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H I G H L I G H T S

• A new water/air heat pump is proposed for carrying out the drying.

• A new mathematical model for concentrated photovoltaic thermal is proposed.

• A hybrid solar dryer suitable for softwood drying is proposed.

• High performance hybrid dryer compared to that presented in the literature.
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A B S T R A C T

Wood drying is an unavoidable step to bring to the market products with higher added value. Achieving drying
under certain economic conditions requires calculating the drying cost with great precision while minimizing
energy consumption. Conventional dryers with very high heating power are useful, but their energy con-
sumption and greenhouse gas emissions remain too high. This work aims to propose a water/air heat pump
powered by a concentrated photovoltaic thermal as a new hybrid solution for carrying out the drying process of
softwood. The drying system consists of four main units, a drying chamber, a Closed Feed Air Heater, a water/air
heat pump and a concentrated photovoltaic thermal. The study is based on the establishment of energy and mass
balances in the drying system. The governing equations of the drying model are solved using the finite difference
method. A perfect agreement is obtained between experimental and numerical results. The results show that the
electrical energy consumption ratio using a heat pump as the main heater device fluctuates between 29 and 52
kWh.m−3. The coefficient of performance also ranges from 3.91 to 7.2. The results show that a decrease of the
heat pump set temperature from 75 to 65 °C improves the coefficient of performance at least 17%. The combined
use of heat pump and concentrated photovoltaic thermal system has the effect of reducing the energy con-
sumption ratio up to 86%. The effect of parameters such as optical efficiency, concentration ratio and evaporator
air temperature on drying performance is investigated. The results show that the heat recovered at the Closed
Feed Air Heater increases as the temperature of air leaving the dryer increases. A decrease in optical efficiency
from 0.9 to 0.65 increases the electrical energy consumption ratio by 73%. An increase in the aperture area from
100 to 150 m2 also improves electricity production and drying capacity by 45 and 27%, respectively. The drying
capacity has known an increase of about 43% by increasing the mass flow rate from 0.6 to 1 kg.s−1. Finally, the
combined use of a heat pump and a concentrated photovoltaic thermal can reduce significantly the electrical
energy consumption and improve thermal performance of drying systems throughout the year.

1. Introduction

Drying in most industrial units is carried out by relatively powerful
fuel and gas boilers which consume energy [1–3]. These heaters devices
are highly polluting and responsible for the excessive emission of
greenhouse gases having a harmful impact on the environment [4].
Therefore, it is necessary to integrate in the drying industry other
heating appliances that consume less energy such as a heat pump, or to
use solar kilns because they consume less electrical energy for their
operation [5,6]. The advantages of solar dryers are the high quality of

dried products, low acquisition and operating costs and they are simple
to mount and manage their operation. Nevertheless, their disadvantage
is that they are intermittent compared to conventional dryers and de-
pend on weather conditions. Today with the globalization of markets,
especially those of the wood drying industry, the engineer is obliged to
produce high quality dried wood quickly at a lower cost. The best
drying strategy is one that, for a given species, optimally meets the
requirements of rapidity, quality and cost. Timber drying is also an
economic necessity as it meets the increasingly stringent requirements
of consumers, helps to increase the added value of the product and
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opens the door to international markets. Depending on the wood des-
tination, it must have a reasonable humidity that allows a correct im-
plementation during its exploitation, as well as good dimensional sta-
bility over time [7]. There are traditionally several wood drying
techniques, among the most used, it was considered useful to mention:
conventional drying, microwave drying, vacuum and outdoor drying.
When drying process is carried out with technical means, it requires
heat and energy in proportions that depend on the moisture content,
the drying temperature, the specific characteristics of the product to be
dried and the kiln design [8–10]. Therefore, it is necessary to use
cleaner heating systems during drying which do not consume much
energy such as a system combining a heat pump and a concentrated
photovoltaic thermal system (CPV/T). This work will propose a com-
bined heating system specially to carry out the drying operations of
softwood. It will be an opportunity to present the innovation brought to
a hybrid dryer operating on the basis of renewable energies. It is an
environmentally friendly, applicable and less expensive solution.

The use of heat pumps for drying food products has recently at-
tracted a lot of attention [11,12]. Heat pumps consume less electricity

and generate more heat, allowing them to heat and cool an industrial
process at a lower cost [13]. Szekeres and Jeswie [14] found that a heat
pump consumes 12 to 68% less energy than conventional ovens oper-
ating at the same temperature. However, a major energy problem of
heat pumps is the additional heating requirements for drying in cold
climates [15]. A 13 m3 forced air wood dryer equipped with a 5.6 kW
HP running at lower temperature was experimentally studied under the
Canadian climate [16]. Two drying experiments were conducted using
electrical boiler integrated with HPs and Electrical heating coils. The
initial water content was 29.1% for test 1 and 40.7% for test 2. The
results showed that the drying time was 147.03 h for yellow birch and
240.67 h for hard maple. Using all-electrical drying test, the part of
energy consumed by HPs was 30%, 62% for the backup coils and 8% for
fans. The use of a hybrid drying system has resulted in a consumption of
about 25% for HP, 66% for backup coils and 9% for fans. Recent ad-
vances in conventional heating techniques have made it possible to
design efficient heat pumps compared to those marketed only a few
years ago. Currently, there are three heat pump technologies: aero-
thermal HP, a geothermal HP and a hydrothermal HP. The coefficient of

Nomenclature

Symbols

A Exchange area (m2)
Ac Collector area (m2)
Cp Specific heat (kJ.kg−1.K−1)
Cr Concentration ratio (-)
Da Water vapor diffusion coefficient (m2.s−1)
Dw Mass diffusion coefficient (m2.s−1)
e Thickness (m)
K Conductive heat transfer coefficient (W.m−2.K−1)
Kg Overall mass transfer coefficient (kg.m−2.s−1)
h Heat coefficient transfer (W.m−2.K−1)
Lc Collector Length (m)
m Mass (kg)
M Mass of wood (kg)
ṁa Mass flow rate (kg.s−1)
N Number of wood segments
RH Relative humidity (-)
S Surface (m2)
t Time (s)
T Temperature (K)
u Air velocity (m.s−1)
V Volume (m3)
W Absolute humidity (kg water/kg dry air)
X Moisture content (kg water/ kg dry matter)

Greek letters

ΔH Latent heat (kJ.kg−1)
ΔP Pressure drop (Pa)
Δt Time step (s)
ε Emissivity (-)
η Efficiency (-)
λ Thermal conductivity of air (W.m−1.K−1)
μ Effective permeability (-)
σ Stefan-Boltzmann constant (5.67 × 10-8 W.m2.K−4)
ρ Density (kg.m−3)

Subscripts

a Air
AC Actual

ae Air exterior
aux Auxiliaries
b Board
c convection
comp Compressor
dr Drying
eq Equilibrium
ev evoporator
ex Exchanged heat
f Fluid
fi Final
i Initial
in Inlet
inv Inverter efficiency
lay Layer
mod Module efficiency
oi Oil
op Optic
out Outlet
pi Pipe
pv Photovoltaic
Ra Return air
re Reflector
rec Receiver
s Cross section
sat Saturation
set Ser-point
sky Sky
th Thermal
w Water
wv Water vapor

Abbreviation

COP Coefficient of performance
CPV/T Concentrated photovoltaic Thermal
ECR Electrical energy consumption ratio
HEX Heat exchanger
HTF Heat transfer fluid
HP Heat pump
MER Moisture extraction rate
SMER Specific moisture extraction rate
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performance (COP) is an indicator that measures the amount of elec-
tricity that could be consumed by a heat pump [17]. Which heat pump
technology would have a better COP during the drying process? The
COP of an air/air heat pump integrated with solar collector during the
drying process of agricultural product in different dehumidification
conditions ranged from 0.58 to 2.32 [18,19]. The COP of a water / air
heat pump used for drying deserves to be examined in the literature. It
was reported that a water/water heat pump used in geothermal energy
has a better coefficient of performance, but its main disadvantage lies in
the installation costs which are generally more expensive than those of
an air/air HP [20]. However, with the new thermal regulation laws,
federal and local incentives can significantly reduce the initial cost and
allow HP owners to recover their investment in five to ten years [21].
Therefore, it is necessary to think of pairing these heat pumps with new
energy sources such as solar energy and heat storage to reduce power
consumption and quickly amortize the initial investment [22,23]. A
shortage in the use of water/air heat pumps specially to conduct wood
drying operations has been pointed out. In present work, the coefficient
of performance for a water/air heat pump used for drying purpose will
be evaluated for different climatic conditions. The effect of certain
parameters such as the outside air temperature and the set point on
drying performance will also be reviewed and analyzed.

As explained in the previous sections, the integration of renewable
energies, in particular solar energy in hybrid dryers, can reduce the
energy consumption of the conventional source and improve the
thermal performance of production. So why not supply the water/air
heat pump with green electricity and carry out the wood drying op-
erations? Is it possible to produce the heat and electricity necessary for
drying the wood from the same renewable source and improve the
performance of the hybrid dryer? Among the means of producing
electricity and heat are thermal photovoltaic concentrators and hybrid
PV panels [24,25]. A concentrated photovoltaic thermal system (CPV/
T) consists of at least five essential parts, a mirror, PV cells, a coolant
plate, a pipe in which the Coolant circulates and a tracking system. This
is a more promising technology, which could improve the efficiency of
solar energy conversion systems, thereby ensuring the reduction of heat
losses associated with the high operating temperature when used for
heating applications. Several CPV/T performance surveys have been
conducted over the past two decades [26–28]. A CPV/T system has
been proposed to produce heat and electricity for industrial textile
applications [29]. A numerical study about the CPV/T system equipped
with a linear triangular receptor equipped with triple junction PV cells
was performed [30]. The model makes it possible to locally assess the
thermal and electrical parameters of the CPV/T system. Some works
have been studied the performance of a hybrid CPV/T system capable
of operating up to temperatures of 180 °C [31]. Thermal and electrical
efficiencies are expected to be very high for most operating conditions.
The effect of the solar flux profile on a CPV/T system efficiency was
investigated [32]. Experiments have shown that the electrical efficiency
of the system dropped from 15 to 9%, depending on the solar con-
centration ratio. Kandil et al., [33] carried out a study showing the
effect of some physical and geometrical parameters on the performance
of a CPV/T system under harsh climate, in Kuwait. The results showed
that the temperature of PV cells increases with increasing concentration
ratio and that the hybrid CPV/T system works effectively in a harsh hot
climate. To the best knowledge of the author, it appears that the in-
tegration of CPV/T systems in wood drying applications is now a gap to
be raised to enrich the literature. In present work, a CPV/T system will
be proposed for possible use in industrial drying applications. The CPV/
T system will be used to supply electricity to the water/air heat pump.
Synthetic oil will be chosen as the coolant for PV cells and the thermal
energy produced will be used to heat the drying air through the in-
stallation of an oil/air heat exchanger. This solution will considerably
improve the thermal performance of the hybrid solar dryer compared to
conventional systems which consume more energy and further pollute
the atmosphere.

In the literature survey, there is a lack in determining thermo-
dynamic parameters such as drying capacity, energy consumption and
drying efficiency relating to wood drying process. The thermal effi-
ciency and energy consumption ratio of the two solar dryers named
Oxford and Boral have been evaluated regarding the meteorological
and location data of Brisbane, in Australia [34,35]. The Oxford kiln is
likely to reduce drying time and enable to receive a great quantity of
solar energy compared to the Boral kiln. The Oxford design has a drying
efficiency of 55% and 40% for the Boral design. The energy consump-
tion for reducing moisture content from 0.53 to 0.15 kg water/dry
matter of 10 m3 wood stack was 182 kWh for the Oxford kiln and 113
kWh for the Boral kiln. Luna et al., [36] carried out a theoretical study
to assess the efficiency of solar timber kilns to reduce drying time with
and without air renewal. Results found that the judicious use of thermal
storage and ventilation seemed to be an efficient way for reducing
drying time and allowing good quality of dried wood. Khouya [37]
found that the drying time required for a 25 mm thick hardwood board
in a solar kiln was 96 h versus 20 h using a conventional vacuum drier
and superheated steam [38]. Nevertheless, the disadvantage of solar
drying is that the solar irradiation varies according to the months and
the days. Solar drying is usually done during the summer period, as it is
the season when solar radiation is most important. Thus solar drying
would be exploitable and very interesting if it is integrated with a
backup system that makes drying continuous and remedy the defi-
ciencies of the sun especially in the evening and rainy days and a solar-
assisted heat-pump system that save energy. In present work, a hybrid
CPV/T system will be integrated in solar kiln in order to supply the HP
and fans with electricity needed. Thermodynamic parameters and
thermal performance of a hybrid solar dryer will be analyzed for dif-
ferent operations conditions during the softwood drying process. This
proposed drying method will have a positive effect on reducing drying
time and increasing the production capacity of the hybrid dryer studied.

For any drying model, the sorption isotherms and the heat and mass
transfer coefficients are necessary to establish the numerical simula-
tions and to evaluate the specific moisture extraction rate (SMER) in the
material. SMER is a key indicator that measures the ratio of the amount
of water evaporated by a hygroscopic solid to the energy consumed
during the drying process. Khouya and Draoui [39] evaluated the mass
transfer coefficients and sorption isotherms for softwood and hardwood
species under different operating conditions using a drying chamber
controlled in temperature and relative humidity. Experimental results
have shown that the evaporative capacity is fast for Softwood than
Hardwood. Food SMER has been shown to be slightly affected by out-
side temperature and relative humidity in an air/air heat pump dryer
operating at a fixed set-point [40]. There is a shortage of scientific
studies relating to the SMER of an air/air heat pump during a wood
drying process. In addition, the SMER relating to a water/air heat pump
integrated in a hybrid solar dryer deserves to be investigated. In this
investigation, the SMER of a water/air heat pump will be evaluated for
different set-points and outside temperatures. Various existing in-
vestigations also evaluate the drying costs using different types of
conventional dryers [41,42]. Quesada-Pineda [43] conducted a study at
Virginia polytechnic institute and State University to evaluate the
electricity costs of wood product manufactories. The results found that
the amount of electrical energy consumption to produce Hardwood
products ranged from 84 to 111 kWh/MBF (1 MBF of lumber = thou-
sand board feet). The energy consumption ratio related to dry 2.8 m3 of
spruce from initial moisture content of 0.6 to 0.15 kg water/kg dry
matter at drying air temperatures ranging from 50 to 80 °C was
3894 MJ (1082 kWh) [41]. Few studies have discussed the impact of
thermal regeneration and a humidification process on energy con-
sumption and costs related to the wood drying process [44,45]. In
present work, a humidification process will be used for energy saving
purpose. It improves the thermal performance of the HP in particular
and of the drying system in general.

In the literature survey, it is brought to the attention of the author
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that there is a lack in the use of hybrid renewable energy systems
during the wood drying process. The present work will propose a CPV/
T system as a new hybrid solution for carrying out the drying process of
softwood. This work aims to investigate the combined effect of heat
pump and concentrated photovoltaic thermal on drying performance of
a softwood solar kiln. It will make a technical contribution to industrial
dryers that use heat pumps as the main source of energy. In fact, thanks
to the integration of a CPV/T system in these dryers, the electrical
energy consumption of the water/air HP will be considerably reduced,
which will improve the system performance and its added value. This
work is constructed as follows: firstly, a report of the methods and
materials used to carry out this investigation will be presented. Then,
mathematical models to predict the behavior of different units of the
combined system will be presented. The drying model equations will be
solved using the finite difference method by mean of a subprogram. The
numerical simulations will be carried out under Tangier climate, in
Morocco. The results of the studied model will make it possible to
predict the evolution of heat and mass transfer during the wood drying
process using a heat pump and a CPV/T system. Drying parameters such
as drying capacity and electrical energy consumption ratio will be
evaluated in various drying operations. The effect of certain parameters
such as the set-point, concentration ratio, outdoor air temperature,
aperture area and the air mass flow rate on the thermal performance of
the drying system will be analyzed. This work will conclude with a
general conclusion and promising perspectives.

2. Material and method

The thermal performance of a combined drying system is in-
vestigated under temperate climate of Tangier city (latitude 35°46′02″
North, longitude: 5°47′59″ West), in Morocco. The synoptic diagram of
the drying system is shown in Fig. 1. This system consists of a drying
chamber, a water/air heat pump, electrical and hydraulic accessories, a
CPV/T system and heat exchangers. The floor, roof and walls of the
drying chamber are constructed using a 0.03 m thick wooden frame, in
series with 0.02 m thick polyurethane foam. The dryer has a volume of
80 m3 with a vacuum rate of 0.5. The water/air HP proposed is spe-
cially designed for heating hot water of industrial applications. This HP
is powered by the CPV/T system and the grid. A regulation system is set
up to stop the pump running when its setpoint temperature is lower

than that of the outlet air at the CPV/T loop. The concentrated pho-
tovoltaic thermal system (CPV/T) is introduced in this investigation in
order to satisfy the electrical and thermal need of the drying system.
The CPV/T system used has a mirror area of 100 m2 and a concentra-
tion factor of 100. The receiver is equipped with the PV cells (InGaP/
GaAs/Ge) and exposed to the solar flux reflected from the mirror. The
electrical and thermal energy production remains dependent on the
climatic condition in which the CPV/T system is installed. The air
coming out of the dryer is wet and hot, which is why a heat recovery
system was used to recover some of energy released into the atmo-
sphere. The outdoor air could be preheated first in the Closed Feed Air
Heater (CFAH) before being routed to the heat exchangers installed into
the drying duct. The air leaving the CFAH is directed to the HP eva-
porator to transmit heat to the refrigerant flowing through it. The
drying system operates in forced convection and defined according to
the dimensions of wood stack. The wood specie selected for this study is
Spruce (Softwood). It is commonly used in building construction, fur-
nishing and heating systems [46].

3. Mathematical modelling

3.1. Mathematical modelling of the CPV/T system

Numerous studies have been carried out the different applications of
the CPV/T system [29,47–49]. Investigations have been proposed a
CPV/T to satisfy the need of electricity and heat of an industrial process
[29,47]. It was found that high concentration photovoltaic systems
could be an important way to massively produce renewable electricity
at lower costs [48]. In recent investigation, waste heat recovery from a
CPV/T system was used to power an Organic Rankine cycle for re-
sidential applications [49]. There is a shortage in the use of CPV/T
systems for drying application purposes. In this work, a CPV/T system is
proposed to supply the wood dryer with electricity and heat necessary
for the proper functioning of its components. Fig. 2 illustrates the
schematic diagram of the CPV/T system studied. This system is com-
posed of a parabolic mirror, a receiver equipped with the PV cells, a
selective layer, an insulating structure and a pipe in which the coolant
circulates. The establishment of the equations governing the heat
transfer in different components of the CPV/T system is based on the
following assumptions:

Fig. 1. Schematic diagram of the solar kiln.
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- The thermophysical properties of the CPV/T system are constant;
- The ambient temperature around the receiver is uniform;
- The solar flux at the receiver is uniformly distributed
- The heat transfer is unidirectional;
- The HFT (oil) is incompressible;
- The thermal gradient within the solid is negligible;
- The sun tracking system is perfect.

Given these assumptions, the equations governing the heat transfer
in the components of the CPV/T system are described in the following
sections.

3.1.1. Thermal balance of the PV cells
The solar energy received by the CPV/T system is converted into

electricity and heat. Part of the heat is transferred by conduction to the
selective layer and the other part is lost by radiation and convection for
the environment benefit. The energy balance for the PV cells is estab-
lished as [37]:

+ − − −

− − − ≈

C A Iη η α A K T T h A T T

h A T T P

( ) ( )

( ) ̇ 0

r rec op re pv rec pv l l pv r pv sky rec pv sky

c pv a rec pv ae el pv

, , ,

, , , (1)

where Pėl pv, is the electrical power generated by the CPV/T evaluated as
[29]:

=P A I η η η η η̇ . . . . . .el pv pv op re pv inv, mod (2)

ηpv is the PV cell electrical efficiency expressed by Eq. (3) as a
function of the concentration factor Cr and the module temperature Tpv

as [47]:

= + + −

− <

η Cr Cr T0.298 0.0142 ln( ) (0.000069 ln( ) 0.00075)(

298) for Cr 200

pv pv

(3)

The net electricity production by the CPV/T can be computed using
Eq. (4) as [50]:

= − ×P Cr I A η η η η η η Q̇ . . · · · · ̇el pv net pv op re pv inv inv par, , mod (4)

where Qṗar is the parasitic power consumption for the tracking motors
and coolant pump, it is assumed to be 2.3% of the intercepted radiation
power.

3.1.2. Thermal balance of the selective layer
In the selective layer, heat transfer takes place only by conduction

from the PV cell to this layer itself and then to the pipe. Therefore, the
thermal balance can be written simply as [47]:

− + − =A K T T A K T T( ) ( ) 0ib pi l pi l pv pv l pv l, , (5)

3.1.3. Thermal balance of the pipe
The pipe is heated by conduction through the selective layer then

exchanges heat by convection with the cooling fluid then transmits a
part of heat by conduction towards the receiver insulating structure.
The thermal balance of the pipe is written [37]:

− − − − − ≈h A T T A K T T A K T T( ) ( ) ( ) 0c pi oi pi oi pi pv pv pi pi l ib pi ib pi ib, , , , (6)

3.1.4. In the pipe heat transfer fluid(oil)
The working fluid circulating in the absorber tube only heats by

convection. By adopting the hypothesis of unidirectional heat transfers
through the system, the thermal balance for the coolant can be written
as [51]:

= −m C dT
dx

a h T Ṫ . . . . ( )oi p oi
oi

c pi oi pi oi, , , (7)

3.1.5. In the insulating structure
In the insulating structure, heat transfer takes place by conduction

of the absorbent tube towards this layer itself then to the ambient air. It
also exchanges heat by convection and by radiation with the environ-
ment. Therefore, the heat balance can be written simply as [37,47]:

− − − − − =A K T T h A T T h A T T( ) ( ) ( ) 0ib pi ib pi ib r ib ae ib ib sky c ib ae ib ib ae, , , , ,

(8)

In Eqs. (1), (5), (6) and (8), conduction heat transfer coefficient Kij

between two adjacent layers i and j can be estimated as [47]:

=
+

K 1
ij δ

K
δ
K

i
i

j

j (9)

In Eq. (7), convective heat transfer coefficient between tube and
HTF can be evaluated by Eq. (10) as a function the Nusselt number Nu,
the air thermal conductivity λ and the pipe hydraulic diameter d as
[52]:

=
⎧
⎨
⎩

<

>
h

N

4. 36 for laminar flow (Re 2300)

u for turbulent flow (Re 2300)

λ
d

λ
d (10)

where

=
−

+ −

( )
( )

Nu
(Re 1000 ) Pr

1 12 . 7 ((Pr) 1)

χ

χ

8

8

0.5 2/3
(11)

χ is the friction factor expressed as:

= − −χ (1.82log (Re) 1.64)10
2 (12)

Re is the Reynolds number calculated as [37]:

= υV
D

Re (13)

where ν is the viscosity of the HTF flowing at speed V and D the hy-
draulic diameter of the pipe.

In Eqs. (1) and (8), convective heat transfer coefficient hc outside
the receiver due to wind speed u can be computed using Eq. (14) as
[37]:

= = + ⩽ ⩽ −h h for2.8 3u (0 u 7 m. s )c pv ae c ib ae, , , , ae ae
1 (14)

Finally, the radiative heat transfer coefficient between the body i

Fig. 2. Schematic diagram of the CPV/T system.
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and the body j of the CPV/T system can be determined as [47,53]:

=
+ +

+ −
=h

σ T T T T( )( )

1
(i, j pv (PV cell), sky or ib (insulation))r i j

j i j i

ε ε

, ,

2 2

1 1
i j

(15)

The associated initial and boundary conditions are:

= =At\;t 0\;: T Toi ae (16)

= =At\;x 0: T Toi ae

The equations governing heat transfer in the CPV/T system (Eqs.
(1), (5), (6), (7) and (8)) are assembled and solved using the Runge
Kutta 4th order method [45]. The program for calculating the CPV/T
dynamic parameters was written in C ++ language. At each time
iteration, the calculation code makes it possible to determine the tem-
peratures of various components of the system as well as that of the
coolant. In this work, synthetic oil was used as the HTF of the system
and its outlet temperature remains dependent on several parameters
such as its mass flow rate, the concentration factor and the climatic
conditions of the solar installation place. This HTF (coolant) which is
heated by the CPV/T system will then be led to a heat exchanger in
order to transfer the heat to the air used to carry out the wood drying
operations. In this work, all calculations relating to heat exchange are
performed using the NTU method as described in a previous work [51].

3.2. Water/air heat pump model

In this work, a water/air heat pump was proposed to conduct the
softwood drying operations. The heat pump is characterized by an
electric power W( ̇ )comp consumed by the compressor to produce the
necessary heat Q( ̇ )th from the condenser and raise the water tempera-
ture to the set-point required for drying (Tset). For a water–air HP,
condensation occur indirectly via a closed circuit connecting the ma-
chine to the hot water tank (Fig. 1). The hot water produced in the
condenser circuit and accumulated in a storage tank is directed to a
heat exchanger arranged in the areraulic duct in order to transmit the
heat to the drying air. The amount of heat exchanged between air and
water depends on their inlet and outlet temperatures, their mass flow
rates and the effectiveness of the exchanger used. The heat pump cal-
culation parameters are based on the following assumptions:

1. The HP is suitable for lower outdoor temperatures and can supply
hot water at 90 °C. The underlying technology is a Flash injection
circuit which, via an Inverter Scroll compressor and a specially de-
signed injection opening, provides the system with the optimum
amount of refrigerant needed to set a given set-temperature in the
hot water tank based on drying requirements. The nominal oper-
ating characteristics of the studied HP are described in Table 1.

2. The temperature of the hot water tank remains constant and can be
adaptable according to the drying needs;

3. The thermal losses from the HP circuit to the outside environment
are negligible;

4. There is no thermal stratification in the storage tank.

In this work, the multiple linear regression model was used to
predict the power consumption of the compressor and the heat added to
the condenser. This model is made up of empirical equations correlating
the power to the operating parameters such as, rated power, rated and
non-nominal outdoor temperature, water temperature in the storage
tank. The model introduces the scaling constants for the input para-
meters. These power variables are determined using the least squares
method by exploiting a set of experimental measurements obtained
during the water heating using a heat pump. The regression model of
compressor and condenser powers for a water/air heat pump is given
by Eqs. (17) and (18), respectively, as [23,54]:

= + −

+ − + −

−

W W ω ω T T

ω T T ω T T T

T

̇ ̇ ·( ( )

( ) ( )(

))

comp AC comp nom ev a in ev a nom

set w AC set w nom ev a AC ev a nom set w AC

set w nom

, , 1 2 , , , ,

3 , , , , 4 , , , , , ,

, , (17)

= + − + −

+ − −

Q Q ω ω T T ω T T

ω T T T T

̇ ̇ ·( ( ) ( )

( )( ))
th AC th nom ev a in ev a nom set w AC set w nom

ev a AC ev a nom set w AC set w nom

, , 1 2 , , , , 3 , , , ,

4 , , , , , , , , (18)

ω1, ω2, ω3 and ω4 are scaling constants determined by test in pre-
vious work [23,54]. The scaling constant values are given in Table 2.
Ẇcomp nom, , Qṫh nom, , Tev,a,nom and Tset,w,nom, are input parameters to the
system.

The thermal energy that the heat pump must transfer to the drying
system strongly depends on the tank temperature (here, air leaving the
regenerator of the hybrid solar dryer) in which the evaporator extracts
the heat. Experiments have shown that the heat pump consumes less
electrical energy when the temperature difference between the hot and
cold sources is not large [54]. For this reason, geothermal heat pumps
(ground source HPs) have better performance than their counterparts
relying on outside air to transfer heat to the evaporator [55]. The HP
coefficient of performance which expresses the ratio between the actual
heat power added to the condenser and that consumed by the com-
pressor is given by Eq. (19) as [16]:

=COP
Q

W

̇
̇

th AC

comp AC

,

, (19)

As mentioned in previous section, the HP evaporator exchanges heat
with the hot humid air leaving the dryer, thus the electrical consump-
tion will be reduced and the COP will be considerably improved. In this
sense, it should be noted that the temperature evolution of air in the
regenerator and evaporator units is evaluated using the energy balance
on the Closed feed air Heater as described in previous work [37,45].

In this work, an approach for reducing the heat pump energy con-
sumption was considered. The compressor will be switched off when
the air temperature at the outlet of the exchanger supplied by the CPV/
T system is higher than that of the set-point Tset. In practice, it is a smart
meter which records the electrical energy consumption of the com-
pressor of the heat pump accessories (thermostat, pump, fans, …). As
the temperature of air leaving the HEX reaches Tset, the hydraulic pump
must automatically stop the circulation of hot water. In the event that
no thermal loss occurs in the HP circuit, the heat released at the hot
water tank can be considered proportional to that trapped by air in
drying duct and the electrical energy consumption of the compressor
can be estimated based on the following approach:

∫=E Q
COP

dt
̇

comp

t
ex

0 (20)

where:

= ⎧
⎨⎩

⩽
⩾

Q
ε Q̇ . if T T

0 if T Tex
max a set

a set (21)

Table 1
Heat pump characteristics.

Nominal settings Values

Outdoor temperature (K) 280
Return temperature (K) 338
Starting temperature (K) 288
Water mass flow rate (L.min−1) 11.2
Condenser power (kW) 40
Compressor (Hermetic Scroll) (kW) 11.5
Fans (kW) 0.92
COP 3.44
Refrigerant fluid type CO2 (R744) 6.5 kg
Heat exchanger Serpentine (copper)
Pump (kW) 0.1
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This regulatory approach means that for Ta ≥ Tset, the drying is
carried out only by the hot air produced using the CPV/T system. The
total electrical energy consumption of the heat pump must integrate
throughout the drying period, the powers absorbed at each operating
speed of all the elements consuming energy such as fans, pumps and
other auxiliaries. The overall electrical consumption of the HP during a
drying period is:

= + + +E E E E E (kWh)el,HP comp p np d (22)

In Eq. (22), Ep is the energy consumption of the permanent aux-
iliaries (fans, pumps, etc.) and non-permanent auxiliaries Enp (crank-
case resistors, etc.), respectively. Ed is the consumption linked to the
possible defrost, it also increases the heat requirements which will have
to be compensated by an additional operation of the compressor.

3.3. Mathematical modelling of the drying unit

3.3.1. Assumptions
The physical drying model typically includes several partial differ-

ential equations such as the mass balance equation, the heat balance
equation, the heat transfers and the drying rate equations. All these
equations are developed to describe the heat and mass transfer between
drying air and wood, as well as in a single slice of the product during a
time step Δt. The governing heat and mass transfer equations are based
on the following assumptions [23,37,51,36,56]:

- The wood stack consists of a number of boards arranged horizon-
tally in the longitudinal direction;

- Each board is divided into N slices numbered from 0 to N-1 ac-
cording to the thickness and in the direction of the mass air flow;

- Heat and mass transfers are unidirectional;
- The air velocity is uniform along the boards;
- The mass flow rate of hot air is diffused equitably at the entrance
area of the wood stack;

- The characteristics of the air at the exit of a wood board are con-
sidered as conditions of entry into the next board;

- The heat losses of the drying chamber to the environment are neg-
ligible;

- The conditions of the air leaving the dryer are the same as those at
the entrance of the CFAH;

- The equilibrium water content between wood and the environment
exists and depends on the relative humidity and the air temperature.

By adopting all the above assumptions, the drying model equations
are expressed below.

3.3.2. Drying model
The drying air with a mass ma leaves the water–air heat exchanger

at temperature Ta and a water content Wa. It transmitted heat by con-
vection to the segment of wood arranged in the column. On the other
hand, drying air sees its absolute humidity increases due to the eva-
poration which manifests itself in the product. This drying air flows
crosses the wood segment section at the velocity ua. The heat and mass
transfers of drying air in contact with a first wood slice (segment 0) can
be expressed using Eqs. (23) and (24), respectively, as described in
previous work as [56]:

= − − −

+ −

m dT
dt

u A ρ C T T h A T T

HA K X X

1
2

C 1
2

( ) ( )

Δ ( )

a
a

a s a p a a in a out th s a A

s g sat eq

p,a , , , 0

(23)

= − + −m dW
dt

u Aρ W W HAK X X1
2

1
2

( ) Δ ( )a
a

a a a in a out g sat eq, , (24)

Kg is the overall mass transfer coefficient (kg.m−2.s−1) given by the
expression [51]:

⎜ ⎟

⎜ ⎟ ⎜ ⎟= ⎛
⎝

⎞
⎠

+ ⎛
⎝

⎞
⎠

⎛
⎝

− −
−

⎞
⎠

−
K T

e
T

u

RH
X X

1 0.2265 exp 2543.6 268.9 exp 2543.6 .

exp 1

g a a
a

psf eq

2.72

(25)

Xeq is the equilibrium moisture content computed as [37]:

= − − +X b X RH b RH b RH b RH( )/(1 )(1 ))eq m1 2 2 1 (26)

where:

=
+

RH W P
W P T( 0.622) ( )

a atm

a vs a (27)

= −b RT27.73 exp( 2135.87/( ))1 (28)

= −b RT1.93 exp( 2308.79/( ))2 (29)

= − +−X T7. 3310 0.286m
4 (30)

Xpsf is the fiber saturation point expressed as:

= − − +X b X b b b( )/((1 )(1 ))psf m1 2 2 1 (31)

It should be noted that the boards consist of anhydrous wood (mass
M0) and water in the liquid or adsorbed state (mass X.M0). The thermal
capacity of a wood board is equal to the sum of the thermal capacities of
anhydrous wood (M0Cp,0) and water (X M0Cp,w). During drying, the
moisture content X varies due to the evaporation that occurs in the
product. On the other hand, the anhydrous mass of the product M0

remains constant and the rate of heat transfer associated with the
evaporation of water in the wood segment is equal to ΔHAbKg(Xsat-Xeq).
The heat transfer rate equation on the wood segment 0 can be written
as [56]:

+ = − −

+ − −

−

ρ V XM C dT
dt

m A C T T Q

h A T T H A K

X X

(M C ) ̇ | ( ) ̇ |

. ( ) Δ . . .

( )

b A p w
A

w A
A

b p w A A K A
A

th c a A b g

sat eq

0 0 p,0 0 ,
0

1
0

, 1 0 0
1

0

(32)

In Eq. (3), ṁw is the specific mass flow of water computed using Eq.
(41) as [52]:

= ∇m ρ D Ẋ | |w w w (33)

In Eq. (33), the water diffusion coefficient Dw is computed using Eq.
(34) as:

=D μDw a (34)

Da and μ are respectively the vapour diffusion coefficient and the
relative liquid permeability expressed as:

= ⎛
⎝

+ ⎞
⎠

−D
P

T2.226. 10 1 273
273

where p is the pressurea
5

1.81

(35)

⎜ ⎟⎜ ⎟ ⎜ ⎟= + ⎛
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⎝
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⎝
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2 3 2
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2

(36)

The second term of the right member in Eq. (32) represents the
conduction heat within the board expressed as:

= ∇Q K A Ṫ | |K b s (37)

In the same way, the mass balance equation on the wood segment 0

Table 2
Scaling constant values of HP model.

Scaling constants ω1 ω2 ω3 ω4

Electrical power 1 0.024 −0.003 −0.0005
Thermal power 1 0.005 0.017 0.00011
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is written as [37,51,56]:

= − −ρ V dX
dt

m A HA K X Ẋ | Δ ( )b A
A

w A
A

b b g sat eq0
0

1
0

(38)

For all segments of wood numbered from 1 to N-2, the heat and
mass transfer can be expressed by Eqs. (39) and (40), respectively, as:
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− − +

−
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−
+ −

+
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The conservation equation of heat and mass for the last wood seg-
ment can be determined by Eqs. (41) and (42) as:
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1
1
2

(42)

The drying model equations are solved using the implicit finite
difference scheme and Thomas Algorithm with a convergence criterion
of 10−6 [37,51,57]. The time and space step are equal to 100 s and
0.00125 m, respectively. A C++ code language has been used in order
to find the evolution of moisture content and temperature in wood
stack, inside and outside drying air temperature, absolute and relative
humidity of air. The drying model also makes it possible to estimate
after each iteration the drying parameters such as the energy con-
sumption ratio and the drying efficiency of the system.

3.4. Performance model

The performance of the drying system is evaluated in terms of
parameters such as the drying efficiency η and the specific moisture
extraction rate (SMER). Drying efficiency is defined as the rate of heat
energy required to evaporate water from the initial moisture content
until the boards reach equilibrium moisture content by the thermal
energy supplied to the dryer [45]:

=
+ −

+
η

m H m C T T
Q P

. Δ . ( )w w p w w fi w i

u fans

, , ,

(43)

where Qu is the useful energy transferred to the drying chamber com-
puted using Eq. (44) as a function of the air mass flow rate ma, the air
heat capacity Cp,a and air inlet and outlet temperature at the water/air
heat exchanger as [37]:

∫= −Q m C T T dṫ . . ( )u

t

a p a HEX a out HEX a in
0

, , , , ,

dr

(44)

Pfans is the fans electrical energy consumption (kWh).
The specific moisture extraction rate (kg.kWh−1) related to the use

of the heat pump is computed using Eq. (45) as the ratio between the
mass of removed water mw and the electrical energy consumed during
the drying process [58]:

=SMER m
E

w

el HP, (45)

The moisture extraction rate (kg.h−1) is evaluated using Eq. (46) as
the ratio between the removed water mw and the drying time required
for the process [58]:

=MER m
t

w

dr (46)

3.5. Calculation methodology

In this work, a stack of Spruce with an initial moisture content of
0.8 kg water/kg dry matter is considered. Each board has a dimensions
of 2 m × 0.2 m × 0.025 m. The dryer has a volume of 80 m3 with a
vacuum rate of 0.5, thus, the volume of wet wood is 80 × 0.5 = 40 m3

and its initial mass Mi = 450 kg/m3 × 40 m3 = 18000 kg. The distance
between two adjacent layers is taken equal to 0.025 m and the total
surface area of the boards is Sb = 3640 m2. The drying is achieved
when the moisture content of wood reaches 0.15 kg water/kg dry
matter, a final stack weight of Mf = 11500 kg. Therefore, the amount of
water that must be released during drying is determined as Mi-
Mf = 6500 kg. The mass flow rate and collector area values used in the
design of the drying system are 0.6 kg.s−1 and 100 m2 respectively. The
receiver equipped with the PV cells has a total area of 1 m2 which give a
concentration factor of 100. Table 3 decline the parameters design of
the CPV/T system used to establish the numerical simulations during
the wood drying process. The input data requested by the constructed
code such as weather conditions and sorption isotherms of wood were
brought into play stat variables. The numerical simulations are con-
ducted under Tangier climate, in Morocco. The calculations are made
especially by referring to the weather conditions on the 15th day of
each month. Table 4 provides some weather conditions for different
months. The electrical energy consumption of ventilation (permanent
extraction and blowing) can be estimated as follow [59]:

=E m P t
η

̇ Δfans a
dr

fans (47)

In this work, two modes according to the drying system functioning
are studied:

- Drying method 1: In this mode, the heat pump alone assumes the
drying operation during all months. It is powered fully by the electrical
grid. The set point in the HP water tank is assumed to be 65 °C. In
addition, the CFAH efficiency is assumed to be 0.6. Efficiency equal to
0.6 means that the heat transfer rate achieves 60% of the maximum
heat transfer rate, i.e. the amount of heat transferred under the as-
sumption of infinite heat transfer area. The outer shell of CFAH is
generally well insulated to avoid any loss of heat in the surrounding
environment. Therefore, the thermal energy not transferred by the hot
air leaving the dryer to the air coming from outside in the CFAH is used
to heat the refrigerant flowing in the evaporator circuit.

- Drying method 2: The strategy of this drying method assumes
that the CPV/T assists the HP during the wood drying process, more-
over, εreg = 0.6. In addition, the HP stops working if the outlet air
temperature at the collector loop HEX is higher than Tset. It should be
noted that the electricity produced by the CPV/T system is used to
supply the heat pump, its accessories and the fans. This study will also
assess the large amounts of electrical energy that the drying system can
save when the heat pump and the CPV/T are combined. It should be
noted that the electrical energy generated by the CPV/T is directed to
an inverter in order to ensure production as needed. Two situations can

Table 3
Parameters of the CPV/T.

Parameter Value

Design parabolic trough:
Aperture area (m2) 100
PV Cell (InGaP/GaAs/Ge):
Thermal conductivity (W.m−1.K−1) 50
Module efficiency (-) 0.9
Optical efficiency 0.9
Reflector and inverter efficiency 0.9
Concentration ratio 100
Heat transfer fluid:
Density (kg.m−3) 875
Flow rate (kg.s−1) 0.5
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arise for the inverter operation:

- connect to the network to supplement energy demand when green
electricity no longer meets demand;

- to inject the surplus energy into the grid when production exceeds
needs. The net invoicing will be settled following the difference
between consumption and injection recorded using an electric
competitor installed for this purpose.

3.6. Validation of the CPV/T and drying models

Fig. 3 shows the comparison results of the electrical and thermal
efficiency of the CPV/T system between the current model and those
predicted in previous work [50]. The simulations were established for a
concentration ratio of 200 and a solar intensity of 900 W.m−2. The
results show that the electrical efficiency of the PV cells decreases as the
HTF outlet temperature at the solar collector increases. The thermal
efficiency also increases as the HTF temperature increases. The dis-
crepancies between these two models do not exceed 6%. Fig. 4 presents
the experimental and numerical evolution in moisture content and
drying air temperature during the wood drying process in a conven-
tional kiln. The experiment was carried out in Suifenhe located in a
Japanese region with high relative humidity (44°38′N131°17′E) [44].
The tested volume of wood was 50 m3 with an initial moisture content
of 0.4. The air temperature fluctuating between 323 and 329 K. It was
found that the lumber reached the equilibrium moisture content of use
120 h after dry. The discrepancy between predicted and measured va-
lues does not exceed 4% for both moisture content and temperature.
Thus, the perfect agreement indicates that the present drying model is
suitable for calculating the drying parameters under different operating
conditions.

4. Results and discussion

4.1. Drying softwood with heat pump alone (drying method 1)

The main purpose of a drying operation is to remove the water from
the wet product. During the drying operation, there is a double transfer,
thermal and mass. The drying air enters the dryer at a very low absolute
humidity and leaves it at a higher humidity while its dry temperature
decreases. For its part, the water content of the product decreased and
its dry temperature increased. The use of heat pumps for drying food
has become a common technique in recent years due to the energy
required for a drying operation and the increase in energy cost in recent
decades [60,61]. Wood as a hygroscopic material is an interesting
material for drying with heat pumps [62]. The performance of a heat
pump used for drying is measured using two essential indicators which
are the energy consumption per kilogram of water released in the
product and its energy efficiency which is defined by the ratio useful
energy to input energy. The latter is none other than the performance
coefficient which depends on several factors such as the temperature of
the hot source and the cold source.

In this work, the thermal performance of the drying system using a
water/air heat pump as the main heating device is evaluated in term of
metric parameters such as the electrical energy consumption ratio
(ECR) and the coefficient of performance (COP). Fig. 5 shows the
evolution of these parameters during the drying process of softwood

using a water/air heat pump as the main heater device. The results
show that the ECR reduces by moving from January to July, then in-
creases thereafter. The month of January shows a significant electricity
consumption and that of July meanwhile records a low consumption.
The ECR fluctuates between 29 and 52 kWh.m−3. It has been found that
the ECR (fans + HP) consumed to release 19000 kg of water from a
softwood stack of 354 m3 by using two heat pumps integrated with
steam coils was about 23 kWh.m−3 [16]. The results demonstrate that
the coefficient of performance (COP) increases from January to July,
then decreases thereafter. The COP values ranges from 4.97 to 5.6. It
has been demonstrated that for a conventional drying process combined
with a heat pump, the fans consume about 20 kW and the compressor
consumes 84 kW when supplying 446 kW of heat to the drying
chamber, therefore, the COP value is 4 [16]. The drying time, MER and
SMER for all months considered are indicated in Table 5. The results
show that the drying time is shorter in July (hottest month) and longer
in January (coldest month). This difference can be explained by the
weather conditions which is different from one month to another. The
results show that the MER and SMER are increased by going from
January to July then decreased thereafter. The maximum values of MER
and SMER are 8 kg.h−1 and 14.32 kg. kWh−1, respectively. It has been
reported that the drying time, MER and SMER for reducing moisture
content from 0.45 to 0.05 kg water/dry matter of 1154.4 kg wood stack
was 560 h, 0.67 kg.h−1 and 0.25 kg.kWh−1, respectively [62].

The effect of outdoor air temperature on SMER and COP during the
softwood drying process is also investigated. Figs. 6–8 show the evo-
lution of SMER, COP and Tev according to the outdoor air temperature
for different set-points during the softwood drying process. In general,
the SMER value increases as the outdoor air temperature and the set-
point increase. For an outdoor air temperature of 298 K, the SMER
values are 6.16, 6.79 and 7.38 kg.kWh−1 for the set-temperatures of
328, 338 and 348 K, respectively. It has been shown that the SMER to
release 19000 kg of water by combining HP and the steam boiler was
2.52 kg.kWh−1 [16]. The results show that the coefficient of

Table 4
Weather conditions for different months.

January February March April May June July August September October November December

Tmax (K) 290 293 295 298 300 306 310 307 300 298 295 292
Tmin (K) 277 283 288 293 295 296 298 297 291 289 286 280
Imax (W.m−2) 415 560 620 700 820 1000 1050 1008 890 735 640 500

Fig. 3. Variation in electrical and thermal efficiency according to the HFT
outlet temperature.
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performance increases as the outdoor air temperature increases and the
set-temperature decreases. For an outdoor air temperature of 298 K, the
COP values are 6.6, 5.45 and 4.6 for the set-temperatures of 328, 338
and 348 K, respectively. These results show that a decrease of the heat
pump set temperature from 75 to 65 °C improves the coefficient of
performance by at least 17%. In Fig. 8, it is clear that the inlet air
temperature in the evaporator increases as the outdoor air and the set-
point temperatures increase. For an outdoor air temperature of 298 K,
the temperature of air entering the evaporator is 309, 313 and 318 K for
the set-temperatures of 328, 338 and 348 K, respectively.

4.2. Combined effect of CPV/T and HP on drying performance of a
softwood kiln (drying method 2)

In the previous section, the drying performance is evaluated for a
dryer operating with a water / air heat pump. In the next section, an
innovative solution which consists of integrating a CPV/T system in the
kiln to produce the heat and electricity necessary for conducting wood
drying operations is proposed. The hybrid dryer studied works thanks
to the combination of a CPV/T system and a water/air heat pump. In

0

0,05

0,1

0,15

0,2

0,25

0,3

0,35

0,4

0,45

273

283

293

303

313

323

333

343

353

0 12 24 36 48 60 72 84 96 108 120 132

X
(k

g 
w

at
er

/k
g 

dr
y 

m
at

te
r)

Te
m

pe
ra

tu
re

 (K
)

Time (hr)

Drying air temperature : Experimental
Drying air temperature : Present model
Moisture content : Experimental
Moisture content : Present model

Fig. 4. Variation of moisture content and temperature against time.

Fig. 5. ECR and COP versus month for Tset = 338 K.

Table 5
Parameters evaluated using the heat pump as the main heating device during the Softwood drying process.

January February March April May June July August September October November December

Drying time (h) 578 557 527 523 514 492 453 499 509 512 522 571
MER (kg/h) 11.23 11.66 12.32 12.40 12.6 13.2 14.32 12.9 12.77 12.67 12.44 11.36
SMER (kg/kWh) 4.24 4.59 5.56 6.34 7.03 7.84 8 7.34 6.41 5.94 5.4 4.47

Fig. 6. SMER versus outdoor air temperature for different set-point tempera-
ture.

Fig. 7. COP versus outdoor air temperature for different set-point temperature.
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this investigation, the green electricity generated by the CPV/T is used
to power the heat pump, while the thermal energy produced is used to
heat the air in an oil/air heat exchanger installed in the drying duct (see
Fig. 1). The heated air is then directed to the water/air heat exchanger
of the heat pump to undergo the second reheating before being con-
veyed to the drying chamber.

The thermal performance of the hybrid drying system is evaluated
in term of metric parameters such as, the electrical energy produced by
the PV cells, the electrical energy consumption by the dryer and that
injected into the grid. The evolution of all these mentioned parameters
are presented in Fig. 9. The results show that the electrical energy
production increases from January to July then decreases thereafter.
The monthly electrical energy production fluctuates between
2.08 × 103 and 8.25 × 103 kWh. It was shown that the monthly
production of electrical energy by a CPV/T system with a mirror area of
3 × 40 m2 was 4.68 × 103 kWh [29]. The results also demonstrated
that the electrical energy consumption (fans, pumps…etc.) decreases by
going from January to July then increases thereafter. The ECR values
vary from 3.96 to 32 kWh.m−3. These results can be explained by the
fact that the drying time decreases as the drying air temperature in-
creases [37]. In fact, in July, the CPV/T system receives more sunshine
and the temperatures harvested at the oil/air heat exchanger are high
enough to carry out the wood drying operations. These higher tem-
peratures have the effect of reducing the drying time and the energy
consumption of the water/air heat pump. Conversely, in January, the
solar irradiation is weak and the temperatures collected in the CPV/T
system are insufficient to carry out the drying. During this period, the
thermal energy is mainly produced by the heat pump currently oper-
ating at the 65 °C set point. The results show that the drying method 2
allows a reduction of 39 and 86%, in terms of electrical energy con-
sumption comparing to the drying method 1 (HP alone), in January and
July, respectively.

The results also show that the electrical energy injected into the grid
increases from January to July then decreases thereafter. The energy
surplus throughout the year fluctuates between 0.25 × 103 and
7.37 × 103 kWh. It is assumed in section 3.6 that the additional elec-
trical energy to carry out the drying process could be provided by the
network, but, these results show that no electrical energy is supplied by
the network to complete the drying. Thus, the method proposed for
carrying out the wood drying operations seems to be an innovative,
efficient, hybrid solution that respects the environment. To check the

relevance of the proposed drying method, it is considered useful to
compare the current energy consumption ratio with that reported in the
literature. Table 6 presents a performance comparison of the proposed
solution with that of conventional dryers. It should be noted that the
conventional dryers presented for comparison operate using electrical
resistors and fans. Although the dryer presented by Ananias et al., [63]
operate at higher drying temperatures (358–403 K), it emerged that the
ECR of the current model is low compared to this conventional model.
In addition, it is interesting to note that the drying temperatures of the
present model (328–373 K) greatly exceed that of the conventional
model presented by Meng et al., [44]. As described in Fig. 9, with the
exception of the months of January and December which have re-
spectively ECRs of 32 and 29 kWh.m−3, drying conducted during the
remaining months produces dried wood at an ECR of less than 24.2
kWh.m−3, a value found by Meng et al., [44]. The overall results show
that the present model offers better drying performance compared to
the conventional dryers presented for comparison.

In Fig. 10, the temperature effect of air leaving the dryer on the
humidification and regeneration heat is presented. The results show
that the recovered air temperature increases as the temperature of air
leaving the dryer increases. For an air temperature leavening the dryer
of 360 K, the air inlet temperature in the evaporator is 325 K. This
humidification process has probably a significant effect on the HP
electrical energy consumption and eventually on the COP. The results
also show that the power recovered through the thermal regeneration
process increases drastically as the temperature of recycling air in-
creases. In fact, the power recovered increases by 80% when the air
temperature leaving the dryer increases from 325 to 365 K. These re-
sults are extremely important.

The effect of certain drying parameters on drying capacity and
electrical energy consumption ratio during the softwood drying process
is also investigated. As a reminder, monthly drying capacity is defined
as the total volume of wood that can be dried in a given month. The
energy consumption ratio is a key indicator when we want to compare
the energy cost price of dried wood with different energy sources used.
Therefore, the rationalization of energy consumption consists of con-
tributing to the improvement of this factor and reducing it further,
which could open the way to fair competition, especially in the case of a
high value-added company operating in the wood drying sector. Fig. 11
shows the evolution in drying capacity and energy consumption ratio
(ECR) for different optical efficiency values during the drying process,
in December and June. The results show that the ECR increases as the
optical efficiency increases. The ECR values are also lower in June than
in December. This can be explained by the fact that when the optical
efficiency increases, the outlet oil temperature at the CPV/T is

Fig. 8. Effect of the outdoor air temperature on that of the evaporator for dif-
ferent set temperatures.

Fig. 9. Variation in energetic parameters depending on the month.
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important, which reduce the drying time and consequently the ECR. For
an optical efficiency of 0.9, the ECR values are 28.8 and 5.74 kWh.m−3,
in December and June, respectively. In Fig. 11, it is also demonstrated
that the drying capacity increases as the optical efficiency increases.
This result is obvious since the thermal energy supplied to the dryer
increases as the optical efficiency increases, which reduce consequently
the drying time and improve the drying capacity. For an optical effi-
ciency of 0.9, the monthly drying capacity is 58 and 154 m3, in De-
cember and June, respectively. These results indicate that a decrease in
optical efficiency from 0.9 to 0.65 increases the electrical energy con-
sumption ratio by 73%, in June.

The effect of concentration factor on drying parameters is illustrated
in Fig. 12. The results show that the ECR decreases as the concentration
ratio increases. The results also show that the drying capacity increases
as the concentration ratio increases. For a concentration factor of 150,
the monthly drying capacity and ECR values are 824 m3 and 1.55
kWh.m−3, in June, respectively. These results show that the integration
of the solar collector with the heat pump is more beneficial in summer
than winter because the temperatures harvested at the CPV/T system
are insufficient to achieve drying during the coldest months. However,
this problem of too long drying time in winter would have been re-
solved by incorporating a latent storage unit into the drying system as
described in a previous work [37].

An important parameter on which the question is decided now is
related to the effect of air mass flow rate on drying capacity and ECR.
Fig. 13 shows the evolution in drying capacity and ECR for different air
mass flow rate values during the softwood drying process. The results
show that the drying capacity is higher in June than in December. The
results also show that the drying capacity in June increases as the mass
air flow increases until reaching a maximum value of 161 m3 at
0.6 kg.s−1 then decreases thereafter. For all the mass air flows con-
sidered, the ECR is also low in June than in December. These results are
obvious because the climatic conditions of June are generally more
favorable for successful drying than those of December [22,45,51]. For
an air mass flow rate of 0.6 kg.s−1, the monthly drying capacity and
ECR values are 59 m3 and 29 kWh.m−3, in December, respectively. The
results demonstrated that the ECR increases by about 43%, increasing
the mass flow rate from 0.6 to 1 kg.s−1, in December. It should be noted
that the choice of a mass flow rate conditions the air velocity used to
carry out the drying process of wood. As demonstrated in previous
work, the drying efficiency increases as the mass air flow rate increases
[64]. The selection of an air mass flow depends on several parameters
such as the drying quality, the drying capacity and the electrical energy
consumption of the ventilation. A high drying velocity can generate an
exorbitant electric bill linked to the consumption of the fans and can

Table 6
Performance comparison of the proposed solution with that of conventional dryers.

Energy source Xi (Xf)
Kg water/kg dry matter

Drying temperature (K) Energy consumption ratio (kWh.m−3)

Present work CPV/T + HP water/air 0.8 (0.15) 328–373 4–32
Previous work [63] Conventional 1.45 (0.1) 358–403 18–120
Previous work [44] Conventional 0.4(0.10) 318–333 24.2
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also affect the finish of dried products [63]. In this work, an air mass
flow rate of 0.6 kg.s−1 is suitable in order to avoid damage and stress
and thus guarantee a good quality of the dried wood.

The last section of this work is intended to conduct an in-depth
study showing the effect of some parameters on softwood drying per-
formance. Table 7 presents the influence of the set-point, the aperture
area and the board size on drying performance, in June. The results
show that an increase of the set temperature from 338 to 348 K leads to
an increase in drying capacity from 161 to 181 m3. There is also an
increase in electricity consumption of around 42% compared to the
baseline case. This increase in the set temperature has a beneficial effect
on the drying efficiency which is in turn increased from 0.72 to 0.76.
The results show that the decrease of the set temperature from 338 to
328 K has no significant effect on the electrical energy production and
drying efficiency. However, the decrease of the set temperature from
338 to 328 K leads to reduce the electrical energy consumption by 24%
and decrease the drying capacity by 10%. In a previous work, the set
temperature fluctuated between 311 and 333 K by drying a stack vo-
lume of 13 m3 using an air/air heat pump combined with electric coils
[16]. The drying time was found to be 206 h and the electrical energy
consumption was 1095 kWh. The results demonstrated that an increase
of the aperture area from 100 to 150 m2 has the effect of improving the
electricity production and drying capacity by 45 and 27%, respectively.
There is a decrease in electricity consumption of around 9% compared
to the baseline drying case. In fact, as the solar collector area increases,
the air temperature also increases, which reduces the drying time and
consequently increases the drying cycle number [37]. In Table 7, it can
be seen that a decrease of the aperture area from 100 to 50 m2 leads to a
reduction of the electrical energy production and drying capacity by
about 50 and 45%, respectively. The drying efficiency also dropped
from 0.72 to 0.48. The selection of an optimal aperture area depends on
several parameters such as the drying time, the drying quality and the
level cost of dried wood [65]. Although the drying time is reduced for a
very large mirror surface, the quality of the dried products and their
cost price limit this choice [66]. In this work, an aperture area of
100 m2 is favorable for carrying out the wood drying process in good
conditions. The results also show that a decrease of the board thickness
from 0.025 to 0.0125 m has the effect of increasing the electrical energy
consumption by 20% and improving the drying capacity by 74%. The
drying efficiency fell from 0.72 to 0.93. In contrary, an increase of the
board thickness from 0.025 to 0.05 m has the effect of reducing the
electrical energy consumption by 16% and decreasing the drying ca-
pacity by 40%. The drying efficiency also dropped from 0.72 to 0.43.

Fig. 13. Effect of air mass flow rate on drying capacity and ECR.
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These results show that the drying capacity decreases with increasing
panel thickness since the drying time increases as the board thickness
increases, as reported in previous work [37,39,45,51].

5. Conclusion

In this work, a water/air heat pump powered by a concentrated
photovoltaic thermal system was proposed as an innovative hybrid
solution for carrying out the drying process of softwood. A mathema-
tical model has been proposed for each component constituting the
hybrid solar drying system. The perfect agreement was obtained be-
tween the experimental and numerical results. The results showed that
the drying time and the energy consumption ratio decreased from
January to July, then increased thereafter. The results also demon-
strated that the specific moisture extraction rate and the coefficient of
performance increased as the outdoor air temperature increased and
the set-point decreased. In fact, a decrease of the heat pump set tem-
perature from 75 to 65 °C improved the coefficient of performance at
least 17%. Moreover, the combined use of a heat pump and a con-
centered photovoltaic thermal system has the effect of reducing the
electrical energy consumption ratio by 39 and 86%, in January and
July, respectively. The effect of some physical and geometrical para-
meters on thermal performance has been studied. The results showed
that the drying performance decreased as the optical efficiency and the
concentration factor decreased. In fact, a drop in optical efficiency from
0.9 to 0.65 has the effect of increasing the electrical energy consump-
tion ratio by 73%. Increasing the aperture area from 100 to 150 m2 also
improved electricity production by 45%. Energy consumption ratio
increased by about 43%, increasing the mass flow rate from 0.6 to
1 kg.s−1. The results showed that the heat recovered in the regenerator
increased as the temperature of air leaving the hybrid solar dryer in-
creased. In addition, the board thickness has a significant effect on the
drying capacity. In fact, the drying capacity decreased by 40%, in-
creasing the board thickness from 0.025 to 0.05 m. The drying effi-
ciency also dropped from 0.72 to 0.43.

The overall results have shown that the combined use of a water/air
heat pump and a concentrated photovoltaic thermal system can reduce
significantly the energy consumption during the wood drying process.
The proposed drying strategy could also improve the thermal perfor-
mance of hybrid solar dryers and make them more autonomous while
producing more electricity and consuming less. The present drying
model can be used to design efficient and hybrid solar dryers in order to
calibrate their optimal size to encourage the wood industry to build
cheaper indirect kilns. For future work in this research area, the per-
formance of the hybrid solar dryer studied will be evaluated when it
integrates a hydrogen fuel cell powered by the concentrated photo-
voltaic thermal system to continuously produce electricity and heat for
drying purposes.
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