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Abstract- Solar assisted heat pump (SAHP) system integrates a solar thermal energy source with a heat pump. This technique 
is a very fundamental concept, especially for drying applications. By combining a solar thermal energy source such as solar 
thermal collectors and a heat pump dryer will assist in reducing the operation cost of drying and producing products with high 
quality. Many review papers in the literature evaluated the R&D aspects of solar-assisted heat pump dryers (SAHPD). This 
critical review paper studies some of the researches conducted in this field to understand and provides an update on recent 
developments in SAHPD. Also, a detailed explanation of principles and operation for SAHPD and its applications are 
presented. The used types of solar thermal collectors, as well as various heat pump dryers, are all discussed in this article. 
Finally, it is concluded that there is a clear lack of research in the techno-economic and environmental evaluation, while most 
of SAHPD studies focused on the performance study of the system. 
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Nomenclature             
 Volumetric efficiency  Mass flow rate  
 Mass refrigerant flow Ts Wetted surface temperature   

P Pressure Uwi Combined coefficient of heat transfer for tube wall, 
refrigerant and water film 

V Velocity   
k Compression index  absolute humidity ratio 

c Clearance volume of compressor ratio PD Piston displacement 
Cmin Smaller heat capacity rate  	

Subscripts 
Cc Heat capacity rate of cold fluid  a Air 

 Heat exchanger effectiveness  tp Two phases 
 Heat exchanger effectiveness of two phases  i Inlet or Inside  

 Outlet temperature of air   o Outlet or Outside 

 Intel temperature of air   s Saturated	condition 
 Intel temperature of working refrigerant   r Working	refrigerant 
 Temperature of water film h Hot fluid  

Ua Heat transfer coefficient of the air c Cold fluid 
A Heat transfer area  w properties	evaluated	at	wall	temperature	or	water	film 
Q Heat transfer rate   
h Heat transfer coefficient  v Saturated	vapor 
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1. Introduction 

The global increase of demand for energy and 
the corresponding increase in the rate of depletion 
of fossil fuels are complex modern issues that 
require joint efforts in terms of energy 
management and technology innovation to present 
practical approaches to dealing with energy issues. 
Non-fossil fuel energies such as solar, wind, and 
biofuel energy are encouraged as alternative 
energy sources due to their abundance and 
environmental friendliness [1]. The current use of 
fossil fuels, although necessary, often leads to the 
emissions of toxic and harmful gases to the 
environment. The alternative, renewables is 
undoubtedly less harmful, especially in the case of 
solar where emission is about zero. In this respect, 
two leading solar technologies have been 
identified: solar photovoltaic (PV) and solar 
thermal collectors [2].  

The former produces electrical energy, while 
the latter is used for heating purposes and hence 
thermal energy. The main advantages of solar are 
their abundance, free-cost, and zero-emissions [3]. 
Solar technologies can be useful for residential, 
commercial and industrial purposes in different 
scales of production. Many applications that stem 
from solar energy systems are solar water pumping 
systems, residential solar water heaters, pre-
heating for industrial purposes, and solar assisted 
heat pumps. Heat pumps are devices used to 
transfer heat energy from sources of heat to heat 
sinks. Hence, heat pumps absorb heat from cold 
environments and release it into warmer ones [4]. 
Typical heat pumps consist of a condenser, an 
expansion valve, an evaporator, and a compressor, 
as four main components; working in a cycle. The 
heat transfer medium of the HP is referred to as 
refrigerant [5]. Heat pump systems present an 
efficient alternative to recover heat from various 
sources for use in different applications at 
residential, commercial, and industrial setup. The 
value of heat pumps is highlighted by the need to 
reduce the cost of energy and improve overall 
energy efficiency. Therefore, these technologies 
are critical for the energy recovery system and 
have massive potential for energy saving. Solar 
Assisted Heat Pumps (SAHP) is a novel hybrid 
system that utilizes solar energy as a heat source 
for the heat pump. By this hybrid system, HP's 
performance is significantly enhanced and energy 

costs substantially reduced [6]. This system has the 
potential for improved performance of heat pump, 
better environmental impact, and lower costs. 
Chaturvedi et al. [7] proposed a direct expansion 
solar assisted heat pump (DX-SAHP) for 
applications on domestic hot water. The system 
simultaneously collects solar energy and 
evaporates the refrigerant in one element, as 
appose to conventional SAHP, where this process 
only occurs over two elements. The novelty of 
their study was in the application of a variable 
frequency drive (VFD) to modulate the compressor 
speed in order to match heat pump capacity of 
compressor and evaporative capacity of the 
collector under different ambient conditions. So, 
their study examines changes in thermal 
performance of heat pump due to changes in 
compressor capacity. The authors claim that when 
ambient temperature increases, from winter to 
summer, the lowering of compressor speed leads 
to significant improvement in coefficient of 
performance of the system. The results of their 
experiments also reveal that at higher ambient 
temperature, summer season, the heat rate 
achieved from the system is higher, as opposed to 
conditions of the winter season. Cervantes et al. [8] 
have investigated the experimental exergy 
efficiency of a SAHP with direct expansion of 
refrigerant within the solar collector. The exergy 
flow in each component in the HP cycle was 
determined with consideration for performance 
coefficients and typical parameters. The 
experiments were conducted with solar irradiance 
ranging between 200 W/m2 and 1100 W/m2, 
ambient temperature ranging between 20 °C and 
32 °C. While, the electricity consumption of 
compressor was around 1.1 kW to 1.36 kW. Their 
exergy findings show that the solar collector of the 
HP and evaporator are the key sources of 
irreversibility. The thermodynamic analysis 
presented in their study is useful for 
implementation in various systems and settings. 

The applications of SAHP include water 
heating [9,10], heat storage [11], and drying [12]. 
Drying of agricultural products, which is also 
known as SAHPD, is another application of SAHP 
systems. Hawlader et al. [13] designed, fabricated 
and tested a SAHPD for performance evaluation of 
air and evaporator collectors in Singapore within 
the same meteorological conditions. The 
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experimental set-up was made of air-path and 
refrigerant-path. The study investigates the 
performance of SAHPD when coupling the air 
collector (single-phase collector) with a collector 
evaporator (two-phase flow collector) in an 
integrated system. R134a type refrigerant was used 
in the heat pump. The authors claim that the 
coupling of the solar collector and heat pump have 
been found to have improved the thermal 
efficiency of air collectors between 70 % to 75 %, 
while the efficiency of evaporator-collector was 
found between 80 % and 86 % which is attributed 
to the reduction of the collectors’ losses. Hence, a 
two-phase flow collector exhibits impressive 
performance compared to a single-phase flow 
collector in the SAHPD system. Moreover, the 
high efficiency of the air collector was mainly 
affected by the dehumidifier without which the 
efficiency will range between 42 % and 48 %. Best 
et al. [14] examined the SAHPD’s performance for 
rice drying. The system employs a modified 7-kW-
R-22 air conditioner unit combined with a solar 
collector to precisely manage humidity and 
temperature. The solar collector is single glazed 
and located at the end of the drying chamber. 
Authors also found that the system exhibits high 
energy-saving and low specific energy 
consumptions. Ibrahim et al. [15] evaluated the 
performance of a solar-assisted chemical HP dryer, 
which uses the evacuated tube type solar collector, 
a chemical HP unit, a drying chamber, and a 
storage tank. The study employs a simulation for 
the system with Malaysia’s meteorological data. 
The monthly evacuated tube solar collector’s 
efficiency was found to be ranging between 59 – 
64 %. The authors discovered a maximum 
coefficient of performance for heating (COPh) of 
1.8. The highest coefficient of performance is 
predicted in March, while the lowest in November. 
The solar fraction of the system was found at 
around 0.4 for a collector area of 10 m2. The 
decrease in coefficient of performance and drying 
efficiency was attributed to the decline in solar 
irradiance, which leads to a reduction of energy at 
the condenser. Studies throughout the literature 
show the utility of SAHPD for drying purposes. 
While other means of drying products through the 
utilization of solar energy exists, as shown by 
Troeger and Butler [16] who dried peanuts using 
model bins amounting to 12 bins. Eight of the bins 
used air heated with Liquified Petroleum Gas 

(LPG) while the remaining four used air which 
was heat from solar-heated water through an air-
water crossflow heat exchanger. Two airflow rates 
were used for the dryers and different initial 
moistures were dried through the method of 
periodically interrupting airflow. Short 
interruptions, as in 15 min/h, for low airflow rates, 
had the minimal effect of drying time but reduced 
consumption of heat-energy by 10 %. While more 
prolonged interruptions lead to more drying time, 
it does reduce the heat energy. At high airflow 
rates, the moisture was found to be more similar. 
And they conclude that heat energy savings of both 
LPG and solar-heated dryers were comparable. 

The nature of the direct application affects the 
design of SAHPD, such as having a heat storage 
unit or not. The system typically contains various 
refrigeration components, as well as the solar 
element. Inlet drying air picks up moisture from 
the target after passing through the drying 
chamber. The HP acts like a dehumidifier by 
allowing humid air to pass over the evaporator 
from the dryer. The humid air temperature is first 
reduced reasonably during the process of 
dehumidification to a dew point to avoid water 
condensation from the air. Then, the evaporator 
absorbs sensible and latent heats to boil the 
refrigerant. The condenser is further used to boil 
the recovered heat. The quality of drying is highly 
critical for fruits and other food products. Hence, 
this paper aims to provide a review of advances in 
solar-assisted heat pump systems for drying 
applications. The study gives a general description 
of the system, classifications of SAHPD categories 
and detailed-description of main elements of air 
source heat pump drying systems, chemical heat 
pump drying system, and ground heat pump drying 
systems. In addition to introducing the solar 
thermal collectors. The working principle of 
SAHPD is explained in detail and overview 
selected agricultural products are provided from 
the literature. Finally, conclusions and 
recommendations are made for future research and 
development.  

2. Classification of SAHPD 

Figure 1 displays a comprehensive SAHPD 
classification for industrial, agricultural and marine 
products. SAHPD is classified into two main 
categories. (A) solar energy source and (B) heat 
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pump (HP) dryers. The solar energy source in 
SAHPD could be solar thermal collector, solar 
chimney system, solar photovoltaic collector 

[17,18] or PV/thermal collector [19 – 24] coupled 
with an HP. The HP could be air source, chemical, 
ground source [25] or hybrid.

 

Figure 1. Classification of SAHPD 

 

3. Solar Assisted Heat Pump Dryer (SAHPD) 

In places with very rich sources of solar 
energy, the incorporation of a solar heating system 
to the (HPD) may further improve on the 
efficiency of the overall drying system. Such a 
system may also be appropriate for higher drying 
temperature. Easy conversion of natural energy for 
storage resulting in significant saving of energy, 
environmentally friendly process, easy to 
implement control strategy and higher operating 
temperature are the principal advantages of solar 
assisted heat pump dryer which will overcome the 
above mentioned problem in different technique of 
drying application. However, this would require 
some kind of backup auxiliary source or a thermal 
energy storage device when it comes to nightfall or 
cloudy days [6,12]. 

3.1. Heat pump 

Heat pump would be an attractive option to 
overcome the difficulties of the solar drying 
system. For drying, heat pumps possess two 
beneficial characteristics. Through the evaporator, 
the heat pump recuperates sensible and latent heat 
from the dryer exhaust air hence, the energy is 
recovered. Condensation occurring at the 

dehumidifier reduces the humidity of the working 
air [12]. 

3.1.1. Air source heat pump drying systems 

Many researchers have acknowledged the 
specific features of heat pumps, which has resulted 
in the rapid growth of both theoretical and applied 
research on air source heat pump drying. 
Normally, the Air source heat pump consist of 
evaporator, condenser compressor and expansion 
valve [12]. 

3.1.1.1. Evaporator 

The evaporator is considered as a heat 
exchanger and designed the same way as 
condenser but works in opposite by converting the 
refrigerant from liquid to gas. The air coming from 
the drying chamber is cooled and this led to 
extracting of its moisture by the evaporator in the 
air cycle.  

                          (1) 

                            (2) 

 The wet and dry regions are differentiated by 
the temperature which has been condensed of the 
air-water vapour mixture as given by [26]: 
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                             (3) 

For these equations, that is heat transfer, the 
overall heat emanating from the air consists of 
latent and sensible parts: 

                    (4) 

Heat transfer to the working fluid as follows:  

                             (5) 

3.1.1.2. Condenser 

The condenser is a device to condense the 
working fluid and reject its heat to the drying 
chamber. The NTU (Number of Transfer Units) 
technique is used to examine heat transfers in the 
condenser. The heat exchange effectiveness is 
given by [27]:     

                                  (6) 

or by given this formula:  

                                  (7) 

In two-phase regions of condenser, the 
refrigerant temperature remains stable at a point of 
saturation. The temperature of the existing air in 
the two-phase regions is provided by   

                         (8) 

3.1.1.3. Compressor 

A compressor is a mechanical unit that 
increases the pressure of working fluid from low to 
high pressure, which is usually associated with 
high temperature. [26] reported a scientific model 
of a compressor:  the mass refrigerant flow and 
volumetric efficiency are as follow: 

                          (9) 

                                    (10) 

The total work needed to run the compressor 
and discharge temperature are provided below: 

                (11) 

                                 (12) 

3.1.1.4. Expansion Valve 

A process where refrigerant pressure is 
controlled from high to low and allowed to 
expands or changes its state from liquid to vapour 
in the evaporator is known as the thermal 
expansion valve. The high-pressure refrigerant 
entering the thermal expansion valve is warm and 
leaving the expansion valve is cold as a result of 
refrigerant pressure. The expansion capacity 
should be of a considerable size so that the mass 
flow rate of refrigerant going through its capillary 
tube as well as through the compressor of the 
cycle. 

3.1.1.5. Refrigerant 

Refrigerant is the working fluid in the 
mechanical vapour compression cycle. 
Hydrochlorofluorocarbons (HCFCs), 
hydrofluorocarbons (HFC) as well as 
chlorofluorocarbons (CFCs) have been extensively 
used in refrigeration in the past few decades. CFCs 
were completely forbidden since 2006 in 
developed and developing countries due to the 
Montreal Protocol for the United Nations 
Environmental Program in 1987. Recently, 
ASHRAE classified the refrigerants based on the 
level of hazards involved in their use. The 
flammability and toxicity classification result in 
six safety refrigerant groups (B3, B2, B1, A3, A2, 
and A1). Group A1 is safer, while group B3 is 
most hazardous. 

Table 1. Selected alternative refrigerants 

Refrigerant Chemical Nomenclature Molecular Weight Critical Temperature 
(oC) 

Critical Pressure  
(bar) Safety 

R410A [28] R32/125 72.6 70.2 47.5 A1 
R450A [29-31] R134a / R1234ze 108.6 105.6 38.4 A1 
R448 [32] R32/R125/R134a 86.3 83.6 45. A1 
R507 [33,34] R-125/143a 98.9 76.1 37.9 A1 
R717 [35,36] NH3  17.03 132.4 111.5 B2 
R290 [37-39] CH3CH2CH3 44.10 96.8 42.4 A3 
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3.1.2. Chemical Heat Pump Drying Systems 

Chemical heat pumps (CHPs) are thermal 
energy management systems that have several uses 
permitting a number of simultaneous functions and 
requiring no mechanical energy input. These uses 
include thermal energy storage, heat pumping, 
improving heat quality and refrigeration. Among 
industrial processes, certain unit operation such as 
drying, distillation, evaporation and condensation 
deal with large amount of enthalpy changes where 
CHP can be effectively utilized. 

3.1.3. Ground Source Heat Pump Drying 

Ground-source heat pump (GSHP) transforms 
the earth energy into useful energy to heat and 
cool. It provides low temperature heat by 
extracting it from the ground or a body of water. It 
can actually produce more energy than it uses, as it 
draws additional free energy from the ground. 
There are various studies on the ground source 
heat pump (GSHP) systems, whereas, few studies 
have been conducted regarding utilization of this 
kind of heat pumps for drying applications. 

3.2. Solar Thermal Collector 

A solar thermal collector collects heat by 
absorbing sunlight The term "solar collector" 
commonly refers to a device for solar hot water 
heating, but may refer to large power generating 
installations such as solar parabolic troughs and 
solar towers or non-water heating devices such as 
solar air heaters. 

4. Working Principle of a SAHPD 

Solar assisted heat pump dryer is under the 
classification of indirect solar drying; whereas, two 
combined technologies used together or separately 
to produce hot air or water. the thermal solar 
collector acts as a heat source, and the heat 
produced to feed the thermal pump evaporator is 
used.  The objective of this system is to obtain 
high COP and then produce energy in a more 
efficient and less expensive manner. 

5. SAHPD of Selected Agricultural Products 

Solar assisted heat pump dryer used for many 
products including in marine and agriculture 

industries. the selected agricultural of current 
review is rice, mushroom, cassava, banana, mango, 
red chilli, corn grain, coriander, dill, Indian 
gooseberry and orthosiphon stamineus. 

5.1. Rice 

A SAHPD connected with fluidized bed and 
biomass furnace to dry rice was developed in 
Indonesia by M. Yahya et al. [40]. The system 
consists of a flat plate collector with fins, fluidized 
bed, air-source blower, cyclone, biomass furnace, 
and heat pump, as shown in Fig. 2. The 
performance of the drying system and economic 
analyses have been studied. The content of the 
moisture was decreased from 32.850 % to 16.290 
% (dry basis) in almost 23 minutes with a flow rate 
of mass equal to 0.1037 kg/sec at an average 
relative humidity of 8.14 % while keeping the 
average temperature at 81 oC. The improvement 
potential was found between 223.3 W and 1391.2 
W, with an average value of 630.6 W.  For the 
economic analyses, the payback period of the 
system was nearly 1.6 years. 

5.2. Mushroom 

The unique SAHP system for drying 
Mushroom in Turkey was designed and tested 
experimentally by Sevik et al. [41]. The drying 
system consists of three water-based flat plate 
collectors, heat exchangers, heat pump, axial fans 
and dryer filter, as displayed in Fig. 3. The 
coefficients of performance of the drying system 
(COP) was found to be from 2.1 to 3.1. Drying air 
temperature ranges from 45 °C to 55 °C is used to 
dry the Mushrooms at 0.086 kg/see mass flow rate. 
The initial moisture content of the Mushroom was 
13.24 g before reducing to 0.07 g (dry basis). Heat 
pump, solar energy, and SAHP system were used 
to dry the Mushrooms at 3.6 hrs to 4 hrs. at 2.75 – 
4.5 hrs and at 3 – 3.8 hrs respectively. The specific 
moisture extraction rate (SMER) was tested and 
found to vary between 0.26 kg/kwh and 0.92 
kg/kWh. 
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Figure 2. Schematic view of a SAHPD connected with 

fluidized bed and furnace of biomass for rice drying [40]. 

 

 
Figure 3. Schematic diagram of the solar-assisted heat pump 

system for mushrooms drying [41]. 

5.3. Cassava 

A SAHP system for cassava drying in 
Indonesia was performed experimentally by M. 
Yahya et al. [42]. The drying system contains two 
finned flat plate collectors, air-source HP, drying 
chamber and blower as illustrated in Fig. 4. The 
cassava mass decreased from 30.8 kg to 17.4 kg 
for 9 hrs at an average temperature approximately 
equal to 45 °C. The content of moisture of cassava 

was gradually reduced from 61 % (wet basis) to 
10.5 %, with an average flow rate of the mass of 
about 0.124 kg/sec. The SMER and average drying 
rate were 0.47 kg/kWh and 1930 g/h respectively. 

 
Figure 4. Schematic illustration of the solar-assisted heat 

pump system for cassava drying [42]. 

5.4. Banana 

Kuan et al. [43] examined numerically SAHP 
system to dry banana for continental climates. The 
system contains an air-based flat plate collector 
connected with HP and drying chamber as 
presented in Fig. 5. The coefficients of 
performance of the drying system were calculated 
to be 2.72. Inside the drying chamber, the 
temperature was changed between 48 oC and 52 oC 
in summer and between 42 oC and 44 oC during 
the winter climatic condition. The banana has an 
initial moisture content of about 74 % later 
reduced to 19 % (wet basis) in 21 hrs. The SMER 
was estimated mathematically to be equal to 0.6 
kg/kWh. 

5.5. Mango 

Y. Wang et al. [44] developed a SAHP system 
for mango drying in China. The drying system 
divided into two principal subsystems: air source 
HP and solar drying components. The air collector 
of the evacuated tube is used in the solar drying 
component as illustrated in Fig. 6. The power 
consumption of the HP in the SAHP system mode 
was 3.5 kWh. Forty trays as a single layer were 
used for spreading 80 kg of mango for drying tests 
with the hot air nearly 45 oC. The mango slices (80 
kg) were reduced down to 20 % (a wet basis) 
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within 6.5 hrs as well as the SMER of the mango 
was 2.05 kg/kWh. 

 

 
Figure 5. Schematic view of the solar-assisted heat pump 

system for banana drying [43]. 

 

 
     Figure 6. Schematic illustration of the SAHP system for 

mango slices drying [44]. 

5.6. Red Chilli 

A SAHPD for chili drying in Vietnam was 
designed, manufactured and studied by Bùi and Lê 
[45]. This system contains Air-based a flat plate 
collector, an HP, exhausted pipes and fan 
integrated with a drying chamber as shown in Fig. 
7. Five kilograms of red chili was dried until its 
water content reached 11 %. The drying time 
approximately reached 7.5 hrs. Dezfouli et al. 
[46,47] designed, modified and tested solar 
assisted system for red chili drying in Malaysia. 
The system contains three main sub-systems such 
as the HP subsystem, a multi-functional solar 

thermal collector as well as drying chamber as 
shown in Fig. 8. 15 kg of fresh Chili with initial 
moisture content 80 % (dry basis) were decreased 
to 10 % (wet basis) within 32 hrs. By compared 
between drying chili with the solar-assisted heat 
pump system and drying chili with the open sun, 
the authors concluded that drying chili by SAHPD 
has two-time saving time against of open sun 
method. M. Yahya [48] designed and evaluated 
SAHPD integrated with biomass furnace for red 
chili drying in Indonesia. The system consists of 
two air-based flat plate collectors, HP, biomass 
furnace, blower and drying chamber, as displayed 
in Fig. 9. The red chilies were dried from 22 kg 
with the initial moisture content of 4.26 and later 
reduced to 0.08 (dry basis) for 11 hrs. 

 
Figure 7. Schematic view of the solar-assisted heat pump 

dryer for chili drying in Vietnam [45]. 

5.7. Grain Corn 

Y. Li et al [49] tested a SAHP system 
integrated with granary for grain drying. The 
drying system consists of a solar air collector, 
evaporator, air-source HP, air recycle tube, 
movable diaphragm, ventilation supply tube, 
condenser, granary, grain stirrer, and supply fan as 
shown in Fig. 10. The initial moisture content was 
varied and reached 4.7 %. The grain granary was 
classified into 5 layers and 24 points were chosen 
in every layer. The measurements of moisture 
content were recorded in each layer. The 
maximum moisture content recorded was 4.7 % 
according to 120 test samples and its content 
reduced to 2.8 %. 
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Figure 8. Schematic diagram of the SAHP system for chili 

drying in Malaysia [46,47]. 

 
Figure 9. Schematic view of the SAHPD integrated with 

biomass furnace for red chili drying in Indonesia [48]. 

 

5.8. Coriander 

Alishah et al. [50] constructed and installed a 
SAHPD in northern Iran for Coriander drying. The 
drying system contains two key components: the 
solar dryer and HP. The solar dryer consists of a 
solar flat plate collector and a circulation fan 
connected with the chamber (drying) and two 
auxiliaries electrical heaters as shown in Fig. 11. 
The moisture contents were varied between 0.9 to 
0.1 kg/kg which were later reduced down up to 25 
% at an average temperature equal 50 oC. 

 
Figure 10. Schematic diagram of the solar-assisted heat 

pump system for grain drying [49]. 

 
Figure 11. Schematic view of the SAHPD system for 

Coriander drying [50]. 

 

 

5.9. Dill 

A SAHPD was developed and evaluated to dry 
the dill plant by in Iran by Jafarian et al. [51]. The 
drying system consists of an air-based flat plate 
solar collector, heat pump and fan connected with 
the drying chamber, as shown in Fig. 12. Dill was 
dried from the initial moisture content of 90 % 
were reduced to the final moisture content of 10 % 
in 1.33-2.33 hrs. at an average air temperature of 
50 oC. The SMER varied from 0.078 to 0.18 
kg/kWh. 
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Figure 12. (a) Schematic diagram of SAHPD and (b) 

experimental set up of solar dryer [51]. 

5.10. Indian Gooseberry 

P. Singh and S. Singh [52] developed and 
tested SAHP using a single-pass solar air heater 
for gooseberry drying. The system contains air 
source HP (dehumidifier), circulation fan, single-
pass solar air heater, electrical backup and blower 
connected with the drying chamber as presented in 
Fig. 13. The capacity of the drying chamber is 
approximately 20 kg. The content of Vitamin-C in 
the SAHP dried gooseberry improved up to 88 % 
as compared to open sun drying. The drying time 
of gooseberry from the initial moisture content of 
88.6 % to about 7 % (wet basis) at 50°C in 18 hrs 
as compared 8 – 10 days in the open sun drying 
was recorded. 

5.11. Orthosiphon Stamineus 

Orthosiphon stamineus has been studied from 
many aspects which are related to extraction of 
nanosilver [53], electronic sensing [54] and 
bioactive compound analysis [55]. S. H. Gan et al. 
[56] tested on open sun drying and HP for 
orthosiphon stamineus. The design and fabrication 
of the dryer contains an air source heat pump 
connected to the greenhouse drying chamber as 
presented in Fig. 14.  The initial moisture content 
was approximately 78 % to 82 % (wet basis). The 
final moisture content targeted in the experiment 
ranges from 10 % to 12 % (dry basis). The testing 
was conducted in Malaysia, which experience 
approximately stable solar energy source [57] and 
was utilized to dry various samples including 
agricultural product [58,59,60]. 

 
Figure 13. Schematic view of the SAHPD for Indian 

gooseberry drying [52]. 

 
Figure 14. Schematic diagram of the open sun assisted heat 

pump dryer for orthosiphon stamineus drying [56]. 

Moreover, it is important to highlight the 
importance of research conducted to achieve net 
zero energy buildings [61], reduce peak energy 
consumption [62] and improve the processes of 
solar thermal systems [63-65]. 

6. Conclusion 

Heat pumps (HP) provide a cost-efficient 
alternative to conventional heat recovery systems 
and can be implemented for various residential, 
commercial and industrial applications. Solar-
assisted heat pumps (SAHP) are more sustainable 
and energy-efficient hybrid systems that can be 
used for water-heating, heat storage, and drying. 
(SAHPDs) were attractive methods of drying 
different agricultural products by utilizing solar 
energy as the source of heat. The addition of solar 
energy as a heat source for heat pump dryers leads 
to improvement in heat pump performance and 
energy efficiency which leads to two primary 
outcomes, firstly, dried product quality 
improvement and secondly, reduced the cost of 
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energy for drying the product. The novel designs 
of SAHPD were analyzed in terms of 
configuration and overall performance. This study 
provides a review of recent research and 
development studies, as well as the various aspects 
of SAHPD in the field. The work aimed to 
investigate the different components of heat 
pumps, solar thermal collector and SAHPD 
systems. Selected agricultural products dried with 
heat pumps were discussed and methods used for 
drying them were elaborated. The conclusions of 
the review are summarized in the following: 
1. Heat pumps utilize less energy than other 
heating systems. Hence, they emit less harmful 
gases such as nitrogen oxides (NOx) and carbon 
dioxide (CO2) etc. 
2. SAHP can utilize different solar energy 
technologies such as photovoltaic (PV) module, 
solar thermal collectors and hybrid PV/T units. 
3. Solar irradiation varies throughout the day, 
which may reduce reliability, especially in rainy 
weather. 
4. SAHPD requires higher capital costs for the 
installation of solar-related equipment (blowers, 
storage tanks, etc.). 
5. SAHPD is better drying quality under well-
control drying conditions, higher operating 
temperatures for drying and a smooth 
implementation control strategy. 
6. SAHPD can be used in drying products like 
Rice, Mushroom, Cassava, Banana, Mango, red 
Chilli, Corn Grain, Coriander, Dill, Indian 
gooseberry, and Orthosiphon Stamineus. 
7. Thermodynamic analysis and optimization of 
SAHPD is a favourable approach to reach optimal 
design parameters for the high efficiency of the 
thermodynamic cycle. 

The need for further research and development 
on integrated SAHP and SAHPD systems into 
various applications is essential and this paper 
aims to raise awareness and encourage efforts 
towards it and elucidate the potential of these 
technologies by improving its design, 
performance, and sustainability. 

7. Recommendation and Future Work 

Various research studies have been investigated 
in this review to illustrate the concepts and design 
considerations of advanced SAHPD systems. We 
present the following recommendations, ideas, and 
concepts for future research studies: 
1. To investigate the utility of solar 
collector/evaporated, which employs Phase 
Change Material (PCM) and nano-PCM for 
enhanced heat transfer and thermal efficiency in 
SAHPD systems. 
2. To investigate the utility in coupling nano-PCM 
and nanofluid based PV/T systems with heat pump 
dryers. 
3. To use electricity consumption and drying 
quality as evaluation criteria for comparing PV/T-
assisted HPD and SAHPD. 
4. To assess the quality of SAHPD output using 
prediction methods of Artificial Neural Networks 
(ANN). 
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