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The main components of the dual condenser solar-assisted heat pump (SAHP)drying 
include the solar collector, evaporator, compressor, fan coil, twin condensers, 
expansion valve, and drying chamber. The solar drying process was assisted by a heat 
pump, and the optimal efficiency was determined by heating and dehumidifying the 
air, and recirculating the air that has been heated. The efficiency of the heat pump 
system was assessed by its coefficient of performance (COP), which is the percentage 
of the actual heat delivered by the heat pump to the total electrical power necessary 
to operate the heat pump. The average temperature of the drying chamber reached a 
temperature of 60 °C with a relative humidity of around 70%, and the system's COP was 
5.546 with no contribution from solar energy or at no solar fraction (SF = 0). The same 
conditions in the drying chamber can be achieved at solar faction or SF = 0.83, with COP 
increased to 12.7. 
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1. Introduction 
 

Conventional and solar heat pump systems (SAHPS) have attracted the interest of energy experts 
because of their proven energy savings and their impact on the environment [1,2]. Green energy 
sources such as solar energy are used to assist the operation of heat pump drying systems for the 
preservation of food items derived from marine and agricultural resources [3]. This type of drying 
system has received great appreciation for its ability to create high-quality dried foods while 
simultaneously minimizing energy [4,5]. 

In an investigation by Hu et al., on a SAHPD for wolfberry berries, they found that the heat pump's 
consumption of electrical energy decreased after adding solar assistance [6]. Dong et al., investigated 
several coffee bean drying processes and found that the heat pump dryer preserved more ketones, 
phenols, and esters [7]. Also, Liu et al., found that the adoption of heat pumps in the drying of 
mushrooms gave high-quality results, as the dried mushrooms had good color, a good smell, slight 
shrinkage in size, and the ability to mass-produce [8]. 
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The output of a solar photovoltaic thermal heat pump (SPV-THP) dryer for saffron processing 
under Qaen's meteorological conditions in Iran was investigated by Morttezapour et al., [9]. A 
reduction in energy consumption of around 33% has been reported when using the PV air collector. 
The drying efficiency was calculated at 72%, and the maximum specific moisture extraction rate 
(SMER) was 1.16 kg/kWh at an airflow rate of 0.016 kg/s and at a drying temperature of 60 °C. 

The efficiency of SPV-THP for drying applications was investigated by Şevik [10]. In this work, a 
hybrid photovoltaic thermal collector (PV-T) is used to assist the heat pump in heating the air. The 
heat pump working fluid is the R134a refrigerant, which is an environmentally friendly refrigerant. 
The temperature was controlled by means of the PID control system. The coefficient of performance 
(COP) values were estimated for the drying of various vegetables (mint, parsley, tomatoes) and fruits 
(strawberries). The estimated COP for mint was 2.28, parsley 2.17, tomatoes 1.96, and strawberries 
2.27. The average thermal efficiency of the system was calculated and found to be within the range 
of 0.16 to 0.79, and the SMER value was in the same operating conditions within the range of 0.03 
kg/kWh to 0.46 kg/kWh. Also, the energy use ratio for the same operating conditions was estimated 
in the range of 0.19 to 0.48. 

The performance of a solar-assisted drier was also conducted by Ceylan and Güre [11]. The dryer's 
performance was evaluated for the drying of mint leaves. The air temperature of the heat pump 
condenser was reported to be 50 °C, while the air temperature from the solar collector was 45 
°C.  The system exergy efficiency was 0.26 and the system energy efficiency was 0.50, with the heat 
pump's ability to give a COP equal to 5. 

The effectiveness of SAHPS for industrial heating purposes was investigated by Suleman et al., 
[12].  The system comprises a heat pump cycle for the process of heating water and solar energy for 
another industrial heating process.  The COP of the heat pump cycle was 3.54 and the exergy 
efficiency was 42.5%. 

The SAHPS for the drying of mushrooms was conducted by Şevik et al., [13]. The COP ranges from 
2.1 to 3.1, with SMER ranging from 0.26 kg/kWh to 0.92 kg/kWh. The moisture content of the 
mushrooms was dried at a temperature of 45 ° C within the drying chamber, from an initial moisture 
content of 13.24 g water dry matter (dry basis) to a final moisture content of 0.07 g water dry matter 
(dry basis).  

Qiu et al., Examined the performance examination of SAHPS for drying 10 kg of radish in China 
[14]. In this system, the heating and cooling coils (main parts of the heat pump products) are 
combined with the drying chamber. In the SAHPS system, the COP were from 3.21 to 3.49 and 
reduced the amount of energy by 40.5% in relation to the heat and energy yield that was stored. The 
payback period for drying mushrooms, peppers, and radish in the life span of the system was 
determined to be 2 years, 4 years, and 6 years, respectively.  

Li et al., conducted theoretical and experimental studies on a SAHPS [15]. The results indicated 
that the solar fraction was 20% in normal climates and 28% during sunny days. The COP for the 
system and the average value for COP were 5.19 and 6.25, respectively, with a SMER of 3.0 kg/kWh. 
Further studies have indicated that SAHPS systems produce significantly higher product quality with 
a reduction in the amount of energy consumed by the heat pump compared with other existing 
systems [16]. 

The performance of a solar-ambient hybrid source heat pump drier (SAHSHPD) for copra drying 
under hot-humid weather conditions was conducted under meteorological conditions in Bulashi, 
India [17].   The results showed that the COP of a SAHSHPD varied between 2.31 and 2.77, with an 
average value of 2.54. The SMER was calculated as 0.79 kg/kWh. The moisture content (on a wet 
basis) of the copra was reduced from about 52% to about 9.2% and 9.8% in 40 h for trays at the 
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bottom and top, respectively. The COP was higher compared to a heat pump of ambient source for 
drying coconut pulp [18]. 

Hatem and Yumrutaş [19] created a computer model of a solar-powered heat pump and thermal 
energy storage (TES) tank used to dry wheat.  MATLAB code was developed to simulate the 
performance metrics over time. After 10 years of operation with a wheat mass flow rate of 50 kg/h 
and a Carnot efficiency of 40%, the collector area, tank volume, COP, and SMER were 70 m2 and 200 
m3, 4.43, 4.3, and 6.05, respectively. 

Gu et al., [20] developed a novel SAHPS for in-bin grain drying to address grain uniformity and 
drying time issues. The solar collector's thermal efficiency and the heat pump's COP were found to 
be 63 percent and 5.03 percent, respectively. After 42 hours of drying, 3,760 tonnes of grain had a 
water content of 12.5%. As a consequence, SAHPS grain drying costs fell from $5.57/t to $1.43/t. 

Research investigations SAHPS dryers are limited and more empirical research and simulations 
are required to improve system efficiency. This study presents a new design of a smart heat pump 
dryer with a dual condenser and assisted with a solar evacuated tube collector system; it increases 
the COP of the SAHPS with a higher solar fraction. 

 
2. Theoretical Model 
2.1 Schematic (System Description) 
 

The Solar Heat Pump Dryer (SHPD) using a double condenser and assisted with an evacuated tube 
collector (ETC) system was developed. The TRNSYS and EES programs were used to model and 
simulate the SHPD system, as illustrated in Figure 1 and 2. Figure 1 shows the SHPD device that was 
taken into consideration for this study. The ETC with storage tank system is connected to the heat 
pump through a heat exchanger. 
 

 
Fig. 1. TRNSYS model for heat pump dryer with a dual condenser and 
assisted with solar evacuated tube collector system 
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Fig. 2. EES Thermodynamic system 

 
The ETC with the storage tank is connected to the heat pump in SHPD by the heat exchanger. The 

heat pump device is composed of the following components: the evaporator coil, pressure relief 
valve, freon compressor, and a double condenser with two fans per coil. He is transferred between 
water and R-32 refrigerant through the use of a heat exchanger. The heat pump receives energy from 
the solar collector. In the first and second condensing coils, an R-32 refrigerant absorbs additional 
heat from the solar collector and subsequently rejects this heat back into the atmosphere. The dryer's 
condenser coil fan expels this heat, which warms the dryer's interior to the required temperature. 
The R-32 refrigerant then travels via the expansion valve to the evaporator, where it completes the 
cycle. The operating period of the SHPD system in the simulation is from 8:00 to 18:00 in Kuala 
Lumpur, as shown in Figure 3. 
 

 
Fig. 3. Solar system operation period 

 
2.2 The Thermodynamic Analysis 
 

The useful energy gain Qu and the efficiency η of the ETC portion of the solar system are 
calculated as follows [21,22] 
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𝑄𝑢 = 𝑚𝑑𝑜𝑡 ∗ 𝐶𝑝 ∗ (𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)                                                                                                                         (2) 

                               
Ao is the intercept (maximum) of the collector efficiency, a1 is the negative of the first-order 

coefficient in collector efficiency equation, a2 is the negative of the second order coefficient in 
collector efficiency equation. IT is the global radiation incident on the solar collector on a tilted 
surface. 

The Coefficient of Performance (COP) and Solar fraction (SF) are defined as follows 
 

𝐶𝑂𝑃𝐻𝑃 = 𝑄𝑐𝑜𝑛 𝑊𝑐𝑜𝑚𝑝⁄                                                                                                                                        (3) 

                
𝑄𝑐𝑜𝑛 = 𝑚𝑑𝑜𝑡 ∗ 𝐶𝑝 ∗ Δ𝑇                                                                                                                                       (4) 

                               
𝑆𝐹 = 𝑄𝑢/𝑊𝑐𝑜𝑚𝑝                                                                                                                                                   (5) 

 

3. Parametric Analysis 

3.1 Solar System 
 

The important parameters for the design of the parts of the solar system were modeled by the 
TRNSYS program, which are the ETC slope, the volume of the storage tank, and the velocity of water 
flow in the solar system. 

The efficacy of the ETC tilt angle towards south has been investigated. In principle, the ETC 
region's latitude should be the ideal value of the ETC slope for ETC without a tracking mechanism. In 
Figure 4, the ETC slope was altered from 0° to 90°. The results showed that the optimum possible 
collection energy acquires an angle of slope equal to the latitude in the area. As a result, the 
collector's ideal slope in Kuala Lumpur, Malaysia, at 3.14°N latitude, is 0°N. 

 

 
Fig. 4. ETC slope vs. UEG 

 
3.2 Storage Tank Volume Flow Rate 
 

The optimum hot water storage tank (HWST) is selected by considering how volume flow rate 
(VFR) storage affects system performance. For this purpose, HWST with VFR varies from 0.1 m3/s to 
0.5 m3/s. Based on the analysis of HWST parameters with VFR, the maximum attained between the 
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trend solar fraction and the trend of annual energy rate to load would be the optimal VFR of HWST 
(ERL). By observing the trend, this result was demonstrated in Figure 3. The thermal energy delivered 
to the dryer system generator load from UEG is computed using the solar fraction (SF). Figure 5 
depicts data from Kuala Lumpur, Malaysia. SF = (UEG)/(Generator load). The HWST, with a VFR of 
0.325 m3/s, achieved the minimum trend of annual heat pump power with the highest SF and ERL. 

   

 
Fig. 5. SF and Annual useful solar power vs. VFR of HWST 

 
3.3 Mass Flow Rate 
 

The effectiveness of changing the mass flow rate (MFR) of ETC is investigated, with the MFR of 
ETC being changed from 30 to 300 kg/hr. It is shown in Figure 6. The ETC MFR of 180 kg/h improves 
the SF of Kuala Lumpur, Malaysia by up to 0.74 %. In this optimization, it was considered the ultimate 
suitable amount. While it is remarkable to indicate that a change in the MFR with a range of 30 to 
300 kg/h was not a big change in the annual SF, it's been in diversity with a range of 0.69 % to 0.74 % 
for Kuala Lumpur, Malaysia. The ultimate system requirements for the Kuala Lumpur, Malaysia 
optimizing study consisted of a 6 m2 ETC area and a number of ETC tilted at 0⁰ for Kuala Lumpur, 
Malaysia from the horizontal and with 180 kg/h MFR and a 0.325 m3 HWST. The efficient dryer 
requires 1.6 hp. 

 

 
Fig. 6. SF and ERL vs. MFR of ETC 
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The parameters for the components of the solar system, a south-facing ETC with a tilted angle of 
0° with an area of 6 m2. ETC and SHPD's maximum flow rates are set at 180 kg/h and 200 kg/h, 
respectively. The volume of the storage tank is estimated as 0.325 m3. 

 
3.4 Dryer Structure 
 

The main model of the dryer structure was designed and built by the Solid Work program. Figure 
7 shows the external dimensions and the distribution of the internal parts of the heat pump, 
represented by the first condenser, the second condenser, and the evaporator. 
 

 
Fig. 7. dryer structure 

  
3.5 Air Cycle Design 
 

The holes and the speed of dry air passing through these holes were designed to withdraw 
moisture from being dried in a closed cycle by the COMSOL program. This part of the design has been 
taken care of because air velocity has a significant impact on the drying quality [23]. The test case is 
holes of equal diameters, and the diameter of each of these holes is 0.03 meters. Figure 8 shows the 
air velocity distribution over the holes and the flow of air during the cycle. Moreover, the curve in 
Figure 9 shows the gradient of the velocity of dry air when changing the number of holes within a 
range from 1 to 10, where the last gradient gave the best flowability for air velocity, where the results 
show that the best flow for dry air velocity was when the number of holes was 10 and the speed of 
dry air was 2.85 m/sec. 
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Fig. 8. The air velocity distribution over the holes 

 

 
Fig. 9. The gradient of the velocity of dry air when changing the number of 
holes 

 

3.6 Dryer System 
 

The modeling of the Smart-Heat Pump Dryer system was conducted with the EES program. Figure 
10 illustrates the EES model for a Smart-Heat Pump Dryer with a dual condenser with the drying 
process in terms of temperature and humidity in the dryer chamber at night or in the absence of 
solar radiation when the SF is zero, while figure 11 illustrates the EES model for the same system at 
midday when the SF reaches its maximum value of 83%. 
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Fig. 10. EES model without solar energy 

 

 
Fig. 11. EES model with solar energy 

 
4. Results and Observations 
 

The SHPD and ETC were combined, and the ETC was the primary source of hot water for the dryer 
via a heat exchanger. Moreover, it decreases the heat pump's electricity usage. The heat pump in the 
dryer will be triggered when there is minimal solar radiation or at night. 

Three days of the simulation were used on January 13th, 14th, and 15th, with a one-hour time step 
Figure 12 illustrates the maximum energy value provided by the storage tank from ETC to the SHPD, 
which is roughly 3.215 kW at 2.00 PM. 
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The first parameter to be considered was the ETC outlet hot water temperature. During the 
starting process, it takes a while to warm up the system. Hence, the curve is flat as can be seen from 
the bottom left side of Figure 13. At around 8:00 AM, when the intensity of radiation is high, around 
59.59 °C was obtained. At a certain point in the high solar time, for instance, at 13:00, a maximum 
temperature of 93.25 °C obtained. Furthermore, the system has effectively accumulated energy for 
the period of ten hours from 8.00 AM to 6.00 PM. 
 

 
Fig. 12. Useful energy gain simulation 

 

 
Fig. 13. Temperature outlet of ETC plot for Kuala Lumpur, Malaysia 

 
Figure 14 shows that the energy delivered by the heater is the highest possible at the beginning 

of operation of the system between 10.00 AM and 1.00 PM as well as at the end of the working of 
SEAC between 4.00 PM to 6.00 PM. It has been noted that HWST maintains the non-fluctuation 
energy of the solar collector, which goes through HWST to the dryer system. Hence, HWST can supply 
stable to the dryer which has a volume of 0.325 m3  
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Fig. 14. Outlet energy for Kuala Lumpur, Malaysia 

 
Figure 14 shows that the lowest and highest values of the heat pump power range between 0.534 

kW and 1.226 kW, respectively. Furthermore, the UEG energy provided by ETC for the drying system 
ranges between 0 and 3.215 kW, respectively. The values of solar irradiance in the same time period 
range between 0 and 0.948 kW/m2 respectively. 

Figure 15 shows the efficiency of ETC, which reaches 0.57 %, which allows it to meet the demand 
for hot water needed by the drying system. This leads to reduction of the electricity consumption, 
hence saving money and contributing to reducing CO2 emissions resulting from the consumption of 
electricity using fossil fuels. 
 

 
Fig. 15. ETC Efficiency 

 
Figure 16 shows the peak value of SF is about 83 % at 2.00 PM. Figure 17 shows that the maximum 

and lowest values of COPhp were roughly 12.7 at 2.00 PM and 5.54 PM  at sunset. The P-h diagrams 
for the SHPD cycle in the absence of solar energy and in the presence of solar energy are shown in 
Figures 18 and 19, respectively.  
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Fig. 16. Simulation SF with Time 

 

 
Fig. 17. Simulation COPhp, with Time 

 

  
Fig. 18. P-h diagram without solar energy Fig. 19. P-h diagram with solar energy 

 

 
The temperature of the dryer chamber is the following important parameter: The hot water is 

supplied to the dryer system and released as hot air. During the system's working hours of 8.00 AM 
to 6.00 PM., the dryer system remains operational. Because of the use of solar energy during this 
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time period and the savings in electricity consumed. Figure 20 shows that the temperature of the 
constantly drying chamber is between 55 °C and 60 °C. 

 

 
Fig. 20. Dryer chamber temperature 

 
Mint leaves with an intial weight of 50 kg were tested. Figure 21 shows a simulation of the 

humidity curve during the five-hour test period, also known as the drying curves.  As can be seen 
from the curve that the humidity was at the highest value 99% at the beginning of the operation, and 
then humidity decreased during the drying process of material Mint leaves, until it reached its lowest 
level, which was 15 %, which led to the withdrawal of 35 kg of moisture in material Mint leaves. 

 

 
Fig. 21. Drying Curves of Mint leaves 

 
5. Conclusions 
 

The SHPD system was simulated using TRNSYS and the Kuala Lumpur climate conditions. An ETC 
size of 6 m2 and slanted at a 0-degree angle from the horizontal were found to be the best solutions 
for HWST. ETC's storage tank provides the most energy to the SHPD around 2.00 PM., about 3.215 
KW. At 2 p.m., SF reaches its peak value of almost 83%. At 2 PM, COP was at its peak value, which 
was around 12.7, while the COP system had its lowest value at sunset, which was 5.54. It was found 
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that adding a second condenser had a considerable positive impact on increasing the value of COP 
and, as a result, on increasing the overall efficiency of the dryer's operations. The decrease in power 
usage that this system has produced lessens reliance on energy sources that exacerbate global 
warming by emitting hazardous pollutants into the atmosphere. The findings of this study show that 
SHPD may be used in Malaysian climatic conditions, as well as provide an impetus for additional 
research within the SHPD framework. 
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