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A novel heat recovery and thermal storage solar-assisted heat pump drying system was set up. Moreover,
the effect of different economic variables on payback period was investigated. The evaporator and con-
denser were integrated in the drying chamber and the water storage tank was set up in the system to
recover the heat effectively and improve the utilization of solar energy. Based on a total required heat
of 23.157 MJ for drying 10 kg of radish process, the theoretical analysis results illustrated that when
the daily average radiation intensity was 0.480 kW/m2 the system run at solar drying (SD) mode; when
the daily average radiation intensity ranged from 0.430 kW/m2 to 0.480 kW/m2 the system run at the
solar-assisted heat pump drying (SAHPD) mode; when the daily average radiation intensity was less than
0.430 kW/m2, the system run at the heat pump drying (HPD) mode. The experimental results showed
that the coefficient of performance of the drying system was ranged from 3.21 to 3.49 at the SAHPD
mode. Furthermore, the SAHPD can save energy consumption by 40.53% in terms of heat recovery and
thermal storage. The payback period for drying radish, pepper, and mushroom in the life span of the sys-
tem was 6 years, 4 years, and 2 years, respectively. Therefore, it can be concluded that mushroom is the
most suitable material to be dried in this system.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Drying is an essential link for many industries and preservation
of agricultural crops (Borah et al., 2015; Chapchaimoh et al., 2015;
Pirasteh et al., 2014; S�evik et al., 2013). However, it consumes a
huge energy for industry (Kurt et al., 2015; Minea, 2013). Drying
consumes up to 70% of all the used energy in wood industry and
50% in textile manufacturing (Mujumdar, 2007). It was reported
that China consumes about 3 tons of coal per year on the drying
industry, which cause a bad environmental impact by burning coal
with 260 million tons of CO2 and 7.8 million tons of SO2 emissions
(Zhang and Xie, 2008). Recently, there is a gradual shortage of coal
resources, dramatic increase of fossil fuels prices, and the ecologi-
cal environment pollution has been increased. Thus, the govern-
ments and scientists have been directed to provide alternative
sources of the renewable energy for drying sources and dryer
design (Liu and Cao, 2006).

Solar energy is the main source of different renewable energies
and it can be provided sustainably without harming the environ-
ment. It is also the oldest energy which used for drying food as a
practical application. Solar dryers not only save energy but also
save a lot of time, occupy less area, improve quality of the product,
make the process more efficient. Meanwhile, it protects the
environment by reducing the fuel energy consumption
(VijayaVenkataRaman et al., 2012).

The first solar dryer was invented in 1976 by Everitt and Stanley
(Daghigh et al., 2010). After decades, many researchers have
focused on the performance and structure of solar drying (SD) sys-
tem. Fudholi et al. (2014) developed a solar drying system for dry-
ing red chili and they found that red chili moisture content reduced
by 70% while the specific energy consumption, the efficiency of
drying system, and the average of the exergy efficiency were
5.26 kW h/kg, 13%, and 57%, respectively. Whereas, Borah et al.
(2015) developed a solar conduction dryer for turmeric and they
found that the meaning thermal efficiency of the dryer was 55%.
Misha et al. (2015) studied the performance of a solar assisted solid
desiccant dryer for kenaf core fiber drying under low solar radia-
tion. They found that the drying time using this system was
reduced by 24% compared to open sun drying and the dryer effi-
ciency at low solar radiation (394W/m2) was approximately 12%.
Meanwhile, the percentage of using solar energy was almost 44%
from the overall energy consumption.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.solener.2016.08.016&domain=pdf
http://dx.doi.org/10.1016/j.solener.2016.08.016
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Nomenclature

Ac the collector area (m2)
c specific heat at constant pressure (kJ/(kg��C))
Ca annual cost of a dryer (RMB)
Cac annual capital cost of a dryer (RMB)
Ccc capital cost of a dryer (RMB)
Cd cost of drying per kg of dried kilogram material in dryer

(RMB/kg)
Cds cost per kilogram of dried material for a dryer (RMB/kg)
Ce cost per kW h of electric energy (RMB/kW h)
Cf cost per kilogram of fresh radish (RMB/kg)
Cfd cost of fresh radish per kilogram of dried material (RMB/

kg)
Cm annual maintenance cost of a dryer (RMB)
Cr annual running cost of a dryer (RMB)
Cs selling price of dried material (RMB/kg)
COPi instantaneous coefficient of performance
DR drying rate ((g water/g dry matter)/h)
G daily total radiation incident upon the collector (kJ)
i rate of inflation
It instantaneous solar radiation incident upon the collec-

tor (W/m2)
j life of a dryer (year)
m the mass of the material (kg)
_m mass flow rate (kg/s)
M material dry base moisture content (g water/g dry mat-

ter)
Mt moisture content at ‘‘t” (g water/g dry matter)
Mt+Dt moisture content at ‘‘t + Dt” (g water/g dry matter)
n rate of interest on long term investment
N payback period (year)
P electrical power (kW)
Pc thermal power of condenser (kW)
Qc the provided heat of heating coil (kJ)
Qe required heat to Evaporate water (kJ)
Qkmin the minimum heat provided by the system at a constant

temperature (kJ)
Qp preheating heat (kJ)
Qs storage heat (kJ)

Qt the total required heat during the process (kJ)
Sd the daily saving (RMB/d)
SF solar fraction
SMER specific moisture extraction rate (kg/kW h)
Tainc the air temperature at the inlet of condenser (�C)
Taoutc the air temperature at the outlet of condenser (�C)
Tainch the air temperature at the inlet of heating coil (�C)
Taoutch the air temperature at the outlet of heating coil (�C)
Tci initial temperature of drying chamber (�C)
Tcf the required temperature at the drying chamber (�C)
Tri initial temperature of radish (�C)
Trf final temperature of radish (�C)
Twout the water temperature at the outlet of solar collector

(�C)
Twin the water temperature at the inlet of solar collector (�C)
Vcnp The cumulative net present worth for the life of a dryer

(RMB)
Vnpt net present worth of a dryer (RMB)
V1pt net present worth during first year for a dryer (RMB)
W power consumption of the system (kW h)
c latent heat of vaporization (kJ/kg)
gc efficiency of the collector
gs supplying heating efficiency of heat storage water tank

Subscripts
a air
av average
d dry
D number of days of use of dryer per year
f final
HPD heat pump drying
i initial
l loss
r radish
SD solar drying
w water
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In addition, Elkhadraoui et al. (2015) investigated the perfor-
mance of a novel mixed mode solar greenhouse dryer with forced
convection to dry red pepper and sultana grape. Results revealed
that the drying rate in the solar greenhouse was higher than that
of the open air sun drying and the drying time has been shortened
for red pepper and grape by 7 and 17 h respectively. Moreover, the
payback period of the dryer was found to be 1.6 years. The simula-
tion method of a passive solar dryer by using temperature and
pressure networks to improve the airflow rate was suitable to be
used in the design of passive solar dryers to find the optimummass
air flow (Duran et al., 2015). However, using solar air heater with-
out thermal storage or assisted heat pump will make it difficult for
continuously drying particularly during partial clouds and/or in
late evening hours (Chowdhury et al., 2011; Fudholi et al., 2014).
Consequently, it was reported that solar assisted heat pump drying
systems (SAHPDs) increase the quality of products, reduce energy
consumption, and achieve a high coefficient of performance with
stable operation and high thermal efficiency of the dryer
(Daghigh et al., 2010). There are a number of studies have been
conducted to improve the performance and simulation of SAHPDs.
Li et al. (2011) developed a novel solar assisted heat pump in-store
drying system and found that the mean temperatures of the drying
chamber inlet air was 8.9 �C and the performance of in-store drying
process was improved by using SAHPD. Furthermore, S�evik (2014)
investigated a new design solar-heat pump dryer under different
climatic conditions. Results showed that the maximum coefficient
of performance (COP) of chemical heat pumps for simulation and
experiments were 2.2 and 2, respectively. Mohanraj (2014) studied
the performance of a solar-ambient hybrid source heat pump drier
for copra drying under hot-humid weather conditions. Results
showed that the average COP and specific moisture extraction rate
of a SAHPD was 2.54 and 0.79 kg/kW h, respectively. Nevertheless,
a few studies have been considered for achieving the maximum
utilization of SD mode at night, and the economic visibility of SD
systems. In addition, the previous studies for SAHPDs did not pay
more attention for the energy coupling between the solar and heat
pump, the control mode of optimization and other issues (Guo
et al., 2009; Ibrahim et al., 2009; S�evik et al., 2013).

Therefore, the aim of this study was to design and construct a
heat recovery and thermal storage solar-assisted heat pump drying
system. The system can be used continuously for drying in differ-
ent climate conditions. The evaporator and condenser were inte-
grated in the drying chamber. The system can be considered as
an effective recovery heat. It has a heat storage device for drying
continuously during the cloudy days and late night. Moreover, this
paper studied the performance of heat recovery and thermal
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storage solar-assisted heat pump drying system as well as the
operating mode under different operating conditions was investi-
gated to achieve the purpose of saving energy by reducing the con-
sumption. In addition, the payback period was estimated.
2. Materials and methods

This experiment has been conducted in China, Kunming city
(longitude 102.43�E and latitude 25.02�N). Related meteorological
data of Kunming city is shown in Table 1. The dimensions of the
drying room was (L = 2.5 m, W = 2 m and H = 2 m). In this experi-
ment 10 kg of radish were used to be dried by the drying system
under three different modes namely, SD mode, HPD mode and
SAHPD mode. Radish was divided and equally distributed on seven
trays; each tray was 0.9 m in length, 0.3 m in width, which consists
of thin wire netting and iron stand. The drying process started at a
fresh weight of 10 kg with an initial moisture content of
10.36 g water/g dry matter (dry basis) to a final moisture content
of 0.25 g water/g dry matter (dry basis). Therefore, when the dried
weight of radish reached to 1.1 kg the drying process was ended.
This amount or radish was considered only to illustrate the work-
ing feasibility of this system under different modes.
2.1. System descriptions

A solar energy heat recovery and thermal storage drying system
has been designed and built as shown in Figs. 1–3. The system con-
sists of two main subsystems solar dryer (SD) subsystem, heat
pump drying (HPD) subsystem. The SD subsystem consists of solar
collector, heat storage water tank, circulation pump, heating coil
and cooling coil. While, the HPD subsystem divided into material
area and HPD chamber. Therefore, HPD subsystem consists of com-
pressor, condenser, evaporator, expansion valve; the platoon wet
pipe, etc. Drying chamber divided into material area and heat
pump area. The principles of solar energy heat recovery and ther-
mal storage drying system were as the following:

When the system runs at the SD mode, the first circulating
water pump will start then, the first and second valves will open.
Subsequently, the water in the hot water tank will be heated up
by the solar collector, then the third valve and solenoid valve will
open. Meanwhile, the second circulating water pump and the cir-
culating air fan will start work. Thereby, the hot water from the
water tank will be sent to heating coil for releasing heat to the
material area, and then the water will be transferred from the heat-
ing coil into cooling coil to absorb the heat from the air in the
material area. Finally, the water will be returned to the water tank
by the second circulating water pump. Therefore, the air in mate-
rial area will be heated by absorbing the heat from the hot water,
then the hot air will be transferred into the material area though
periphery of the isolation plate. Furthermore, there will be a heat
exchange with the drying material, when the air moves from the
material area into the cooling coil, the air will be cooled and dehu-
midified by absorbing heat from the hot water. Subsequently, the
air which flows out of cooling coil will enter the next cycle.

When the system runs at HPDmode, the initial stage of the heat
pump cycle will start from the low temperature of the cold air in
the drying chamber. The working fluid in the evaporator absorbs
Table 1
Related meteorological data of Kunming city (Wang, 2013).

Jan Feb Mar

Average temperature (�C) 8.1 9.9 13.2
Average daily total irradiation upon the collector (MJ/m2�d) 17.42 18.89 19.6
Number of days (d) 31 28–29 31
the heat from the ambient air in the drying chamber. Subsequently,
the refrigerant will be absorbed in the compressor and isentropic
compressed then will enter the condenser; eventually the con-
denser will release the hot air to the drying chamber. Meanwhile,
the circulating fan will improve the heat exchanging process
between the hot air and the fresh materials to complete the pro-
cess of heat pump dry materials.

When the system runs at a solar assisted heat pump drying
(SAHPD) mode, it will be a combination of the SD mode and HPD
mode for assisting and continually drying.

The system main components, specification and characteristic
are shown in Table 2. Characteristics of various instruments which
used in experiments are shown in Table 3. The solenoid in SD sub-
system was switched to closed loop control system to control the
temperature range in the drying chamber from 30.0 �C to 50.0 �C.
Whereas, in HPD system the evaporator and condenser were put
into the drying chamber to allow the evaporator to absorb the heat
of wet air and increase HP heating coefficient.
2.2. Mode selection

2.2.1. System heat balance equation

Qt ¼ QSD þ QHPD ð1Þ

where Qt is the total required heat energy during the drying process
(kJ), QSD is the provided heat of SD system (kJ), QHPD is the provided
heat of HPD system (kJ).
2.2.2. The total required heat for drying process
The required heat during the drying process includes the pre-

heating energy for radishes, the required heat energy for evaporat-
ing water, and the amount of heat losses during the drying process.

(1) The preheating heat needed to radishes (Ali et al., 2002):
Apr

16.
4 18.

30
Qp ¼ crmiðTrf � TriÞ ð2Þ

where mi is the initial mass of radish (kg), cr is the specific
heat of radish at constant pressure (kJ/(kg��C)), Trf is the final
temperature of radish (�C), Tri is the initial temperature of
radish (�C).
(2) The required heat to evaporate water:
Qe ¼ c� ðmi �mf Þ ð3Þ

wheremi is the initial mass of radish (kg),mf is the final mass
of radish (kg), and c is the latent heat of vaporization (kJ/kg).
(3) The losses of heat energy during the drying process (Guo,
2010):
Ql ¼ ðQp þ QeÞ � 10% ð4Þ
(4) The total required heat during the drying process
(TRHDP):
Qt ¼ Qp þ Qe þ Ql ð5Þ
May Jun Jul Aug Sep Oct Nov Dec

6 19.0 19.9 19.8 19.4 17.8 15.4 11.6 8.2
40 15.61 12.62 12.40 13.62 12.91 12.12 14.40 15.65

31 30 31 31 30 31 30 31
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Fig. 1. Schematic diagram of heat recovery and thermal storage solar-assisted heat pump drying system.

Fig. 2. The solar collectors (a), water tank and compressor (b), and drying chamber (c).

Fig. 3. The material area (a), heating coil and circulating air fan (b), and condenser, evaporator and cooling coil (c).

228 Y. Qiu et al. / Solar Energy 137 (2016) 225–235
2.2.3. The provided heat of the solar drying system (PHSDS)
The total of daily solar radiation upon the collector during the

time of experiment can be expressed as:

G ¼ 3:6
Z t

0
AcItdt ð6Þ

where Ac is the collector area (m2), It is instantaneous solar radiation
incident upon the collector (W/m2).

The provided heat of SD system can be expressed as:
QSD ¼ Ggsgc ð7Þ
where G is the daily total solar radiation incident upon the collector
(kJ), gc is efficiency of the collector, gs is the efficiency of supplying
heat from water storage tank.

The solar fraction (SF) can be expressed as (Duffie, 2013):

SF ¼ QSD

Qt
ð8Þ



Table 2
Main component specification and characteristic of the system parameters.

Component Specification and characteristic

Collector tilt angle 30�
Vacuum tube U58 � 1800 mm
Tube number 60
Collector surface 5.58 m2 (GBT12936-2007)
Absorbing surface 9.75 m2

Collector efficiency Optical efficiency: 0.65, heat loss coefficient: 0.78 W/
(m2��C)

Water storage tank Volume: 500 L
Heat pump Compressor rated power: 1 HP, thermal output: 3.4 kW
Circulating air

blower
Rated power: 380 W

Table 3
Characteristics of the instruments.

Instrument Range Accuracy

Digital balance 0–15 kg 0.001 kg
Humidity sensors 1–99% 0.1%
Temperature sensors �200 �C to

350 �C
0.1 �C

Ultrasonic flow meter 0.01–25 m/s 0.01 m/s
Electric heating constant temperature drying

oven
10–300 �C 0.1 �C

Anemometer 0–10 m/s 0.01 m/s
Solar radiation sensors 0–2000 W/m2 1 W/m2
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2.2.3.1. The performance analysis of the solar drying subsystem. The
storage heat in the water storage tank can be expressed as:

Qs ¼ 3600
Z t

0

_mwcwðTwout � TwinÞdt ð9Þ

where _mw is the mass flow rate of water through the collector (kg/
s), cw is specific heat of water at constant pressure (kJ/(kg��C)), Twout

is the water temperature at the outlet of solar collector (�C), Twin is
the water temperature at the inlet of solar collector (�C).

The collector efficiency (gc) can be calculated as the following:

gc ¼
Qs

3:6
R t
0 AcIðtÞdt

ð10Þ

The provided heat of heating coil during the time can be
expressed as:

Qc ¼ 3600
Z t

0

_macaðTaoutch � TainchÞdt ð11Þ

where _ma is mass flow rate of air through the heating coil (kg/s), ca
is the specific heat of air at constant pressure (kJ/(kg��C)), Taoutch is
the air temperature at the outlet of heating coil (�C), Tainch is the
air temperature at the inlet of heating coil (�C).

The efficiency of supplying heat from water storage tank (gs)
can be respectively expressed as:

gs ¼
Qc

Qs
ð12Þ
2.2.4. The provided heat of the heat pump drying system (PHHPDS)
Thermal power of condenser can be expressed as:

Pc ¼ _macaðTaoutc � TaincÞ ð13Þ
where _ma is the mass flow rate of air through the condenser (kg/s),
ca is the specific heat of air at constant pressure (kJ/(kg��C)), Tainc is
air temperature at the inlet of condenser (�C), Taoutc is air tempera-
ture at the outlet of condenser (�C).

Therefore, the provided heat of HPD system can be expressed
as:
QHPD ¼
Z

Pcdt ð14Þ
2.2.4.1. Heat pump drying subsystem performance analysis. Instanta-
neous coefficient of performance (COPi) and average coefficient of
performance (COPav) of HPD subsystem can be respectively
expressed as:

COPi ¼ Pc

P
ð15Þ

COPav ¼
R t
0 PcdtR t
0 Pdt

ð16Þ

where P is electrical power of HPD subsystem (kW).
Specific moisture extraction rate (SMER) (Ni et al., 2010; Zhang

and Zhou, 2010) can be expressed as:

SMER ¼ mi �mf

W
ð17Þ

where mf is the final mass of radish (kg), mi is the initial mass of
radish (kg), W is the power consumption of the system (kW h).

2.2.5. Matching mode for system operation
The minimum heat which provided by the system at a constant

temperature (MPHCT)

Qkmin ¼ 3600
Z t

0
ca _maðTcf � TciÞdt ð18Þ

where ca is the specific heat of air at constant pressure (kJ/(kg��C)),
_ma is the mass flow rate of air in drying chamber (kg/s), Tcf is the
required temperature at the drying chamber (constant at 50 �C),
Tci is the initial temperature of drying chamber (�C).

Based on the thermal balance equation, the total required heat
during the process was a standard of drying modes. In addition, the
system minimum heat Qkminð Þ was considered for keeping the
internal temperature of drying chamber as a constant temperature
at 50 �C.

Therefore:

(1) when QSD P Qt , the system run at SD mode
(2) when Qkmin < QSD < Qt, the system run at SAHPD mode
(3) when QSD 6 Qkmin, the system run at HPD mode.

2.3. Drying characteristics analysis of materials

Material dry base moisture content can be expressed as:

M ¼ m�md

md
ð19Þ

where m and md are the mass of the material (kg), the mass of the
corresponding dry matter (kg) respectively.

Drying rate can be expressed as:

DR ¼ dM
dt

¼ MtþDt �Mt

Dt
ð20Þ

Mt, Mt+Dt are the moisture content at ‘‘t” and moisture content at ‘‘t +
Dt” (g moisture/g dry matter), respectively. ‘‘t” is drying time (h).

2.4. Economic analysis of the system

The economic analysis of the conventional energy systems, heat
recovery and thermal storage solar-assisted heat pump drying
system were conducted by using ‘‘life-cycle” method and the
‘‘payback period” (Rahman et al., 2013; Sreekumar, 2010).
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2.4.1. ‘‘Life-cycle” method
In this method all investment cost and surplus of the system

during the lifespan of the system were converted into a total
amount at present, by calculating the heat storage of heat recovery
and thermal storage solar-assisted heat pump drying system in life
cycle to a cumulative net present value by totaling the present
worth of the annual savings over the life of the system.

The cumulative net present worth for the life of a dryer, i.e. the
life cycle savings is given by

Vcnp ¼
Xt

t¼1

Vnpt ð21Þ

In Eq. (21), the Vnpt is net present worth of a dryer in a period of
time (t) by year and it can be calculated by

Vnpt ¼ ð1þ iÞt�1

ð1þ nÞt � Sd � D ð22Þ

where i is the rate of inflation, n is the rate of interest on long term
investment, D is number of used days of dryer per year, Sd is the
daily saving (RMB/d) for a dryer in a period of time (t) by year
and this is given by Eq. (23).

Sd ¼ ðCs � CdsÞ �mf ð23Þ
where Cs is the selling price of dried radish (RMB/kg), and the cost
per kilogram of dried radish for a dryer (Cds) is calculated by

Cds ¼ Cfd þ Cd ð24Þ
where Cfd is the cost of fresh radish per kilogram of dried radish
(RMB/kg), Cd is the cost of drying per kilogram of dried radish in
dryer (RMB/kg), and these are calculated by Eqs. (25) and (26),
respectively.

Cfd ¼ mf

mi
Cf ð25Þ

where Cf is the cost per kilogram of fresh radish (RMB/kg).

Cd ¼ Ca

mf � D
ð26Þ

In Eq. (26), the Ca is the annual cost of a dryer and it can be cal-
culated as:

Ca ¼ Cac þ Cm þ Cr ð27Þ
where Cac is the annual capital cost of a dryer (RMB) which is given
by Eq. (28), Cm is the annual maintenance cost of a dryer (RMB), Cr is
the annual running cost of a dryer (RMB).

Cac ¼ Ccc � nð1þ nÞ j
ð1þ nÞ j � 1

ð28Þ

where Ccc is the capital cost of a dryer (RMB), j is life of the dryer
(year).

The annual running cost for the drying system at three different
modes (SD mode, HPD mode, and SAHPD mode) (Cr) are calculated
by:

Cr ¼ mf �mi

SMERSD
� DSD þ mf �mi

SMERHPD
� DHPD þ mf �mi

SMERSAHPD
� DSAHPD

� �
� Ce

ð29Þ
where Ce is the cost per kW h of electric energy (RMB/kW h).

2.4.2. Payback period
The payback period (N) is given by

N ¼
ln 1� Ccc

V1pt
ðn� iÞ

� �

ln 1þi
1þn

� � ð30Þ

where V1pt is net present worth during first year for a dryer (RMB).
3. Results and discussion

3.1. Solar drying mode performance

The calculated results for matching the mode of the drying sys-
tem to dry 10 kg of radish illustrated that the required heat during
the drying process was 23.157 MJ, whereas, the minimum pro-
vided heat by the drying system was 20.736 MJ at a constant tem-
perature of 50 �C. The mass flow rate of air was 0.0229 kg/s and the
specific heat of radish was 3.6 kJ/(kg��C) (Zhang, 2010) which used
in the calculations. Furthermore, when the daily total solar radia-
tion was more than 17.292 MJ/m2 (namely the daily average radi-
ation intensity was 0.480 kW/m2), the system run at SD mode;
when the daily total solar radiation ranged from 15.484 MJ/m2 to
17.292 MJ/m2 (namely the daily average radiation intensity ranged
from 0.430 kW/m2 to 0.480 kW/m2), the system run at SAHPD
mode; when the daily total solar radiation was less than
15.484 MJ/m2 (namely the daily average radiation intensity was
less than 0.430 kW/m2), the system run at HPD mode, as shown
in Table 4. A multi-mode control flowchart was setup to determine
and control the system operation modes as shown in Fig. 4. The
Multi-mode control includes two parts according to the solar radi-
ation intensity and the internal air temperature in the drying
chamber. Fig. 4a shows the control program during the daytime
and Fig. 4b shows the control program in the evening.

Firstly, collect the radiation intensity and calculate the average
radiation. Secondly, check the average radiation whether it is less
than 0.445 kW/m2 or not, if it is yes, then open the heat pump
and the system will run at HPD mode, if it is not, then the average
radiation will be double checked whether it is between 0.445 kW/
m2 and 0.497 kW/m2, if it is yes, the system will run at SAHPD
mode, if it is not, the system will run at SD mode.

Table 5 shows the daily average values of the collector effi-
ciency and the supplying heat efficiency of solar energy drying sub-
system for a typical day in Kunming. It was found that the daily
total radiation ranged from 18.066 MJ/m2 to 21.293 MJ/m2, the
average energy storage efficiency of the SD subsystem ranged from
48.17% to 53.47%, the supplying heat efficiency was from 49.03% to
54.04% and the solar fraction was from 1.03 to 1.48.

It was observed that during the drying time of experiment
(500 min), the period of storage heat in the system started from
8:30 to 13:00. Subsequently, the drying stage started from 13:00
to 16:50. Meanwhile, the daily mean values of the drying chamber
air temperature and the solar radiation were ranged from 46.0 �C
to 52.0 �C, and 171W/m2 to 796W/m2, respectively. Moreover,
the changes of drying temperatures were very small in the drying
room comparing to the changes of irradiation, due to the water was
used as a heat transfer medium in the SD subsystem which has a
larger specific heat capacity. Therefore, it can be used to supply a
stable quantity of heat by the heating coil. On the other hand, by
using the air as a heat transfer medium in the SD system, it could
supply a stable quantity of heat, and the system can provide a cer-
tain quantity of heat in the nighttime by using a heat storage
device, which increased the optimization of solar energy, as shown
in Fig. 5.

Fig. 6 shows the water tank temperatures and inlet and outlet
temperatures of heat exchanger. The drying experiment started
from 13:00 to 15:00. It was observed that the values of the water
tank temperatures, inlet temperatures of heating coil, outlet tem-
peratures of cooling coil, water temperatures between outlet of
heating coil and inlet of cooling coil were ranged from 52.5 �C to
59.9 �C, 48.5 �C to 57.8 �C, 43.5 �C to 48.0 �C, and 41.0 �C to
45.1 �C, respectively during the drying time (120 min). Moreover,
the outlet temperatures of cooling coil were more than the water
temperature between outlet of heating coil and inlet of cooling coil,
due to the cooling coil display function transferring energy from



Table 4
Operation pattern matching of heat recovery and thermal storage solar-assisted heat pump drying system.

Daily total solar radiation (MJ/m2) Daily average radiation intensity (kW/m2) TRHDP (MJ) PHSDS (MJ) PHHPDS (MJ) MPHCT (MJ) Operation mode

18.552 (>17.292) 0.515 (>0.480) 23.157 24.845 – 20.736 SD
19.269 (>17.292) 0.535 (>0.480) 23.157 25.805 – 20.736 SD
20.272 (>17.292) 0.563 (>0.480) 23.157 27.149 – 20.736 SD
16.978 (15.484–17.292) 0.472 (0.430–0.480) 23.157 22.737 0.42 20.736 SAHPD
16.579 (15.484–17.292) 0.461 (0.430–0.480) 23.157 22.203 0.954 20.736 SAHPD
15.732 (15.484–17.292) 0.437 (0.430–0.480) 23.157 21.068 2.089 20.736 SAHPD
11.396 (<15.484) 0.317 (<0.430) 23.157 – 23.157 20.736 HPD
12.332 (<15.484) 0.385 (<0.430) 23.157 – 23.157 20.736 HPD
13.868 (<15.484) 0.424 (<0.430) 23.157 – 23.157 20.736 HPD

(a) Control program during the daytime 

StartStart

Read tempera ut re of d yr ing chamberRead temperature of drying chamber
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uR n SD mode(open the second valve, the third
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(b) Control program at the evening 

Fig. 4. Multi-mode control program flowchart.
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Table 5
Daily average energy storage and heat performance of SD subsystem.

Date The daily total radiation (MJ�m�2) gc (%) gs (%) SF

Jan 31th, 2015 18.066 48.17 49.03 1.03
May 6th, 2015 21.293 53.47 54.04 1.48
May 8th, 2015 19.203 51.62 52.45 1.25
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Fig. 5. The temperature of supplying heat of SD subsystem and irradiation.
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the hot and wet air to cold water. Consequently, the outlet temper-
atures of cooling coil will be enhanced and the wet air can be dehu-
midified and cooled.
Table 6
Daily average COP of HPD system.

Date Total
radiation
(MJ�m�2)

Average ambient
temperature (�C)

Average relative
humidity (%)

COPav

Jan 5th, 2015 15.205 24.2 44.8 3.18
Mar 25th, 2015 12.135 13.6 60.9 2.20
Sep 28th, 2015 14.467 17.0 49.4 2.83
3.2. Heat pump drying mode performance

Fig. 7 shows the instantaneous coefficient of performance of the
HPD subsystem and drying chamber temperature. The HPD subsys-
tem instantaneous coefficient of performance ranged from 2.23 to
4. The system instantaneous coefficient of performance changed
periodically, because when the indoor drying temperature, which
provided by the heat pump, reached to the required drying tem-
perature, the heat pump, will be in standby for a short time. Sub-
sequently, when the indoor temperature decreases the heat
pump resume working.

It was observed that the daily average values of the coefficient
of performance of HPD subsystem for a typical day in Kunming
was ranged from 2.20 to 3.18. While, the daily total radiation
was ranged from 12.135 MJ/m2 to 15.205 MJ/m2, the daily mean
values of ambient temperature and relative humidity were
13.6 �C to 24.2 �C and 44.8% to 60.9%, respectively as shown in
Table 6. The ambient temperatures and relative humidity are
important factors for the coefficient of performance. Therefore,
when the relative humidity increased, the coefficient of perfor-
mance decreased. In contrast, based on the law of irreversible Car-
not cycle, with the increasing of the ambient temperature the
coefficient of performance increased.

3.3. Solar-assisted heat pump drying mode performance

Table 7 illustrates the performance of SAHPD mode. The daily
total solar radiation was ranged from 15.888 MJ/m2 to 17.258 MJ/
m2. The average efficiency for energy storage of the SD subsystem
ranged from 43.60% to 45.14%, the efficiency of supplying heat was
from 44.32% to 46.08%, and the SF was between 0.74 and 0.86 (SF
means the saved energy based on the system under HP mode).

It was found that the daily average coefficient of performance of
SAHPD system ranged from 3.21 to 3.49. Therefore, the daily aver-
age coefficient of performance of SAHPD mode was more than that
of the HPD mode, due to, a part of the total required heat for drying
process was provided by solar drying subsystem under SAHPD. In
addition, heat storage device was set to maximize the utilization
of the solar energy and provide heat for the drying chamber and
to improve the heat pump coefficient of performance, especially,
when the drying process conducted at night or on cloudy days.

3.4. Drying characteristic analysis of radish under three modes

It was observed that the required time for drying the same
amount of radish was 10 h at HPD mode, 8 h at SAHPD mode,
and 13 h at SD mode as shown in Table 8. Moreover, the SMER val-
ues at HPD mode, SAHPD mode, and SD mode were 0.822, 1.445,
and 1.673, respectively.

Fig. 8 shows the removed water from radish and the corre-
sponding power consumption data under SAHPD mode which car-
ried on a linear regression, the regression equation was

y ¼ 0:00304þ 0:31807xþ 0:04237x2 ð31Þ
It can be clearly seen that the correlation coefficient was

0.99942, when the removed water from radish was 4.36 kg. Mean-
while, the power consumption was 1.57 kW h. Wu et al. (2013)
investigated the performance of series-parallel solar-assisted heat



Table 7
Performance of SAHPD mode.

Date The daily total
radiation/MJ�m�2

gc/% gs/% COPav SF

Mar 22th, 2015 16.992 44.20 45.74 3.32 0.83
May 13th, 2015 17.258 45.14 46.08 3.49 0.86
Jun 6th, 2015 15.888 43.60 44.32 3.21 0.74

Table 8
Results of drying systems at three different modes.

Measurement HPDm SAHPDm SDm

SEMR (kg/kW h) 0.822 1.445 1.673
COP 2.83 3.49 –
Time (h) 10 8 13
The efficiency of energy storage – 45.14 53.47
The efficiency of supplying heat – 46.08 54.04
Initial and final moisture content

(g water/g dry matter)
10.36–0.25 10.36–0.25 10.36–0.25
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Fig. 8. Curve fitting of power consumption and the removed water from radish
under SAHPD mode.
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pump drying system to dry radish. They dried 14 kg radish, when
the removed water from radish was 6.1 kg the power consumption
was 3.7 kW h. While, in the present study only 10 kg of radish were
dried and when the removed water from radish was 4.36 kg, the
power consumption was 2.64 kW h. Comparing with the previous
study of Wu et al. (2013) the heat recovery and thermal storage
solar-assisted heat pump drying system could save energy con-
sumption by 40.53% at the same the removed water from radish.

According to the regression equation of dehumidification and
the corresponding power consumption data under SAHPD mode,
when the removed water from radish were 9.40 kg and 9.51 kg,
the power consumption were 6.74 kW h and 6.86 kW h, respec-
tively. It was reported that the power consumption was
289.26 kW h when 200 kg of radish dried to be at the removed
water from radish of 188.02 kg by hot air drying with the open
damper (Lee and Kim, 2009). Furthermore, when the removed
water from radish was 190.26 kg in hot air drying with the half
open damper, the power consumption was 328.03 kW h.

While, in the study of Lee and Kim (2009) only 10 kg of radish
were dried and the results revealed that when the removed water
from radish was 9.40 kg in hot air drying with the open damper the
power consumption was 14.46 kW h, and when the removed water
from radish was 9.51 kg in hot air drying with the half open dam-
per the power consumption was 16.40 kW h.
It was observed that the heat recovery and thermal storage
solar-assisted heat pump drying system could save energy con-
sumption by 53.39% comparing to the hot air drying with open
damper and could save energy consumption by 58.17% compar-
ing to the hot air drying with the half open damper at the same
the removed water from radish. The energy consumption in this
study was less than the previous study due to heat recovery
device and heat storage device were set in the system to maxi-
mize the utilization of the solar energy and save electrical
energy. In addition, the experiment has been conducted in Kun-
ming city, which has more solar radiation comparing to the pre-
vious studies.

The variation in moisture content as a function of drying time is
shown in Fig. 9 while, the variation of power consumption at a cer-
tain the removed water from radish for three modes is shown in
Fig. 10 and the Variation in drying rate as a function of drying time
is shown in Fig. 11.
3.5. Economic analysis

According to the related meteorological data of Kunming city
and the operation modes for matching the results of heat recovery
and thermal storage solar-assisted heat pump drying systems as
shown earlier in Tables 1 and 4. The present study assumed that
the system run at SD mode from Jan to Apr (namely the SD mode
was operated 120 or 121 days), while it run at HP mode from Jun to
Nov (namely the HP mode was operated 183 days) and run at
SAHPD mode in May and Dec (namely the SAHPD mode was oper-
ated 62 days). The cost and economic parameters are given in
Table 9.

The prices of any material are an important factor affecting the
economic analysis of drying systems. According to the thermal
conservation relations and calculations, the total annual amount
of dried radish, pepper and mushroom in the system were
401.6 kg, 1192.2 kg, and 769.4 kg, respectively by using life-cycle
method. Tables 10–12 show the calculated annual net present
worth and the cumulative net present worth for system life with
different material. It was found that the payback periods for drying
radish, pepper, and mushroom were 6 years, 4 years, 2 years,
respectively by using life-cycle method. Whereas, the cumulative
net present values were 70240.24 RMB, 110874.49 RMB, and
205215.24 RMB respectively. Therefore, from the point of view of
cost recovery mushroom was the most suitable material to be
dried in this system.
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Table 9
Cost and economic parameters.

Material and labor cost for SAHPD system 23,613 RMB

Rate of inflation 8%
Rate of interest on long term investment 10%
Life cycle of the dryer 20 years
Cost of fresh radish 3 RMB/kg
Cost of fresh mushroom 20 RMB/kg
Cost of fresh pepper 16 RMB/kg
Selling price of dried radish 50 RMB/kg
Selling price of dried mushroom 130 RMB/kg
Selling price of dried pepper 74 RMB/kg
Electricity cost 0.5 RMB/kW h

Table 10
Economic of dried radish for solar assisted heat pump system.

Year Annual net present worth Cumulative net present worth

1 4157.50 4157.50
2 4081.91 8239.42
3 4007.70 12247.11
4 3934.83 16181.94
5 3863.29 20045.23
6 3793.04 23838.27
7 3724.08 27562.35
8 3656.37 31218.72
9 3589.89 34808.61
10 3524.62 38333.23
11 3460.54 41793.77
12 3397.62 45191.38
13 3335.84 48527.22
14 3275.19 51802.42
15 3215.64 55018.06
16 3157.18 58175.23
17 3099.77 61275.00
18 3043.41 64318.42
19 2988.08 67306.49
20 2933.75 70240.24

Table 11
Economic of dried pepper for solar assisted heat pump system.

Year Annual net present worth Cumulative net present worth

1 6562.63 6562.63
2 6443.31 13005.95
3 6326.16 19332.11
4 6211.14 25543.25
5 6098.21 31641.47
6 5987.34 37628.80
7 5878.47 43507.28
8 5771.59 49278.87
9 5666.66 54945.52
10 5563.63 60509.15
11 5462.47 65971.62
12 5363.15 71334.77
13 5265.64 76600.41
14 5169.90 81770.31
15 5075.90 86846.21
16 4983.61 91829.82
17 4893.00 96722.82
18 4804.04 101526.86
19 4716.69 106243.55
20 4630.93 110874.49

Table 12
Economic of dried mushroom for solar assisted heat pump system.

Year Annual net present worth Cumulative net present worth

1 12146.64 12146.64
2 11925.79 24072.44
3 11708.96 35781.40
4 11496.07 47277.47
5 11287.05 58564.52
6 11081.83 69646.35
7 10880.34 80526.70
8 10682.52 91209.22
9 10488.29 101697.51
10 10297.60 111995.10
11 10110.37 122105.47
12 9926.54 132032.01
13 9746.06 141778.07
14 9568.86 151346.93
15 9394.88 160741.81
16 9224.06 169965.87
17 9056.35 179022.23
18 8891.69 187913.92
19 8730.02 196643.94
20 8571.30 205215.24
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4. Conclusions

The energy analyses of the heat recovery and thermal storage
solar-assisted heat pump drying system were performed. Further-
more, the energy coupling relationship of the system was estab-
lished under the local weather conditions, and the optimum
model of the system was discussed. It can be concluded that when
the total required heat for drying process was 23.157 MJ to dry
10 kg of radish, the drying system in the designed dryer can run
at SD mode when the daily average radiation intensity is more than
0.480 kW/m2 and when the daily average radiation intensity is less
than 0.430 kW/m2 the system can run at HPD mode. On the other
hand, the system can run at SAHPD mode when the daily average
radiation intensity ranged from 0.430 kW/m2 to 0.480 kW/m2. The
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average coefficient of performance for SAHPD mode ranged from
3.21 to 3.49 and it was higher than both of HPD and SD modes.
However, the drying time at HPD mode for drying the same mate-
rials was shorter than of both SAHPD and SD modes. In addition,
this drying system can save the energy consumption by 40.53%,
53.39%, 58.17% comparing with the previous studies of a series-
parallel solar-assisted heat pump drying system, hot air drying to
the open damper and hot air drying with the half open damper
at the same the removed water from radish, respectively. The pay-
back periods for drying radish, pepper, and mushroom in this sys-
tem were 6 years, 4 years, 2 years, respectively. Therefore,
mushroom was the most suitable material to be dried in this
system.
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