverings. 

The absorber cover has traditionally been glass, however, in this study a polycarbonate sheet was also 

tested. The glass represented 11 % of the material costs for the new dryer and 14 % for the old dryer, 

corresponding to 4 000 NPR and 4 400 NPR, respectively. The new dryer was equipped with 5 mm 

glass, while the old dryer used 4 mm glass. The g-value, defined as the fraction of incident solar heat 

energy transmitted through the glass, was 87 % for the 5 mm glass and 88 % for the 4 mm glass 

(Pilkington, 2024). While glass was easy to clean, it was heavy and proved fragile both during use and 

transportation. In contrast, the polycarbonate sheet offered greater resistance to mechanical damage 

and was easier to install. The polycarbonate material is food safe but relatively expensive. The new 

dryer was tested with a 5 mm thick sheet, which was resistant to deformation at high temperatures, 

while the old dryer was tested with a 2 mm thick sheet. The plastic sheet accounted for 18 % of the 

material costs for the new dryer and 11 % for the old dryer which is 6 600 NPR and 2 700 NPR 

respectively. For a polycarbonate sheet of 3 mm the light transmission is 92 % (fs, 2016).  

Squared pipes were used to construct a foundation for the dryer and accounted for approximately 8 % 

to 11 % of the total material costs. Other materials, like for example a door handle, black paint, and 

aluminum wire mesh, together accounted for approximately 44 % of the total material cost. 
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4.2.3 Payback period 

Economic feasibility and comparison were done by calculating payback period using equations 2.3 

and 2.4 from Background section.  

Table 4.6. Summary of the drying time, capital cost, annual fresh produce dried and payback time for the Δ -dryer. 

Experiment Drying time 

(h/batch 3.4 kg) 

Capital cost (NPR) Fresh product 

annually (kg) 

Payback period 

(years) 

1 Original  

1.1 (clear sky) 6.8 41 271 290 1.3 

1.2 (cloudy) 17.9 41 271 111 4.4 

1.3 (half-cloudy) 8.9 41 271 221 1.8 

2 Without fan 

2.1 17.4 40 921 113 4.1 

2.2 20.0 40 921 99 5.1 

3 Without heat exchanger 

3.1 13.1 40 046 151 2.8 

3.2 11.6 40 046 170 2.4 

3.3 11.2 40 046 176 2.3 

4 With heating element 

4.1 4.7 41 671 424 0.9 

4.2 3.5 41 671 561 0.6 

5 Without insulation 

5.1 9.4 38 071 209 1.7 

5.2 7.0 38 071 282 1.2 

6 With plastic cover 

6.1 8.4 39 971 236 1.6 

 

Table 4.6 presents the extrapolated drying time for all Δ-dryer experiments along with the capital cost 

of each configuration and the annual amount of fresh product that can be dried and the payback period. 

The first three experiments were conducted in different weather conditions, and the results show that 

it affected the drying time and payback period. The clear sky day had less than half the drying time 

and payback period compared to the cloudy day. The payback period directly correlates to the drying 

time where slower drying leads to longer payback period. In Table 4.6 configuration with the nearest 

results to the original are without insulation and with plastic cover. The configuration without heat 

exchanger has somewhat slower drying time and payback time. The slowest drying time of 20 hours 

and payback period of 5.1 years was observed in the set up without the fan and the fastest with drying 

time 3.5 hours and payback of 0.6 years in the set up with the heating element.  

Figure 4.10 illustrates how payback period responds to variation in four key parameters: the buying 

price, the lifetime, the selling price and the production time. By altering one of these four parameters 

at the time from the base case values listed in Table 3.1, the sensitivity to change can be obsereved. 

The buying price axis was set from 0 NPR / kg assuming only leftover apples are dried and therefore 

there is no production or buying price. Selling price for apples on the market is between 1 000 NPR / 

kg and 2 000 NPR / kg, but 500 NPR / kg is also included to show a scenario for a product below 

market prices. Lifetime is set between 5 years - the assumed lifetime of the fans, and 20 years which 

is based on the longevity of the metal construction of the dryer. Finally, production time is viewed in 

210 hours intervals, because 210 hours is the average sunny hours monthly in Nepal, and this shows 

payback for a dryer used from 1 month to 12 months a year. In all cases the setup without an inner fan 
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is the outlaying curve due to its very long drying time. On the other hand, the change of payback period 

in a set up with heating element is less affected by variation of the parameters presented than the rest 

of the setups. Overall, the lifetime had the least effect on the payback period while the selling price 

and production time had a very big impact on the lower range. The change in payback period for selling 

price evens out after 1 500 NPR / kg and for production time after 1 260 hours, equaling 6 months. A 

significant impact of buying price on payback period is first seen after increase in price above 60 NPR 

/ kg. 

 

Figure 4.10. Change in payback period of Δ-dryer for varying parameters: a) buying price, b) lifetime, c) selling price 

and d) production time. 

For the Γ-dryer the drying time and payback period calculation was repeated using the same 

assumptions, but the scrap value increased to 2 000 NPR due to larger amount of metal.  

In Table 4.7 it can be observed that the setup that comes closest to the original is without insulation, 

followed by without fan. The plastic cover had a 2 hour longer drying time, which resulted in 0.4 year-

long payback period. Heating element shortened the drying time by almost 4 hours and payback period 

by 0.5 years. The experiment with 3.4 kg apples, the same amount as in the Δ -dryer, resulted in 60 kg 

fewer fresh apples annually and 0.4 years longer payback period. This means that even if the batch 

was less than half of the full load over a year, the production decreased by only 17 %. 
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Table 4.7 Summary of the drying time, capital cost, annual fresh produce dried and payback time for the Γ-dryer 

Experiment Drying time / 

(h/batch 8.2 kg) 

Capital cost / NPR Fresh product 

annually / kg 

Payback period / 

years 

1. Original  

1.1 8.2 kg 13.6 55 644 350 1.5 

1.2 3.4 kg 6.8 55 644 290 1.9 

2. Without fan 

2.1 14.9 54 594 319 1.6 

3. With heating element 

3.1 9.8 56 144 484 1.0 

4. Without insulation 

4.1 14.6 52 144 353 1.5 

5. With plastic cover 

5.1 15.8 57 844 301 1.9 

 

The change of payback period for the four variables is presented in Figure 4.11. The change of payback 

period over the buying price increases steadily and then faster after 60 NPR / kg. The change of 

payback time for lifetime between 5 and 20 years was slower than the other variables. The selling price 

below 1 000 NPR / kg increased the payback time significantly, but it evened out between 1 500 and 

2 000 NPR / kg. For production time, the payback period evened out after 1 050 hours, equaling 5 

months. 

 

Figure 4.11 Change in payback period of Γ-dryer for varying parameters: a) buying price, b) lifetime, c) selling price 

and d) production time. 
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5. Discussion 

5.1 Drying Performance 

Across all experiments, the Γ-dryer demonstrated a consistently higher drying rate as shown in Figures 

4.4 and 4.5. Despite its 2.4 times larger fruit load, the Γ-dryer did not require proportionally longer 

drying time, resulting in a higher mass of dried products per hour (Figure 4.5). This indicates that, in 

terms of volumetric productivity, the Γ-dryer is the more efficient dryer. 

However, the Γ-dryer operated at substantially lower chamber temperatures than the Δ-dryer. Several 

factors may contribute to this: reduced absorber efficiency due to higher airflow and less time for the 

air to absorb the heat, the absence of a heat exchanger, lower ambient conditions during testing, and 

the conversion of sensible heat into latent heat during moisture evaporation. Since chamber 

temperature is directly linked to food safety, this aspect requires further investigation to ensure safe 

operation under varying conditions. 

Both dryers displayed the typical drying pattern with an initially high drying rate that declined as 

moisture content decreased. Experiments conducted without the internal fan showed higher drying 

rates during the first three hours but a significant decrease thereafter, especially for the Δ-dryer. This 

can be explained by reduced air circulation, causing hot air to accumulate near the top trays. These 

trays therefore dried faster, as can be seen in section 4.1.4 Drying Uniformity, while the lower trays 

retained moisture.  

The Γ-dryer’s high airflow rate of 90 l / s may contribute both to its enhanced drying rate and its 

reduced chamber temperature, as high ventilation is known to increase drying performance while 

lowering the air temperature. According to Table 4.3, the attained chamber temperature was 

approximately 3 °C higher than the ambient temperature, compared to an increase of about 15 °C in 

the Δ-dryer. This indicates that the airflow in the Γ-dryer was too strong. Since optimal airflow depends 

on crop type and dryer configuration (Moghimi, Rahimzadeh, & Ahmadpour, 2021), further 

optimization of fan operation for the Γ-dryer could improve both drying time and temperature stability. 

The best overall performance, in terms of both drying rate and uniformity, was achieved in the 

experiments where a heating element was added. For the Δ-dryer, the difference in final weight 

between the driest and moistest trays decreased from approximately 75 g in the original setup to 30 g 

with the heating element. This may indicate improved uniformity, although part of the effects may 

simply reflect further progression in the drying process. Other studies have similarly reported 

improvements in uniformity when heating elements are added (Om, Tshering, Tashi, Subba, & G, 

2025). The heating element also showed promising results in the multiple linear regression analysis, 

with a drying rate of 587 g / (h · m²) compared to 325 g / (h · m²) for the original setup. This corresponds 

to an approximately 80 % higher drying rate under weather-independent conditions.  

Adding a heating element has a benefit of shorter drying time. However, this modification also includes 

some limitations. The system needs electricity from the grid, which can be sometimes unreliable, 

especially in the rural areas. Using electricity also increases the environmental impact of the dryer 

intended to be sustainable. One way to reduce the electrical dependency could be to integrate a small 
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solar panel to power the fans, but it wouldn’t be sufficient for the heating element of 200 W. This 

solution would also need to be economically evaluated, which is not done in this study. 

An additional structural difference between the two dryers is the orientation of the absorber: horizontal 

in the Γ-dryer and angled in the Δ-dryer. The Γ-dryer is expected to perform better during the summer 

when solar altitude is high, while the Δ-dryer should benefit during winter when solar radiation arrives 

at a lower angle. Since the experiments were conducted in October to November, the seasonal 

misalignment likely reduced the performance difference between the dryers. It would be interesting to 

investigate the possibility of an adjustable design where the absorber can be tilted according to season. 

However, the complexity of the design might add extra costs.  

5.2 User Convenience 

User convenience is an important factor for farmers when choosing between dryer designs. As shown 

in earlier surveys, farmers value durability and ease of transport (Sonesson & Lundqvist, 2024). 

Replacing the glass cover with polycarbonate cover addresses both concerns, as the material is lighter, 

impact-resistant, and food-safe. However, in the experiments conducted, the plastic-covered setup 

exhibited lower drying rates but the weather during these experiments differed and disadvantaged the 

plastic-covered setups. In contrast, the multiple linear regression analysis indicates that plastic cover 

achieves an approximately 11 % higher drying rate compared to glass. This suggests that the two 

materials are interchangeable from a drying-performance perspective. Nevertheless, because the 

experiments with the plastic cover were conducted exclusively under less favorable environmental 

conditions, the regression model may have overcompensated for these effects. The linear regression 

model was primarily based on a dataset dominated by larger temperature differences between the 

chamber and the reference temperature, which are associated with increased heat losses. Consequently, 

the positive influence of the plastic cover on drying performance may have been overstated. 

The Γ-dryer used a relatively thick 5 mm sheet to prevent thermal deformation, which made it more 

expensive than the original glass cover. The Δ-dryer, in contrast, showed no signs of buckling with a 

thinner sheet, suggesting that a 2 mm polycarbonate cover may also be sufficient for the Γ-dryer. 

Alternatively, cheaper glazing could be sourced internationally or through bulk purchasing. Despite 

its higher initial cost and slightly longer payback period, polycarbonate may still be an attractive option 

for farmers who prioritize reduced transport risk, as multiple reports, including this study, document 

glass breakage during handling and transport. 

Drying duration also influences user convenience. In the Δ-dryer, the original setup, the uninsulated 

configuration, and the plastic-covered configuration all completed drying within one day. Most Γ-

dryer setups required multiple days, leading to challenges such as quality deterioration when slices 

remain at high moisture content overnight. Browning was observed, and the food safety implications 

of prolonged exposure at elevated moisture levels remain uncertain. 

Poor uniformity also affects practicality. In the Δ-dryer without an internal fan, drying slowed 

dramatically once the top trays were dry. This could be solved by users to rotate trays manually, but it 

is time-consuming and an inconvenient solution. The Γ-dryer exhibited better uniformity in general 

across trays 2 to 5, likely due to its higher airflow and smaller temperature gradients. While high 

airflow increases drying rate, it reduces chamber temperature, which again raises the issue of 
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maintaining food-safe temperatures. A combination of airflow optimization and auxiliary heating 

could help achieve both uniformity and safe single-day drying. 

Component lifetime also affects usability. Both dryers are assumed to have a lifespan of 20 years due 

to the durability of galvanized iron, but fans may require replacement after around five years. Since 

fans represent a small part of the total cost and are easy to replace, this is expected to be manageable 

for the farmers. Further the polycarbonate sheet for the setup with the plastic cover has a lifetime 

between 10 – 20 years, but it should be noted that the plastic tends to scratch easier than glass and get 

discolored due to prolonged UV-ray exposure. 

5.3 Economics 

The lowest cost option in this study was the Δ-dryer without insulation, costing 26 071 NPR in material 

cost and 38 071 NPR including manufacturing cost. This setup dried 3.4 kg of apples in 7 hours to 9.4 

hours and had a payback period of 1.2 hours to1.7 years, nearly identical to the original Δ-dryer despite 

its lower material cost. The multiple linear regression analysis confirms the small performance 

differences, with the drying rate of the uninsulated configuration being approximately 96 % of that of 

the original design. Thus, insulation could be removed without compromising performance. 

If minimizing payback time is the primary objective, the Δ-dryer with a heating element is the optimal 

choice, reaching payback in 0.6 years to 0.9 years. However, this setup requires ongoing electricity 

consumption, and electricity pricing may vary depending on usage category. A practical approach 

could be seasonal use of the heating element during peak harvest periods to boost throughput while 

minimizing unnecessary operating costs. With further development, the heating element could also 

support limited drying during monsoon season, extending usability beyond sunny periods. 

Drying rates, and therefore payback times, varied substantially across experiments, mainly due to 

weather conditions. For instance, experiment 1.2 for the Δ-dryer took 11.1 hours longer due to cloudy 

weather compared to experiment 1.1. This variability is important because farmers express a strong 

need for reliable payback time estimates. Additional long-term field testing is thus recommended. 

Across all setups, the Δ-dryer’s payback period ranged from 0.6 years with heating element to 5.1 

years without fan. The Γ-dryer showed less variability (1.0 years to 1.86 years), possibly because 

weather conditions were more stable during its tests or because its higher initial cost reduces 

percentage-wise impact of altering components. 

Sensitivity analysis showed that payback period was relatively insensitive to lifetime assumptions 

between 5 years to 20 years for most setups. Exceptions were noted in the Δ-dryer without fan, which 

performed poorly under multiple scenarios and was not economically viable under several parameter 

ranges. Selling price and buying price had stronger effects. Selling below 1 000 NPR / kg led to large 

increases in payback time, and buying apples above 60 NPR / kg also caused steep increases. Hence, 

maintaining a selling price above 1 000 NPR / kg and sourcing apples below 60 NPR / kg is preferable. 

Manufacturing costs are likely to decrease with production scale. In this study, labor costs were held 

constant regardless of component removal, but in practice simpler designs, such as those without 

insulation or heat exchangers, should reduce assembly time and thus total cost. 
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5.4 Other Design Modifications and Recommendations 

This study focused on modifying the collector cover because replacing the absorber plate was not 

feasible on the existing prototypes. Future work should explore alternative absorber materials, such as 

aluminum, which is lighter, corrosion-resistant, and commonly used in solar collectors (Lingayat, 

Chandramohan, Raju, & Meda, 2019). Although aluminum is more expensive, recycled aluminum like 

cans may offer a cost-effective substitute (Fernandes, Fernandes, & Tavares, 2022).  

Further cost reductions could be achieved by combining uninsulated construction with plastic glazing, 

for example, lowering Δ-dryer material cost to 24 771 NPR (see table 4.5 for material cost reductions). 

Both approaches performed similarly to or better than the original setups in many cases, and plastic 

glazing costs may fall if sourced more cheaply. According to the multiple linear regression analysis, 

the drying rate for a dryer with plastic glazing and without insulation is estimated at 350 g / (h · m²), 

which is higher than that of the original configuration. Further studies on this combination would be 

valuable. 

Other potential enhancements include multi-pass collectors or reflective surfaces, which can increase 

collector efficiency but also raise manufacturing costs. Because high cost was identified as a barrier 

for farmers, such additions should be considered cautiously. External reflectors (e.g., mirrors) could 

serve as an inexpensive retrofit for the Γ-dryer to compensate for its horizontal absorber. 

Finally, a previous study implemented energy storage and a re-circulation system, connecting the exit 

air with the inlet, which increased dryer efficiency (Lingayat, Chandramohan, Raju, & Meda, 2019). 

If further design development is done, it would be interesting to test this concept on the current dryer. 
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6. Conclusion 

In conclusion, several components can be removed or added to improve cost efficiency while 

maintaining competitive dryer performance. Removing insulation reduced capital costs by 3 200 NPR 

without affecting the payback period for either dryer. Although drying time increased, the lower 

investment cost compensates for this drawback, making the non-insulated setup a strong low-cost 

option for farmers. 

Adding a heating element increased the investment by only 200 NPR yet delivered substantial benefits. 

The payback period dropped from 1.3 to 0.6 years for the Δ-dryer and from 1.5 to 1 year for the Γ-

dryer, and drying time decreased by several hours in both cases. While the heater increases long-term 

operating costs, it enables faster returns and offers flexibility during cloudy or rainy conditions. 

Replacing the glass collector cover with plastic glazing also showed potential. Drying time increased 

for both dryers and payback period rose by 0.3 years. However, regression analysis suggests that, under 

equal weather conditions, plastic could perform as well as or better than glass. Using thin sheets 

reduced capital cost by 1 300 NPR for the Δ-dryer, while thicker sheets increased cost in the Γ-dryer 

but may offer greater durability and portability. 

Eliminating the heat exchanger and fan in the Δ-dryer is not economically viable, as it prevents single-

day drying and increases the payback period by at least one year. The fan configuration in Γ-dryer 

needs to be further studied. 

Comparing the two dryers, the Γ-dryer addresses several concerns raised about the previous design. 

Its capacity more than doubled, whereas the price rose by a smaller proportion, indicating improved 

cost-effectiveness. The absorber can also be detached, improving portability. However, some farmers 

already consider the Δ-dryer expensive. Despite this, the Γ-dryer’s payback period is only 0.2 years 

longer, meaning farmers would not wait significantly longer to recover their investment. Allowing an 

additional 60 kg of apples to be dried each season the Γ-dryer may be better suited for farmers with 

higher production volumes.  

Future studies combining plastic absorber with the removal of insulation would be valuable for further 

reducing investment costs. Additionally, airflow in the Γ-dryer was too high, the drying rate stayed the 

same using only 3 out of 6 fans. An experiment evaluating number of fans and their power would help 

determine the optimal airflow and potentially also reach a food safe temperature inside the dryer. 

Furthermore, development of how to incorporate a more user-friendly and food-safe heating element 

would be beneficial.   
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Appendix 

A. Components and costs of the Δ-dryer. 

Component Specification Quantity Total Cost (NPR) 

Solar Dryer Sheet (1 219 × 2 438 × 0.37) mm 4 pcs 4 900 

Solar Dryer Sheet (1 219 × 2 438 × 0.64) mm 1 pcs 2 160 

Square Pipe (19 × 1.6) mm 5 pcs 2 435 

Glass 4 mm 1.86 m2 4 000 

Aluminum Foil Insulation 13 mm 4 m 3 200 

White Silicon  5 pcs 1 750 

Dendrite  1 liter 700 

Aluminum Wire Mesh  4 m 1 800 

DC Fan 12 V. 0.1 – 0.4 A 2 pcs 700 

Angle Support (2 × 2 × 1) mm 7.3 kg 642 

Door Hinge  4 pcs 500 

Nut- Bolt. Washer & 

Screws 

 8 pcs 1 400 

Door Handle 6″ 1 pc 75 

Welding Rod 2.5 mm 1 kg 142 

Khaksi for smoothing 

surface 

 4 pcs 124 

Cutter Wheel  3 pcs 48 

Puff Rivet 19 mm 600 pcs 1 200 

G Wheel  5 pcs 355 

Silver Color Paint Can 3 pcs 750 

Black Color Enamel  2 liters 1 740 

Tarpin Oil  2 liters 250 

Wire  10 m 400 

Total Material Costs   29 070 

+ Manufacturing Cost   12 000 

Total   41 070 
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B. Components and costs of the Γ-dryer. 

Component Specification Quantity Total Cost (NPR) 

Solar Dryer Sheet (1 219 × 2 438 × 0.37) mm 4 pcs 4 900 

Solar Dryer Sheet (1 219 × 2 438 × 0.80) mm 2 pcs 5 310 

Square Pipe (19 × 1.6) mm 8 pcs 4 440 

Glass 5 mm 2 m2 4 400 

Aluminum Foil Insulation 13 mm 0.4 m2 3 200 

White Silicon  8 pcs 2 800 

Dendrite  1 liter 700 

Aluminum Wire Mesh  7 m 3 150 

DC Fan  12 V. 0.1 – 0.4 A 6 pcs 2 100 

Angle Support (2 × 2 × 1) mm 15 kg 1 320 

Door Hinge  4 pcs 500 

Nut- Bolt. Washer & 

Screws 

 10 pc 1 740 

Door Handle 6″ 1 pc 75 

Welding Rod 2.5 mm 1 kg 142 

Khaksi for smoothing 

surface 

 4 pcs 124 

Cutter Wheel  3 pcs 48 

Puff Rivet 19 mm 600 pcs 1 200 

G Wheel  5 pcs 355 

Silver Color Paint Can 6 pcs 1 500 

Black Color Enamel  2 liters 1 740 

Tarpin Oil  2 liters 250 

Wire  16 m 640 

Total Material Costs   40 644 

+ Manufacturing Cost   15 000 

Total   55 644 
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C. Pictures of errors in the construction 

 

Figure 1. Gap between the absorber and the drying chamber back. 

 

Figure 2. The crack in the glass cover of the absorber. 
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Figure 3. The latch on the door didn’t fit. 


