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As the world faces unprecedented energy chal-
lenges, many countries are looking to include 

smart solutions to energy consuming processes as an 
effort to reach a sustainable future. Drying is a ma-
jor energy-intensive process used in a wide variety 
of industrial applications. The main reason for the 
wide use of drying as a popular industrial application 
is drying reduces overall product weight and size for 
easier transportation which also decreases the spa-
ce requirements and fuel consumption. Drying also 
increases the storage time of foods and industrial 
products. However, drying is the main reason of high 
energy consumption of many industries, for instance, 
the energy consumption during the drying process is 
equal to almost 50% and 70% of the overall energy 
consumption in the textile and forestry industries, 
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respectively [1]. The most commonly utilized pri-
mary energy resources in air conductive industrial 
dryers are fossil fuels, electricity, and biomass. Re-
ducing the high energy consumption of drying pro-
cesses can be done by increasing system efficiencies 
which essentially decreases the harmful greenhouse 
gas emissions during drying. In heat pump integrated 
drying processes, significant amounts of energy can 
be recovered, energy loss and harmful wastes can be 
minimized, and, as a result, up to 50% of the primary 
energy sources can be saved [2, 3].

The core aim of a drying system is to provide its 
output at a preferred moisture content and quality at a 
lowest possible cost and environmental impact and hig-
hest possible efficiency by optimizing the system para-

A B S T R A C T

The main aim of this study is to conduct energetic and exergetic investigations of a dual 
stage heat pump for drying applications in order to evaluate the performance of the 

overall system. The integrated system consists of two processes, namely a drying unit and 
a dual stage heat pump. In the heat pump process, R-134A is used as the thermodynamic 
f luid and the drying unit is used to reduce the moisture content of the air. There are 
two evaporators used in the dual stage heat pump process: the first evaporator works at 
high pressures and the second evaporator works at lower pressures. The second evapora-
tor provides supplementary cooling and drying effect for the air used in the drying unit. 
In the integrated system, there are two sub-coolers which provide additional heating to 
R-134A after the condenser. In this study, the energy and exergy efficiencies and exergy 
destruction rates of the overall integrated system, and each component and subprocess are 
calculated and discussed in detail. Exergetic performance of each component and subproc-
ess are further investigated to identify where the highest exergy destructions occur in order 
to minimize irreversibilities within the integrated system and hence enhance the overall 
exergetic efficiency of the integrated system. The impact of environmental conditions on 
exergetic efficiency and exergy destruction is investigated via parametric studies. In addi-
tion, the coefficient of performance (COP) of the whole system and the effect of operating 
conditions are examined. The highest energy and exergy efficiencies occur when the drying 
unit’s inlet air mass f low rate is 0.5 kg/s and the environmental pressure and temperature 
are at 101 kPa and 298K which are 62% and 35%, respectively. The overall integrated 
system has a COP of around 3.8.

Keywords: 
Energy; exergy; efficiency; heat pump, drying, sustainability.

INTRODUCTION 
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ment [8, 9]. Table 1 summarizes some of the technical cha-
racteristics of three drying options: (i) freeze drying, (ii) hot 
air drying, (iii) vacuum drying, and (iv) heat pump drying. 
Table 1 shows some of the most important benefits of using 
heat pump driers, which are namely enhanced SMER (Spe-
cific Moisture Extraction Ratio), better drying quality and 
rate at lower operating temperatures, applicability in a wide 
range of drying operating conditions, enhanced operation 
control when delivering high quality and critical end-use 
products, and less energy consumption and waste. Potential 
benefits of heat pump dying systems are illustrated in Fig. 1.

The idea of heat pump integrated drying systems is 
becoming more popular in the literature. First, Perry [10] 
have suggested an integrated system which utilizes a heat 
pump with two evaporators. In their system, the first eva-
porator has operated at higher pressures and the second one 
has operated at lower pressures. This dual stage heat pump 
has been integrated with a drying unit. In Perry’s design, the 
high-pressure evaporator has delivered cooling via sensible 
heat transfer and the second evaporator has been utilized 
to deliver cooling via latent heat transfer. In the beginning, 
Perry’s proposal has not been acknowledged widely because 

meters. Drying has very high energy demand. For example, 
15% of the entire industrial energy use is caused by drying 
applications. What is more important is the fact that a signi-
ficant amount of energy is wasted in industrial dryers. More 
specifically, here are some examples of the contribution of 
drying in different industrial operations:

• 70% of the energy use in forestry

• 50% of the energy use in the textile industry

• More than 60% of the energy use in farms

In developed countries, 9-25% of the energy demand is 
caused by the drying processes. As a consequence, to dec-
rease the energy demand of the drying processes, it is es-
sential to inspect alternative and innovative technologies to 
enhance the performance of dryers. For example, compared 
to traditional dryers, heat pump drying processes can redu-
ce energy consumption significantly. In addition, heat pump 
dryers can lower CO2, NOx, and other GHG emissions con-
siderably. In addition, the literature shows that heat pump 
dryers enhance the quality of the final product.

Heat pump assisted drying processes to have signifi-
cant advantages such as reduced greenhouse gas emissions, 
less energy loss, and better control of drying gas temperatu-
re and moisture content [4, 5]. In some industrial applicati-
ons, the moisture content and temperature of the product 
and the overall product quality are especially important, 
therefore, this critical requirement makes heat pump assis-
ted drying processes very promising options when it comes 
to better control and monitoring of all key drying process 
parameters [6, 7]. Furthermore, regardless of their primary 
energy source requirement, any conventional dryer can be 
integrated into any type of heat pump, and this is another 
major advantage. In heat pump integrated drying processes, 
latent heat can be converted to sensible heat, and therefore 
these systems are considered as outstanding alternatives 
when recovering heat in a drying unit is a critical require-

Table 1. Technical comparison of heat pump dryers with selected drying technologies 

Parameter Freeze drying Hot air drying Vacuum drying Heat pump drying

SMER, kg water/kWh < 0.4 0.1–1.3 0.7–1.2 1.0–4.0

Operating temperature range, °C -35-50 40–90 30–60 -10–80

Operating relative humidity range, % Low Variable Low 10–80

Drying efficiency, % Very low 35–40 < 70 <95

Drying rate Very low Average Very low Faster

Capital cost Very high Low High Moderate

Running cost High Very high Low

Control Good Moderate Good Very good

Source: Erbay and Hepbasli [8].

Figure 1. Potential benefits of heat pump drying systems as a smart 
energy solution.
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controlling a system with one evaporator had been consi-
dered a lot easier. Therefore, Perry’s proposed integrated 
system has been assumed to be a complex idea. Following 
Perry’s work, Chua and Chou have designed, constructed, 
and verified Perry’s proposed system, primarily for agricul-
tural product drying purposes [2, 11, 12]. Then, a refrigera-
tion process with two evaporators has shown higher effici-
encies compared to the ones with one evaporator only [13]. 
These aforementioned previous studies on double evapora-
tor processes show that from the thermodynamic perspec-
tive, a dual evaporator process can offer enhanced surface 
areas for better heat transfer rates, as a result, these systems 
can minimize the compressor load of the entire system.

Heat pump drying systems have the potential to beco-
me a part of a clean, reliable, affordable, safe, and sustainable 
portfolio of smart energy solutions. Heat pump dryers can 
be used to provide high-quality products cleanly and effi-
ciently in a wide range of operating conditions and for dif-
ferent applications. Widespread deployment of heat pump 
drying systems offers a broad range of benefits for the envi-
ronment, for our energy security, for our domestic economy, 
and for end-users. Heat pump dryers are smart solutions for 
the sustainability of future energy systems. They offer many 
sustainable end use options for small scale, large scale, and 
mobile and stationary applications. Many different indust-
ries such as pharmaceutical, forestry, textile, agriculture, 
food, etc. highly benefit from heat pump dryers. Globally, 
heat pump drying systems have been getting more popular 
among end users. Heat pump dryers work with a wide range 
of locally available, abundant, clean, and efficient resources. 
They can smartly link these resources to end users via a di-
verse set of industrial and residential applications.

We live in an era where everything we use and every-
thing we interact with in our daily lives has to be smart. 
Therefore, it is safe to say that future energy solutions, inclu-
ding heat pump dryers, have to be smart as well. In regards 
to future heat pump drying systems, we need to make it 
in line with these under smart energy solutions. With the 
developed cutting-edge technologies and artificial intelli-
gence applications, we need to change the course of action 
in dealing with energy matters, covering the entire energy 
spectrum under five categories, as energy fundamentals and 
concepts, energy materials, energy production, energy con-
version, and energy management. 

With the global energy crisis and climate change con-
cerns, it is becoming more and more obvious that we need 
to change the course of action and switch from conventional 
methods, approaches, systems, solutions to a smart energy 
portfolio where the smart solutions are targeted. Switching 
to smart energy solutions does not mean that we can ignore 
the concepts and fundamentals which should be treated like 

a building cannot stand without pillars. Energy solutions 
cannot survive without concepts and fundamentals. 

The primary aim of the present research is to perform 
a complete investigation of the energetic and exergetic 
performance of a dual-step integrated heat pump drying 
system formerly designed by Chua and Chou [2]. In this 
study, R134A is selected instead of R22 used by [2] due to 
the environmental benefits of R134A. In addition, the lite-
rature including [2] lacks the comprehensive exergetic in-
vestigation of the proposed heat pump-drying system, and a 
better understanding of any energy system can be accomp-
lished only with a thorough exergy analysis [14], which is 
the main motivation behind this study. The performance 
investigation of the overall integrated system is conducted 
according to comprehensive energy and exergy assessments 
of each and every constituent, unit, and subprocess of the 
entire integrated system. Overall system performance and 
the component based efficiency analysis are conducted by 
changing a variety of key parameters such as environmental 
temperature via parametric studies. In the last part of this 
study, suggestions for enhanced system performance are 
presented for less environmental impact and better susta-
inability in the future directions section.

HEAT PUMP DRYING PERFORMANCE 
CHARACTERISTICS

The performance characteristics of a heat pump drying 
system can be classified in four groups as follows: (i) ther-
modynamic performance, (ii) economic performance, 
(iii) environmental impact, and (iii) final product qua-
lity. Compared to other drying alternatives, heat pump
drying systems are environmentally benign since they
do not emit harmful gases and at the drying site [15]. In
heat pump dryers, the condensate can be recovered and
disposed of properly and the valuable volatiles can be re-
covered from the condensate [16]. In this section, the qu-
ality aspects of heat pump dried products are discussed
in detail.

Quality of the Final Product

The key expectations from effective heat pump drying 
systems with high-quality final products are the ability 
to [17]:

• operate at an absolute humidity less than that of
the environment

• select the operating temperature to be less than or 
above the environmental temperature

• provide drying in a non-vented chamber using a
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modified drying atmosphere

The quality of dried products as enhanced by heat 
pump drying is comprised of a number of physical, chemi-
cal and sensory characteristics are discussed in this section.

Microbial safety

Quality deterioration caused by microorganisms is un-
desirable commercially because they limit the shelf life 
and lower the quality of the final product. Drying helps 
in reducing or overcoming potential microbial damages. 
With heat pump drying, microbial safety is minimized 
by ensuring that all raw materials conform to recognized 
standards of preparation [18]. Heat pump dryers are able 
to enhance microbial safety in the final product by ma-
intaining the relative humidity at reasonably low levels. 
Also, the operating temperature of heat pump dryers is 
not limited by the environmental humidity.

Color

Color degradation is a major cause of loss in the quality of 
the final product. Especially in the food industry, the co-
lor of food is an important indicator of the final product 
quality. Although sulfating agents prevent the browning 
reactions in the final product, their use is restricted due 
to several health and safety concerns. On the other hand, 
enzymatic browning in food drying can be reduced wit-
hout the use of sulfates by increasing the air velocity at 
low relative humidity (<20%) and high moisture content 
(~2kg/kg dry matter) [19]. This strategy is applicable in 
heat pump dryers because the humidity can be control-
led independently by the environmental conditions. Also, 
drying under nitrogen has been found to be effective in 
inhibiting browning during the critical initial drying pe-
riod when the moisture content is high [20]. This shows 
that there is the possibility of using heat pump drying 
processes to produce high-quality final products. Anot-
her way constrain browning in dried products is utilizing 
heat pump dryers to produce specific temperature-humi-
dity conditions [21].

Ascorbic acid (AA) and volatile compound content and 
preservation of active ingredients

The impact of constant temperature drying on product 
quality is well recorded in the literature [22]. As the 
drying temperature increases, the browning of the fi-
nal product accelerates and the AA content of the final 
product decreases. With proper selection of the drying 
temperature, the AA content of the final product can be 
kept at desired levels without significant enhancement in 
drying time. In addition, using reduced air temperatures 

at the onset of drying as in the case of heat pump drying 
followed by temperature elevation as drying proceeds 
yield a better quality product [23]. The volatile compo-
nent concentration usually increases, especially in low-
temperature heat pump drying systems. Therefore, heat 
pump dryers are seen as the best systems for the preser-
vation of volatile compounds in the final product. Also, 
the preservation of total chlorophyll and ascorbic acid 
content in fried fruits can be accomplished in heat pump 
dryers with higher rehydration ratios and sensory scores 
than hot air dryers [24].

Aroma and flavor loss 

Drying methods that employ lower temperatures pro-
vide a higher concentration of key aroma compounds 
[25]. Therefore, heat pump dryers can effectively retain 
the aroma content of the final products and minimize 
the degradation of the aromatic compounds by keeping 
the drying operation at low temperatures. Furthermore, 
since heat pump drying occurs in a closed chamber, any 
compound that volatilizes remain inside the drying unit. 
As the partial pressure of the volatile compound gradu-
ally builds up within the chamber, further volatilization 
from the product slows down [26]. Therefore, it can be 
said that the color and aroma of the final products can be 
better preserved with heat pump dryers. 

Viability 

When drying oxygen-sensitive materials such as flavor 
compounds and fatty acids, the product can undergo oxi-
dation, causing poor flavor, color, and rehydration pro-
perties of the final product. Heat pump dryers have the 
advantage of drying without unacceptable deterioration 
of viability and activity. This could be accomplished by 
freeze-drying too, however, heat pump dryers are chea-
per, which makes them more favorable [27].

Rehydration 

During drying, important changes in structural proper-
ties can be observed as water is removed from the moist 
material. Rehydration is a process of moistening the dried 
product. For example, in most cases, dried foods are so-
aked in water before cooking or consumption, therefore 
rehydration is a very important quality criterion. Factors 
affecting the rehydration process include: 

• porosity, capillarity, and a cavity near the product
surface

• temperature, trapped air bubbles, amorphous
crystalline state, soluble solids, and pH of soaking water



325

C.
 A

ca
r /

 H
itt

ite
 J 

Sc
i E

ng
, 2

01
8,

 5
 (4

) 3
21

–3
37

Using heat pump dryers can accelerate the rehydration 
times and enhance the rehydration ratios of the final pro-
duct [28].

Shrinkage

Heating produces major changes in the structure of 
the dried products. Shrinkage occurs because the dried 
product’s structure cannot support their weight and, the-
refore, collapse under gravitational force in the absence 
of moisture. Shrinkage occurs first at the surface and gra-
dually moves to the bottom with increasing drying times. 
When the drying process occurs at higher temperatures, 
cracks are formed in the final product. With their lower 
drying times and temperatures, heat pump dryers mini-
mize shrinkage problems and offer products which have 
less structural damage and deformation [29].

Drying Efficiency

The performance of a drying system is characterized by 
various indices, including energy efficiency, thermal ef-
ficiency, volumetric evaporation rate, specific heat con-
sumption, surface heat losses, unit steam consumption, 
and others which have been defined to reflect the requ-
irements of various drying technologies [30]. Energy ef-
ficiency is critical because energy consumption strongly 
affects the drying costs [31]. Efficiency calculations are 
useful when assessing the system performance, identif-
ying potential improvements, and selecting the optimum 
drying system and conditions [32]. Energy efficiencies 
are meant for providing an objective comparison betwe-
en different dryers and drying processes. There are three 
groups of factors affecting drying efficiency [33]: 

• Environmental conditions

• Current and desired moisture content of the pro-
duct

• Operating conditions

For heat pump drying systems, drying efficiency is a 
measure of the quantity of energy used to remove one unit 
mass of water from the product, normally measured in kJ/
kg water or kWh/kg water. In general, drying efficiency, η 
can be defined by: 

1 0

   in outT T
T T

η −
=

−
(1)

where Tin is the inlet temperature of the dryer, Tout is the 
outlet temperature of the dryer, and T0 is the environ-
mental temperature. The numerator of Equation 1 is a 

major factor in determining the efficiency of a dryer [34]. 
Energy efficiency is also the ratio of the latent heat of eva-
poration of the moisture removed to the drying air heat 
input.

Coefficient of Performance (COP)

COP can be used to evaluate the amount of work con-
verted into heat for two different system operations: for 
cooling and for heating. For a heat pump, the heat trans-
fer Qout from the system to the hot body is desired, and 
the coefficient of performance is expressed in Equation 
2, where Wcomp is the electrical power input of the comp-
ressor.

  
  

out

comp

Desired output Heat added QCOP
Required input Work required W

= = =     (2)

Specific Moisture Extraction Ratio (SMER)

An alternative indicator of the energy efficiency for heat 
pump dryers is the specific moisture extraction ratio 
which is calculated as

( )
( )

    
  

Amount of water evaporated kg
SMER

Energyuse kWh
=                 (3)

The SMER can be calculated either as an instantane-
ous value or as an average value during drying [35]. During 
the drying process, the SMER value decreases as the remo-
val of moisture become more difficult due to smaller water 
vapor deficits at the surface of the product. For heat pump 
dryers, the SMER value can be above the theoretical maxi-
mum value. The energy efficiency of heat pump dryers can 
be reflected by their higher SMER values and drying effici-
ency when compared to other drying systems as shown in 
Table 1. Consequently, higher SMER would then be transla-
ted to lower operating cost, making the payback period for 
initial capital considerably shorter. The following are some 
suggestions for maximizing the capacity and efficiency of a 
heat pump dryer:

• use of continuous operation instead of batch
drying so that the system can be operated at stable optimal 
conditions

• air flow should be counter current instead of
cross-flow or co-current relative to the product movement 
to maximize the relative humidity at the dryer outlet and to 
match the drying characteristics of the product

• the inlet temperature of the dryer should be maxi-
mized in accordance with the product requirement,

• the refrigeration capacity should not be oversized
so as not to reduce the relative humidity and a consequent 
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reduced SMER

• if possible, evaporating and condensing tempera-
tures should be selected to optimize the COP and the ther-
mal efficiency

Exergy

Exergy analysis is a useful tool that can be successfully 
used in the design of an energy system and provides the 
information necessary to choose the appropriate compo-
nent design and operating procedure [36]. Exergy effici-
ency has been used rather than the energy efficiency in 
the performance analysis of heat pump dryers, particu-
larly to indicate the possibilities for thermodynamic imp-
rovement [37]. It is defined as the maximum amount of 
work that can be produced by a stream of matter, heat, 
or work as it comes to equilibrium with its reference 
environment [38]. Information on exergy is effective in 
determining the processing plant and operating cost as 
well as energy conservation, fuel versatility, and pollution 
associated with the process [39]. Using an exergy analysis 
method, the magnitudes and locations of exergy dest-
ructions (i.e., irreversibilities) in the whole system can be 
identified [40].

Due to the definition of the first law of thermodyna-

mics, energy is already conserved, therefore, instead of 
energy conservation, exergy conservation must be accomp-
lished via exergization. Exergization should be applied to 
every component of heat pump drying systems from source, 
to the system, to service. With this approach, both energy 
and exergy losses in each step of a heat pump drying process 
such as conversion transportation, end use, and discharge 
losses as shown in Fig. 2 can be identified and addressed. 
Exergization is a useful smart energy solution to properly 
evaluate and point out which step in a process requires the 
highest attention to modifying for the better management 
of the “quality of energy”.

DETAILED INFORMATION ON THE 
SYSTEM

The integrated heat pump drying process examined in 

Figure 2. 3S (system-source-service) approach from energy and exergy 
perspectives, including losses.

the present research is given in Fig. 3. The system is deve-
loped according to Chua and Chou’s proposal [2]. Overall, 
the integrated system is different than most of the heat 
pumps since it has two evaporators instead of one. Other 
components are schematically presented in Fig. 3.

The review of every stream, together with their matc-
hing stream numbers, constituents, stream flow rates (kg/s), 
temperatures (°C), pressures (kPa), and states are shown in 
detail in Table 2. The comprehensive energetic and exerge-
tic performance investigation of the integrated dual stage 
heat pump drying system is carried out by using the data 
presented in Table 2. In this study, R–134A is carefully cho-
sen for the heat pump and the air is used in the drying unit. 
More detailed information on mass, energy, entropy, and 
exergy balance equations, in addition to energy and exergy 
efficiency, COP, relative irreversibility, and sustainability in-
dex equations, are presented in the following segment entit-
led “System Analysis”. And the thermodynamic evaluation 
results are presented in the upcoming section, along with 
detailed discussion and suggestions for better system per-
formance.

SYSTEM ANALYSIS

Quantitative and comprehensive approach to the first 
and second laws of thermodynamics is conducted in 
this research in order to comprehensively investigate the 
thermodynamic performance of the integrated dual stage 
heat pump integrated dryer. The thermodynamic evalua-
tion criteria used in this study are energetic and exergetic 
efficiencies, exergy destruction rates, relative irreversi-
bilities, and sustainability indexes. For the performance 
analysis part, the EES software is utilized in order to find 
the thermodynamic properties of each stream and solve 
the mass, energy, entropy, and exergy balance equations.

The integrated dual stage heat pump drying system 

Figure 3. Graphic illustration of the dual stage integrated heat pump 
drying process (modified from [2]).
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operates at steady state steady flow and the changes in ki-
netic and potential energy in all streams and components 
are neglected. There are no chemical reactions in any com-
ponents and streams within the entire system, therefore, 
chemical exergies are not taken into account. All auxiliary 
components such as tubing, pipes, valves, etc. are assumed 
to be very well insulated and there are no heat losses or 
pressure drops within these components. The compressor’s 
isentropic efficiency is presumed to be 95%. The energy ef-
ficiency of the condenser and expansion valve are taken as 
100%. Specific heat capacity and density of air, water, and 
R-134A are assumed to be constant within the selected ope-
rating temperature interval. All equipment is assumed to 
be adiabatic except the evaporators, sub-coolers, condenser, 
and drying unit. The general mass balance equation within 
a given control volume (cv) can be written as in the follo-
wing form:

cv
in out

dm m m
dt

= −∑ ∑  (4)

Here, m and m  specify the mass and mass flow rate, 
and the subscripts “cv”, “in” and “out” mean the control vo-
lume and the inlet and outlet streams to/from the control 
volume, respectively. When a system operates in steady sta-
te steady flow conditions, the general mass balance equation 
(Equation 1) becomes:

in outm m=∑ ∑    (5)

The steady state steady flow energy, entropy, and exergy 
balance equations are developed in a similar fashion to Equ-
ation 2 such as

Energy Balance Equation (EBE):

in outE E=∑ ∑  (6)

Entropy Balance Equation (EnBE):

in gen outS S S+ =∑ ∑   (7)

Exergy Balance Equation (ExBE):

in out destEx Ex Ex= +∑ ∑   (8)

where iE  shows the energy input/output rate and “in” and 
“out” point out the inlet and outlet streams to/from the selec-
ted control volume, respectively. The energy flow rate ( E ) 
is either in heat form ( Q ), or work form (W ), as the inlet or 
outlet stream. The energy flow rate is calculated by using 
the following equation:

i i iE m h=  (9)

The subscript i signifies the “stream i” and hi denotes 
the specific enthalpy (kJ/kg) of that stream. In the same 
way, S  in Equation 4 implies the entropy input rate ( inS ), 
entropy output rate ( outS ), or entropy generation rate ( genS ). 
The entropy flow rate within a stream is calculated by using 

Table 2. Thermodynamic properties of each stream of the selected system.

Stream Number Component State Temperature (°C) Pressure (kPa) Mass flow rate, m (kg/s)

1 R-134A Gas 7.45 500 0.0429

2 R-134A Gas 7.45 500 0.0429

3 R-134A Gas 7.45 500 0.066

4 R-134A Liquid 83.48 2500 0.066

5 R-134A Liquid 61.35 2500 0.066

6 R-134A Liquid 56.35 2500 0.066

7 R-134A Liquid 51.35 2500 0.066

8 R-134A VLE* 0.1148 500 0.0429

9 R-134A VLE* 23.4 1000 0.0231

10 R-134A Gas 23.4 1000 0.0231

11 R-134A Gas 7.45 500 0.0231

a1 air Gas 28.05 101.3 0.5

a2 air Gas 25.27 101.3 0.5

a3 air Gas 23.6 101.3 0.5

a4 air Gas 44.21 101.3 0.5

a5 air Gas 45.17 101.3 0.5

a6 air Gas 46.08 101.3 0.5

 * VLE: Vapor-liquid equilibrium
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its specific entropy content si according to:

i i iS m s=  (10)

The term ( Ex ) in Equation 5 represents the exergy 
flow rate and the subscript dest denotes the exergy destruc-
tion rate. The exergy destruction rate is an important indi-
cator of potential system irreversibilities. The main goal is to 
enhance exergetic system performance by lowering exergy 
destruction rates. The mode specific steady state exergy ba-
lance equation is given in the following equation as

inin

outout

in in WQ

out out destWQ

m ex Ex Ex

m ex Ex Ex Ex

+ +

= + + +

∑ ∑ ∑
∑ ∑ ∑

 

 

 



  



  (11)

The exergy content of work ( WEx ) is equal to its energy 
content (W ). For the energy content of heat input or output 
( Q ), the maximum amount of useful work which could be 
obtained from the heat source is called thermal exergy flow. 
And the thermal exergy flow rate ( QEx ) can be calculated by 
using the following equation

01Q
TEx Q
T

 = − 
 
 (12)

In equation (9), (1-T0⁄T) is the Carnot efficiency, which 
is also called as the dimensionless exergetic temperature. 
The Carnot efficiency of a system is calculated based on 
its operating temperature (T) and the environmental tem-
perature (T0).Exergy content of an energy or matter flow is 
the maximum amount of useful work which could be ob-
tained from that particular energy or matter flow. When 
a matter or system is in complete equilibrium with its en-
vironment, its exergy content reaches zero. Therefore, the 
environment’s state is also referred to as “dead state”. When 
calculating the specific exergy content of matter, the physi-
cal ( phex ), chemical ( chex ), kinetic ( keex ) and potential ( peex ) 
exergy components are all taken into account.  Here, the 
chemical, kinetic, and potential exergies are not taken into 
account because the kinetic and potential energy changes 
are neglected and no chemical reactions occur within the 
system. Hence, the exergy amount stored in the matter can 
be calculated based on its specific enthalpy and entropy 
at the environmental temperature (T0) and pressure (P0), 
which is given in the following equation as

( ) ( )0 0 0ex h h T s s= − − − (13)

Here, h and h0 are specific enthalpies at system tempe-
rature and pressure (T, P) and environmental (T0, P0), res-
pectively. Similarly, s and s0 are specific enthalpies at system 
temperature and pressure (T, P) and environmental (T0, P0), 
respectively.

The total exergy output rate of a process is always less 
than the total exergy input rate due to exergy destruction. 
The exergy destruction rate is shown as destEx  in this study 
and it can be calculated from the entropy generation rate by 

using the following equation:

0Tdest genEx S=  (14)

Energy analysis alone is not enough to understand 
system irreversibilities and identify points for improvement. 
Energy conservation is misleading because due to the first 
law of thermodynamics, energy is conserved. However, 
the second law of energy states that the quality of energy 
(exergy) decreases. Therefore, our aim must be conserving 
exergy as much as possible by eliminating or minimizing 
exergy destructions (i.e., irreversibilities) [14]. The energy 
and exergy efficiency equations of each component are pre-
sented in detail in Table 3.

The following equations are used to calculate the rela-
tive irreversibility (RI) and sustainability index (SI) of each 
system component:

, dest i
i

dest

Ex
RI

Ex
=




  (15)

1
1i

i

SI
ψ

=
−

  (16)

The COP and energy and exergy efficiency equations 
of the overall system are estimated via the subsequent equ-

Table 3. Efficiency equations of the main components of the integrated 
design.

Units Energetic 
Efficiency Exergetic Efficiency

1 Compressor 4 3
1

1

E E
W

η −
=
 



4 3
1

1

Ex Ex
W

ψ −
=
 



2 Condenser 4
2

54

3aaE E
E E

η −
=

−

 

 

34
2

4 5

aaEx Ex
Ex Ex

ψ −
=

−

 

 

3 Sub-cooler 1 5
3

5 6

4aaE E
E E

η −
=

−

 

 

65
3

5 6

aaEx Ex
Ex Ex

ψ −
=

−

 

 

4 Sub-cooler 2 6
4

6 7

5aaE E
E E

η −
=

−

 

 

56
4

6 7

aaEx Ex
Ex Ex

ψ −
=

−

 

 

5 Expansion Valve 1 9
5

7a

E
E

η
α

=




9
5

7

Ex
Ex

ψ
α

=




6 Expansion Valve 2 8
6

7 (1 )
E

E
η =

−α





8
6

7 (1 )
Ex

Ex
ψ =

−α





7 Low-Pressure 
Evaporator

1 8
7

1 2a a

E E
E E

η −
=

−

 

 

1 8
7

1 2a a

Ex Ex
Ex Ex

ψ −
=

−

 

 

8 High-Pressure 
Evaporator

10 9
8

2 3a a

E E
E E

η −
=

−

 

 

91

2 3
8

0

a a

Ex Ex
Ex Ex

ψ −
=

−

 

 

9 Back Pressure 
Regulated Valve 

11
9

10

E
E

η =




11
9

10

Ex
Ex

ψ =




10 Accumulator 2
10

1

E
E

η =




2
10

1

Ex
Ex

ψ =




11 Mixing Chamber 3
11

2 11

E
E E

η
+

=


 

2
11

3

11

Ex
Ex Ex

ψ =
+
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ations:

( )
( )

3 4

1

 

 

Condenser Load E E
COP

Compressor W

−
=

 



(17)

2

1

Q
W

η =




(18)

0
2

1

1 TQ
T

W
ψ

 − 
 =





(19)

RESULTS AND DISCUSSION

When conducting the comprehensive energetic and exer-
getic investigations of the integrated dual stage heat pump 
drying system, the very first step is to define each and 
every stream along with their state, composition, tempe-
rature, and pressure. In the next step, after all, streams 
are clearly identified, the specific enthalpy, entropy, and 
exergy flow rates and the total energy and exergy flow 

Table 4. Input data of the integrated dual stage heat pump drying system.

 rm Mass flow rate of the refrigerant (kg/s) 0.066

 am Mass flow rate of the air used in the dryer (kg/s) 0.5

α Mass ratio of the refrigerant used in the HP 
evaporator 0.35

3T Compressor inlet stream’s refrigerant temperature 
(K) 280.6

3P Compressor inlet stream’s refrigerant pressure 
(kPa) 500

∆ SC1T Sub-cooling degree in Sub-cooler 1 (K) 5

∆ SC2T Sub-cooling degree in Sub-cooler 2 (K) 5

0T Environmental temperature (K) 278.15

0P Environmental pressure (kPa) 101.33

rates of all streams are computed. This calculation is con-
ducted by using the input data listed in Table 4 together 
with balance equations (shown in the equations provided 
in Section 4) and the Engineering Equation Solver (EES) 
software package.

The inlet conditions of the system are selected by ta-
king the model previously introduced by [2] into account. 
The environmental temperature and pressure are conside-
red to be 20°C and 101.3 kPa, respectively. The thermodyna-
mic properties of each stream are obtained via the EES soft-
ware package. In this section, the results of the exergetic and 
exergetic performance analyses, including RI, and SI, COP, 
and efficiencies of all components and the entire system are 
given and these results are discussed in detail.

Table 5 sums up the major findings of this study such 
as the energy inputs and outputs, exergy efficiencies, exergy 
destruction rates, RI and SI of all components of the integra-
ted dual stage heat pump system. 

From Table 5, it can be understood that the high-
pressure evaporator has the lowest exergy efficiency within 
the entire system (37%), followed by the low-pressure evapo-
rator (41%), and the condenser (59%). By the same token, the 
largest rate of exergy destruction occurs in the low-pressure 
evaporator (0.9 kW), followed by the condenser (0.8 kW), 
and the high-pressure evaporator (0.7 kW). The electrical 
energy input to the compressor is around 2.8 kW. Taken as a 
whole, the overall energy and the exergy efficiencies are 62% 
and 35%, respectively. The overall exergy destruction rate in 
the entire system is almost 4 kW and the overall sustainabi-
lity index is around 1.5.

In Fig. 4, the relative irreversibilities of the process 
components (compressor, condenser, sub-coolers, expan-

Table 5. Thermodynamic performance results of the main system units.

Unit Exergy 
efficiency Heat (kW) Work (kW) Exergy destruction 

rate (kW)
Relative 

irreversibility
Sustainability 

index

1 Compressor 84% 2.808 0.37 10% 6.2

2 Condenser 59% 10.73* 0.83 22% 2.42

3 Sub-cooler 1 79% 0.5* 0.02 0% 4.78

4 Sub-cooler 2 87% 0.48* 0.01 0% 7.49

5 Expansion Valve 1 94% 0.06 2% 17.51

6 Expansion Valve 2 85% 0.07 2% 6.61

7 Low-Pressure Evaporator 41% 6.24** 0.9 24% 1.68

8 High-Pressure Evaporator 37% 3.42** 0.7 19% 1.58

9 Back Pressure Regulated Valve 72% 0.17 5% 3.51

10 Dryer (D) 66% 8.52** 0.42 11% 2.9

* Heat rejected ** Heat input
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sion valves, evaporators, regulation valve, and the dryer) 
are shown. The low-pressure evaporator (Unit 7) has the 
greatest irreversibility (24%) because of the elevated exergy 
destruction rate within this unit, which is mentioned ear-
lier in this section. Following the low-pressure evaporator, 
the condenser (Unit 2) has the second highest irreversibi-
lity (22%). Third highest irreversibility occurs in the high-
pressure evaporator (Unit 8) which is also quite high (19%). 
Combined together, the low-pressure evaporator, condenser, 
and the high-pressure evaporator account for more than 
half of the irreversibilities within the entire system, which 
is 64%.

The primary reasons of the in the evaporator and the 
condenser irreversibilities can be listed as the (i) temperatu-
re difference between the two heat exchanging fluids within 
these components; (ii) changes in stream pressures; (iii) flow 
imbalances; and (iv) heat transfer between the system and 
the environment. In view of the fact that compressor energy 
requirements depend firmly on the pressures of inlet and 
outlet streams, any improvements in heat exchanger ope-
ration which could lower the temperature difference can 
potentially significantly lower the compressor energy re-
quirements by bringing the condensation and evaporation 
temperatures closer to each other.

From an innovative system development point of view, 
compressor irreversibilities could potentially be lowered in-
dependently from the other system components. For instan-
ce, modern improvements in the heat pump system design 
have pointed out the importance of scroll compressors in 
such systems. The overall system cooling efficiencies can 
be significantly enhanced by substituting the reciprocating 
compressor with novel scroll compressors. There is only one 
technique to minimize or completely get rid of the thrott-
ling losses which is to substitute the expansion devices with 
isentropic expanders. This way, some of the shaft work can 
be recovered from the pressure drop within the tubes and 
expanders. Another possible reason for compressor irrever-
sibilities is because of the significant amounts of superheat 
emissions as a result of the compression process. This excess 
superheat leads to big temperature differences between the 

inlet and outlet streams of the compressors, causing high 
exergy destruction rates and irreversibilities. The main rea-
sons for mechanical and electrical losses within this process 
can be the imperfect electrical and mechanical conditions 
and low isentropic efficiencies. Therefore, there is a signifi-
cant need for careful material selection for this equipment, 
since components with low-quality materials could potenti-
ally lower overall system efficiencies significantly.

In Fig. 5, the sustainability indexes of the key compo-
nents of the integrated dual stage heat pump drying system 
(compressor, condenser, sub-coolers, expansion valves, eva-
porators, regulation valve, and the dryer) are presented. The 
average sustainability index values of the sub-coolers (Units 
3 and 4) and expansion valves (Units 5 and 6) are considered 
as the base values while preparing the data shown in Fig. 5 
Here, it is important to note that the accumulator (Unit 10) 
and the mixing chamber (Unit 11) are considered to have 
hundred percent energy efficiencies. For that reason, these 
components’ sustainability indexes are not calculated and 
presented here. Because the auxiliary system components 
(such as the regulators, tubing, etc.) are presumed to be 
completely reversible and all the exergetic losses within the-
se components are ignored, that is why the expansion valves 
have very high sustainability indexes (which means these 
components have high exergetic efficiencies) with respect 
to other system components. The high exergy destruction 
and losses within the condenser (Unit 2), the low-pressure 
evaporator (Unit 7) and high-pressure evaporator (Unit 8) 
cause their poor sustainability indexes. Sustainability index 
of the overall integrated dual stage heat pump system is 1.54.

The exergetic performance of the integrated dual sta-
ge heat pump system is evaluated when the environmental 
temperature is 5°C first. In the next step, in order to inves-
tigate the impact of the environmental temperature on the 
exergetic performance of the integrated system, several 
parametric investigations are performed. In this part, the 
impact of the environmental temperature on the exergy 
destruction rates and exergy efficiencies of the individual 
system components and the overall system is studied and 
the results are presented in Fig. 4–6.

Figure 4. RI of the selected components of the system Figure 5. SI of the selected components of the system
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Fig. 6 shows that when the environmental temperature 
is varied between 0°C and 25°C, the exergy destruction rate 
of the compressor (Unit 1) decreases by around 0.05 kW as 
the environmental temperature increases. Within the same 
environmental temperature interval, the rate of exergy dest-
ruction within low-pressure evaporator (Unit 7) and high-
pressure evaporator (Unit 8) decrease by about 0.06 kW as 
the environmental temperature is increased. As a result, it 
can be said that the environmental temperature has a simi-
lar impact on the exergy destruction rates of the compressor 
and the evaporators. Contrariwise, when the environmental 
temperature is raised from 0°C to 25°C, the condenser (Unit 
2)’s exergy destruction rate increases by about 0.07 kW, the 
exergy destruction rate of the drying unit (Unit 12) increa-
ses by around 0.03 kW. This reason behind this tendency 
could be rationalized by the change in temperatures and 
pressures within the corresponding components. When the 
stream’s exergy flow rate decreases, it means the stream is 
getting closer to the environmental conditions. Therefore, 
higher environmental temperatures affect each stream in 
different ways; several streams’ exergy flow rates increase 
with increasing environmental temperatures and in cont-
rast, other streams’ exergy content could decrease by incre-
asing environmental temperatures.

Fig. 7 shows the change in exergy efficiencies of the 
major components of the integrated dual stage heat pump 
drying system with respect to increasing environmental 
temperatures from 0 to 25°C. The effect of environmental 
temperature on exergy efficiencies of the components is 
similar to the effect of the environmental temperature on 
exergy destruction rates. When the environmental tempe-
rature is raised within the selected environmental tempera-
ture interval from 0°C to 25°C, the exergetic effectiveness of 
the compressor (Unit 1) increases by around 1.6%, and the 
exergetic effectiveness of the low-pressure evaporator (Unit 
7) and the high-pressure evaporator (Unit 8) increase by
about 1.7%. Oppositely, within the when the environmen-
tal temperature is raised within the same selected interval,
the exergetic effectiveness of the condenser (Unit 2) and the 
drying unit (Unit 12) decrease by around 10%. As discus-

sed before, higher environmental temperatures affect each 
stream in a different way; several streams’ exergy flow rates 
increase with increasing environmental temperatures and 
in contrast, other streams’ exergy content could decrease by 
increasing environmental temperatures.

Fig. 8 represents the impact of the environmental tem-
perature on the exergetic effectiveness of the overall system. 
As the environmental temperature increases within the se-
lected interval from 0°C to 25°C, the overall system’s exergy 
destruction rate increases from about 3.7 kW to around 6.8 
kW. In contrast, the exergetic effectiveness of the system 
decreases from about 35% to around 10%. The change in 
the exergetic effectiveness based on the variation in the 
environmental temperature is parallel to the change in the 
exergetic performance of the condenser and the drying unit.

This study is the comprehensive energy and exergy per-
formance analysis of the system proposed in [2]. The study is 
strengthened with parametric studies to have a comprehen-
sive understanding of the impact of some key parameters on 
the system performance. The mass flow rate, temperature, 
and pressure of each stream within the integrated dual stage 
heat pump system are given in Table 2. Here, the reason for 
selecting 0.5 kg/s as the dryer’s inlet air mass flow rate is be-
cause this amount is selected in [2]. The COP of the system 
and all initial energy and exergy investigations are conduc-
ted based on the input values provided in Table 4. Under 

Figure 6. Impact of the environmental temperature on the exergy dest-
ruction rates of the main components

Figure 7. Impact of the environmental temperature on exergy efficien-
cies of the selected system components

Figure 8. Impact of the environmental temperature on the overall 
system’s exergy efficiency and destruction rate
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these conditions, the COP of the integrated dual stage heat 
pump drying system is estimated to be about 3.82. In the 
next step, the impact of the dryer’s inlet air mass flow rate 
on the overall COP of the system is examined and the para-
metric study findings are given in comparison with the data 
published in the literature [2] in Fig. 9. From Fig. 9, it can be 
seen that the results of this study show significant similariti-
es to the originally published work, in terms of COP calcula-
tions. The small differences can be justified by the assumpti-
ons taken into account when conducting the comprehensive 
energetic and exergetic investigations of the integrated dual 
stage heat pump drying system. One major reason is igno-
ring the heat losses within the system components which 
increase the overall system’s energy efficiency quite signifi-
cantly. Furthermore, the supplementary units are assumed 
to perfectly insulated with zero mechanical and heat energy 
losses. As a result, any losses within these components are 
ignored and most of the auxiliary components are assumed 
to be isenthalpic. In addition, all heat losses and pressure 
drops within the pipes, tubes, connecting components, and 
valves are ignored. When these assumptions are taken into 
consideration, and when these assumptions are eliminated, 
the COP and energetic and exergetic efficiencies of the ove-
rall system could further decrease.

In this study, an existing model of an integrated dual 
stage heat pump based drying process is modified and tho-
roughly investigated from energy and exergy perspectives, 
which has not been done before. Below, there is a list of re-
sults presented in this study which makes it unique and dif-
ferent than the previously published studies in the literature, 
including [2] based on which the design parameters of the 
integrated heat pump-drying system is selected:

• Technical comparison of heat pump dryers with
other drying technologies

• Potential benefits of heat pump drying systems as 
a smart energy solution

• 3S (system-source-service) approach from energy
and exergy perspectives, including losses

• Energy and exergy efficiency equations of each
component of the heat pump-drying system

• Results are presented for each component of the
heat pump-drying system including:

o Exergy destruction rates 

o Relative irreversibilities

o Energy and exergy efficiencies

o Sustainability indexes

• Parametric studies are conducted to understand
the effect of environmental temperature on:

o Exergy destruction rates of each com-
ponent and the overall system

o Exergy efficiencies of each component
and the overall system

The comprehensive energy and exergy analyses perfor-
med in this study have not been conducted and presented in 
the literature before, including the basis study [2]. By taking 
exergy into account and by conducting parametric studies 
on key factors, a better insight into system performance is 
obtained and solid future directions are provided for enhan-
ced performance of heat pump-drying systems. The results 

Figure 9. Overall COP with respect to the air mass flow rate (left) and the results from the literature [2] (right)
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of this study could further be utilized to design optimum 
operating parameters for integrated dual stage heat pump 
drying systems.

FUTURE DIRECTIONS

Heat pump dryers are recognized as smart solutions 
for sustainable drying since they have many advantages as 
presented in Table 1. However, in order to be considered as 
100% sustainable, the smart energy solutions criteria should 
be followed when developing heat pump dryers [41]. And 
a crucial challenge is to use renewable resources in a cost 
competitive, emission-free, and efficient manner in heat 
pump dryers. This section aims to present the future direc-
tions of heat pump drying processes to guide students, rese-
archers, policy makers, and industry members.

To reduce overall system cost, research is focused on 
improving the efficiency of heat pump drying technologies 
as well as reducing the cost of capital equipment, operations, 
and maintenance while minimizing the overall environ-
mental impact of the process.

In the literature, there are many conventional and 
novel heat pump dryer process designs. Each one of these 
processes is at different stages of research and develop-
ment. Among these alternatives, the ones that are already 
commercially available such as fossil fuel powered systems 
can be used as near-term solutions as the renewable based 
and sustainable technologies are being developed and com-
mercialized. Another research focus is on minimizing and/
or eliminating the emissions of these technologies. Future 
directions of heat pump drying systems in light of smart 
energy solutions is shown in Fig. 10.

The first step in Fig. 10 is “exergization”, meaning 
including the concept of exergy and exergy analysis when 
evaluating the performance of heat pump dryers. Efficient 
use of exergy, or minimization of exergy losses, is the key 
smart energy solution for a sustainable future [42]. The se-

cond step is “greenization” which means using green energy 
and material resources in heat pump drying systems which 
include carbon capture and storage technologies, taking 
advantage of waste and loss of energy, etc. From the source, 
system, and service approach; all components of heat pump 
drying systems must be greenized [43]. One example of 
greenization is the growing interest in green electricity as 
a means of utilizing renewable electrical energy based heat 
pump drying systems. This relationship is illustrated in Fig. 
11. The third step is “renewabilization”, which goes one step 
beyond “greenization” and suggests all steps in heat pump
drying systems must use renewable energy and material re-
sources. Since sustainability is widely defined as “providing
for today without harming tomorrow”, using renewable re-
sources certainly is a smart solution for a sustainable future. 
The fourth step is “integration”, which includes a variety of
future directions from the integration of different methods
for a more efficient and comprehensive energy system. “In-
tegration” also means integrating heat pump drying systems 
with different sustainable energy systems such as hydrogen
production, desalination, heating, cooling, water purificati-
on, etc. The fifth step is “multigeneration” which is essential 
in smart energy systems. Heat pump drying systems must
operate in a multigeneration mode in order to minimize
system losses and enhance desirable process outputs, which 
increases system efficiencies and as a result, costs and ne-
gative environmental impacts decrease. This is certainly a
key step toward sustainability. The sixth step is “storagizati-
on” as effective heat storage is still one of the most challen-
ging aspects of energy systems. And lastly, the seventh step
is “intelligization” which means making every step of heat
pump drying systems intelligent, with smart control devices, 
better forecasting, and effective information, material, and
energy flow.

Reducing the cost of heat pump drying systems is the 
key challenge of the emerging technologies. Cost reduction 
especially becomes more challenging when renewable re-
sources and novel technologies come into the picture. The Figure 10. Future directions of heat pump drying systems in light of 

smart energy solutions

Figure 11. Green and renewable energy integration options with heat 
pump drying systems
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challenges, strategies, and research and development sug-
gestions for future heat pump drying systems are shown in 
Fig. 12.

Another important future direction for understanding 
and therefore enhancing heat pump drying systems’ per-
formance is proper and comprehensive life cycle analysis 
(LCA). With the cradle-to-grave type of LCA approach, the 
cost, emissions, and efficiency of a heat pump dryer can be 
calculated in the most accurate manner. This also allows 
consumers, policymakers, scientists, industry, academia, 
and governments choose the smart energy option among 
different alternatives. As a result, heat pump drying systems 
can get truly exergized, greenized, renewabilized, integra-
ted, and intelligent with multigeneration options. And heat 
pump dryers could become the most sustainable drying op-
tion for end users of all types.

CONCLUSION

Heat pumps are very well known technologies in terms 
of delivering efficient heating and cooling with the lowest 
possible electrical energy consumption. Here, it is shown 
that heat pump dryers have significant advantages com-
pared to other available drying technologies. Heat pump 
drying systems can become more sustainable when green, 
clean, and eventually 100% renewable energy and mate-
rial resources are used instead of fossil fuels. Enhancing 
the COP of heat pump dryers is essential. However, in the 
next steps. SMER must also be taken into account. When 
developing a sustainable energy system; capital, opera-
ting, and maintenance cost and other financial factors, 
energetic and exergetic performance, and environmental 
impact must all be taken into account together simulta-
neously. Hybrid technologies could potentially enhance 
energetic and exergetic efficiencies. On the other, further 
research is required to lower their capital, operating, and 
maintenance cost and environmental impact.

The main aim of this study is to conduct energetic and 
exergetic investigations of an integrated heat pump drying 
process in order to evaluate the performance of the ove-
rall system. For that reason, exergy efficiencies and exergy 
destruction rates of each system component along with the 
overall system are carefully calculated. Here, this analy-
sis is done in order to take all process irreversibilities into 
account to tackle the end results the loss of the quality of 
energy. By calculating the overall exergetic performance of 
the entire process along with all of its components, it is ai-
med to identify where there is a loss in the quality of energy. 
In addition, the location of these quality losses within ma-
jor components is investigated at different environmental 
temperatures. In order to provide a straight advantage to 
the society and industry, it is essential to take advantage of 
the possible profits of exergy. Also, it should be noted that, 
unlike the assumptions in this study, it is not possible in re-
ality to perfectly insulate the components of the heat pump 
system, not with the current material science and enginee-
ring technologies. On the other hand, appropriate insulating 
materials and technologies for the overall system including 
all components, auxiliary units, and monitoring devices co-
uld potentially enhance the system COP and energetic and 
exergetic efficiencies significantly. Imperfections because of 
the component and material inefficiencies can be increased 
to further increase system COP and energy and exergy ef-
ficiencies. The careful material, equipment, and technology 
selection could further enhance the system COP and energy 
and exergy efficiencies. The following items are the sum-
mary of some of the major particular results of this study:

• At the selected environmental temperature and
pressure, the integrated heat pump drying system has ove-
rall energetic and exergetic efficiencies around 62% and 35%, 
respectively. 

• At the selected environmental temperature and
pressure, the integrated heat pump drying system’s exergy 

Figure 12. Challenges, strategies, and R&D focus of heat pump drying systems for a sustainable future
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destruction rate is 3.96 kW. 

• The components where the highest exergy dest-
ruction occurs are the low-pressure evaporator (0.9 kW), the 
condenser (0.83 kW), and the high-pressure evaporator (0.7 
kW). 

• As the environmental temperature increases, the
overall exergy destruction rate increases and the exergy effi-
ciency decreases.

In this study, the primary aim is to improve the exergy 
efficiency of the proposed integrated dual stage heat pump 
based drying process by identification of where the irrever-
sibilities occur and developing strategies to minimize these 
irreversibilities. There are several reasons behind high irre-
versibilities (exergy destruction) in a process, some of these 
reasons can be listed as: (i) temperature difference betwe-
en the inlet and outlet streams of a system component, (ii) 
pressure difference between the inlet and outlet streams of a 
system component, (iii) any other flow imbalances between 
the inlet and outlet streams of a system component, and (iv) 
not being able to recover the latent heat in heat exchangers 
which is caused by high temperature differences. Lowering 
the inlet and outlet streams’ temperature variance also lo-
wers the difference between the condensing and evapora-
ting temperatures. And as a result, enhances the amount of 
heat recovery per unit of energy input to a system or com-
ponent.

TERMINOLOGY

E Energy (kJ)

E Energy flow rate (kW)

ex Specific exergy (kJ/kg)

Ex Exergy (kJ)

Ex Exergy (kJ)

h Specific enthalpy (kJ/kg)

m Mass (kg)

m Mass flow rate (kg/s)

P Pressure (kPa)

Q Heat (kJ)

Q Heat transfer rate (kW)

s Specific entropy (kJ/kg-K)

S Entropy (kJ/K)

S Entropy flow rate (kW/K)

t Time (s)

T Temperature (K)

W Work (kJ)

W Work transfer rate (kW)

Greek Letters

α Mass ratio of the refrigerant sent to 
HPE

Δ  Change

η Energy efficiency

ψ Exergy efficiency

Subscript and Superscripts

a  Air

ch  Chemical

comp Compressor

cond  Condenser

cv Control volume

dest  Destruction

en  Energy

ex  Exergy 

gen Generation

in Inlet stream

ke Kinetic energy

out Outlet stream

pe Potential energy

ph  Physical
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r  Refrigerant

° Standard state

0 Environmental state

Abbreviations

AA Ascorbic Acid

BPRV Back Pressure Regulated Valve

COP  Coefficient of Performance

D  Dryer

EES Engineering Equation Solver

EV Expansion Valve

GHG Greenhouse Gas

HPE High-Pressure Evaporator

LCA  Life Cycle Analysis

LPE Low-Pressure Evaporator

RH Relative Humidity

RI Relative Irreversibility

SC  Sub-cooler

SI Sustainability Index

SMER Specific Moisture Extraction Ratio

VLE Vapor-liquid Equilibrium
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