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Abstract: Instant coffee is produced worldwide by spray drying coffee extract on an industrial
scale. This production process is energy intensive, 70% of the operational costs are due to energy
requirements. This study aims to identify the potential for energy and cost improvements by
performing a conventional and advanced exergy and exergoeconomic analysis to an industrial-scale
spray drying process for the production of instant coffee, using actual operational data. The study
analyzed the steam generation unit, the air and coffee extract preheater, the drying section, and the
final post treatment process. The performance parameters such as exergetic efficiency, exergoeconomic
factor, and avoidable investment cost rate for each individual component were determined. The overall
energy and exergy efficiencies of the spray drying system are 67.6% and 30.6%, respectively. The highest
rate of exergy destruction is located in the boiler, which amounts to 543 kW. However, the advanced
exergoeconomic analysis shows that the highest exergy destruction cost rates are located in the
spray dryer and the air heat exchanger (106.9 $/h and 60.5 $/h, respectively), of which 47.7% and
3.8%, respectively, are avoidable. Accordingly, any process improvement should focus on the
exergoeconomic optimization of the spray dryer.

Keywords: advanced exergoeconomic analysis; spray dryer; exergy destruction cost rate

1. Introduction

Instant coffee is one of the most commonly consumed drinks worldwide; around 118 billion
dollars of it were sold in the global market in 2019. The worldwide market for instant coffee has high
growth expectations: projected to grow by 11.6% in the next 5 years [1]. Coffee has a high concentration
of antioxidants [2], vitamins B, and minerals [3]. It benefits physical performance and stimulates the
central nervous system [4]. Coffee is sold as whole bean, ground coffee, instant coffee, coffee pods,
and capsules. Among these, instant coffee is quickly becoming popular all over the world because of
cheaper transportation and convenience in preparation, which increases its demand among urban
consumers [5]. Many industrial-scale plants have been established around the word to produce this
kind of coffee.

The production process of instant coffee powder begins with roasting the coffee beans and grinding
them. Later, they pass through a liquid solid extraction. The extracted liquid is then concentrated and,
finally, it is spray dried. The drying process reduces the amount of water in the coffee and allows its
shelf-life to be increased. This operation requires the most energy resources [6], and is also considered
highly exergy-destructive [7]. Spray dryers are considered to be limiting units within a productive

Energies 2020, 13, 5622; doi:10.3390/en13215622 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0001-8583-9398
https://orcid.org/0000-0003-4635-7235
http://www.mdpi.com/1996-1073/13/21/5622?type=check_update&version=1
http://dx.doi.org/10.3390/en13215622
http://www.mdpi.com/journal/energies


Energies 2020, 13, 5622 2 of 19

process, and one of the operations with the highest exergy improvement potential [8]. A previous
study has demonstrated that the exergy efficiency of spray dryers is lower than that of other drying
technologies such as tray dryers, continuous dryers, heat pump assisted dryers, fluidized bed dryers,
solar dryers, freeze dryers, vacuum dryers, and flash dryers [7].

Exergy analysis has become an important tool for the assessment of different energy-intensive
industrial processes, such as spray drying [9]. These analyses have allowed for the identification of the
components with the highest exergy losses, the avoidable exergy losses, and the operational conditions,
which most affect the irreversibility of the systems. Erbay et al. [10] used a pilot-scale spray dryer
on white cheese slurry to demonstrate experimentally that parameters like atomization pressure and
drying air temperature can affect the exergetic efficiency of the spray dryer. Another study of the same
scale for the drying of cherry puree showed that drying agents could reduce the exergy destruction
rate of the process [11]. Some studies were done at a laboratory scale. One lab-scale study, evaluated
the exergetic efficiency of spray drying of photochromic dyes and obtained efficiency below 4% [12].
Further, Aghbashlo et al. [13] studied the influence of parameters such as air and feed flow rate in
the exergy destruction rate of the spray drying of microencapsulation of fish oil. Only two studies
have been done on industrial-scale spray dryers, and both took place in a powdered milk factory.
The first analyzed each step of the production process and concluded that the spray dryer was one of
the most exergy destructive components (2196 kW) [14]. In the second study, Camci et al. [15] analyzed
a spray drying system with solar collectors for preheating the drying air in a closed loop, resulting in
an increase of the exergetic efficiency to 22.6%.

However, although the exergetic analysis identifies the location and magnitude of the thermal
energy losses, it has limitations given that it can not quantify the cost of those losses. Furthermore,
an exergy analysis is not conclusive about which components should have investment priority in
order to reduce the exergy losses [16]. In order to complete an exergy analysis, an exergoeconomic
analysis can be applied, which combines exergy and economic principles at the component level to
identify the real cost sources in a thermal system [17]. Since the thermodynamic considerations of
exergoeconomics are based on the exergy concept, the term exergoeconomics can also be used to
describe the combination of exergy analysis and economics [18]. Exergoeconomic analysis has been
applied in different industrial processes in order to minimize the economic losses due to irreversibility,
and, consequently, provide the added benefit of reducing production costs of the entire complex energy
system. Few conventional exergoeconomic analyses of different drying technologies on both the pilot
and industrial scale have been found in the literature; they focused on the production of pasta [19],
tea leaves [20], powdered cheese [21], and powdered milk [22,23]. Of these, only the last two refer
to spray drying technology at an industrial scale. These exergoeconomic analysis performed were
useful for the evaluation of the economic viability of the proposed improvements to the spray dryer in
a powdered milk factory. Erbay et al. [21] also performed an exergoeconomic analysis on a pilot-scale
spray dryer for cheese powder and concluded that some investments should be made in order to
reduce the operational cost rates by increasing exergetic efficiency of the process.

Although the exergy and exergoeconomic analyses allow for the quantification of the exergetic
and cost losses, they do not provide sufficient information about which losses are avoidable; this
information is essential for industrial plants to make decisions about improvement potential. Advanced
exergoeconomic analysis is a proposed tool that has been applied to different industrial processes
in order to quantify the avoidable and unavoidable economic losses and determine the potential for
improvement [24]. However, there have not been any studies that apply an advanced exergoeconomic
analysis in spray-drying technology in order to quantify this kind of exergy destruction.

The aim of the present work is to carry out a conventional and advanced exergy and exergoeconomic
analysis on the spray drying process of instant coffee at a factory in Guayaquil, Ecuador in order to
quantify total operating cost rates at a component level and split into avoidable and unavoidable parts.
There are two main novelties in this study: first, real data from an instant coffee plant in operation have
been used; second, an advanced exergoeconomic analysis on the spray-drying system of an instant
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coffee plant has been applied for the first time. This analysis will be a valuable decision-making tool for
the factory for future improvements focused on operational cost reduction, and sustainability increase.

2. Materials and Methods

2.1. System Description

The instant coffee was dried in an industrial scale spray drying system. Figure 1 illustrates a
schematic diagram of the process. The coffee extract (44% m/m of soluble coffee) comes from a storage
tank that had a temperature of 12 ◦C. A flow rate of 528 kg/h of coffee extract (stream 2) was pumped
by a low-pressure pump (LP) and mixed with 7.4 kg/h of carbon dioxide (stream 1). Then it was
pumped by a high-pressure pump (HP) into a heat exchanger unit (HXE) where steam increased
its temperature to 32 ◦C. The coffee extract (stream 6) was sprayed by a nozzle into the drying unit
(SD), which is at vacuum pressure. A flow rate of 9922 kg/h of ambient air (stream 7) was heated by
the main heat exchanger (MHX) using steam until it reached the temperature of 180 ◦C. A flow rate
of 4002 kg/h of ambient air (stream 10) with an absolute humidity of 0.02 kg water/kg dry air was
dehumidified to 8 × 10−3 kg water/kg dry air by a cooler (CHX) and then a fraction of it (stream 11) was
heated and distributed in order to maintain a fluidized bed in the bottom of the spray dryer. The dried
instant coffee produced with a humidity of about 3% m/m (stream 23) was then collected on a belt
(BT), where two streams of dehumidified air at 85 ◦C (stream 16) and 27 ◦C (stream 20) were used
to gradually cool the coffee and prevent it from agglomerating. Then the instant coffee (stream 25)
was passed through vibratory screen (S) in order to obtain the required particle size. The fraction of
instant coffee with the smallest particle size (stream 28) was recirculated to the process using dried air
at 27 ◦C (stream 22) while the biggest particle size of instant coffee (stream 27) was considered waste.
The humidified air (stream 29) that exits the spray dryer was passed through a cyclone separator (FF)
to remove solid coffee particles. These solid particles (stream 32) were recirculated into the process and
the humidified air (stream 31) was released to the environment.
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To develop the process modeling, the following assumptions were made:

• The process was at a steady state condition.
• The coffee extract was modeled as a solution with a constant concentration of soluble solids from

Coffea arabica beans.
• The heat losses from the components were neglected.
• The pressure losses in the pipes, heat exchangers, bag filter, and spray dryer were neglected.
• The properties of the incoming air were considered as constants.

2.2. Exergy Analysis

The analysis of the spray drying system was performed by using the engineering equation solver
(EES) software for the formulation of mass, energy, and exergy balances for each component. In their
general form, they are, respectively: ∑

in

.
min −

∑
out

.
mout = 0 (1)

∑
in

hin
.

min −
∑
out

hout
.

mout +
.

Wk +
.

Qk = 0 (2)

∑
k

.
Eq,k +

.
Wk +

∑
in

.
Ein −

∑
out

.
Eout −

.
ED,k = 0 (3)

The exergy rate, specific exergy, physical exergy, kinetics exergy, and potential exergy were
calculated using Equations (4)–(8). Table 1 shows the expressions of both fuel and product exergy of
each component.

.
E =

.
m ∗ e (4)

e = ePH + eCH + eKN + ePT (5)

ePH = (h− h0) − T0(s− s0) (6)

ePT = gz (7)

eKN =
v2

2
(8)

Table 1. Composition of the different states.

State Description Soluble Solids (kg/kg) Water (kg/kg) Dried Air (kg/kg)

2 Coffee extract 0.440 0.560 -

23 Soluble Coffee
powder 0.970 0.030 -

24 Mixture BT 0.001 0.009 0.990
29 Mixture SD 0.004 0.040 0.955
33 Mixture S 0.038 0.008 0.954
34 Mixture FF 0.117 0.001 0.882

The velocities of different streams were estimated by the Bernoulli relationship, Equation (9),
where γ is the specific heat ratio and ρ is the density of the stream.

∆v2

2
+

(
γ

γ− 1

)
∗

P
ρ
=

(
γ

γ− 1

)
∗

P0

ρ0
(9)

For the streams that had soluble coffee solids as part of their compositions, Equations (10) and (11)
were used to determine the thermodynamic properties such as entropy and enthalpy. The cp value was
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obtained from Burmester et al. [25]. The dead state conditions have been taken as T0 = 27.5 ◦C and
P0 = 101.13 kPa.

h− h0 = cp(T − T0) (10)

s− s0 = cp ln
(

T
T0

)
−Rln

(
P
P0

)
(11)

The composition for the different states of the system is shown in Table 1. This information was
used to calculate the different thermodynamic properties.

For the calculation of chemical exergy of each state point that has soluble coffee solids and water,
Equation (12) [17] was used. The concentration of water and coffee in equilibrium with the environment
(xe

i ) was chosen as the dead state of reference. Those values were obtained from previous studies on
Arabica coffee by Yao et al. [26]. For the calculation of the chemical exergy of each state point that has
soluble coffee solids, water, and air, Equation (13) [17] was used, where xi is the mole fraction of the
different substances.

eCH
CE = −RT0

∑
xi ln

(xe
i

xi

)
(12)

eCH
mix =

∑
xiech

i + RT0

∑
xi ln(xi) (13)

The chemical exergy of air for the different moisture content in air was calculated using an
expression from Wepfer et al. [27], according to Equation (14), where wo and w are mole fraction of
water vapor at environmental conditions and operational conditions, respectively.

eCH
air = 0.2857cp,airToln

[[1 + 1.6078wo

1 + 1.6078w

](1+1.6078w)[ w
wo

]1.6078w
]

(14)

The exergy balance can also be formulated as Equation (15).

.
EF,k −

.
EP,k =

.
ED,k −

.
EL,k (15)

where
.
EF,k corresponds to the fuel exergy,

.
EP,k is the product exergy,

.
ED,k is the destroyed, exergy and

.
EL,k is the exergy loss. The exergy of the fuel and the exergy of the product for each single component
were formulated following Lazzareto and Tsatsaronis rules [28] and they are shown in Table 2.

For the total system the exergetic efficiency was calculated as the sum of the product exergy rates
divided by the sum of the fuel exergy rates.

Other interesting parameters involved in an exergy analysis were the relative exergy destruction
(y∗D,k), which represents the relationship between the destroyed exergy of a component and the total
destroyed exergy of the system, as shown in Equation (16) [17]. The exergy destruction ratio (yD,k),
which relates the destroyed exergy of a component with the total fuel exergy of the system, is shown in
Equation (17). The exergetic efficiency (nex,k), which represents the amount of exergy that is useful in
relation to the fuel exergy in the component, is shown in Equation (18).

y∗D,k =

.
ED,k
.
ED,tot

(16)

yD,k =

.
ED,k
.
EF,tot

(17)

nex,k =

.
EP,k
.
EF,k

(18)
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Table 2. Definitions of fuel and product exergy for each component.

Component
.
EP,k

.
EF,k

LP
.
E3 −

.
E2

.
WLP

HP
.
E5 −

.
E4

.
WHP

HXE
.
E6 −

.
E5

.
E35 −

.
E36

MHX
.
E9 −

.
E8

.
E37 −

.
E38

SFBHX
.
E13 −

.
E12

.
E39 −

.
E40

VF1HX
.
E16 −

.
E15

.
E41 −

.
E42

VF2HX
.
E18 −

.
E17

.
E43 −

.
E44

MF
.
E8 −

.
E7

.
WMF

SFBF
.
E12 −

.
E11

.
WSFBF

VF1F
.
E15 −

.
E14

.
WVF1F

VF2F
.
E20 −

.
E19

.
WVF2F

RFF
.
E22 −

.
E21

.
WRFF

FF
.
E32 +

.
E31 −

.
E30

.
WFF

SD
.
E23 −

.
E6 −

.
E34

.
E13 +

.
E9 −

.
E29

BT
.
E25 −

.
E23

.
E20 +

.
E16 −

.
E24

S
.
E26 +

.
E28 −

.
E25

.
E27 +

.
WS

B
.
E51 −

.
E48

( .
E49 +

.
E47

)
−

.
E50

CHX
.
E14 +

.
E17 +

.
E11 −

.
E10

.
E45 −

.
E46

2.3. Advanced Exergy Analysis

In order to obtain the real potential of improvement of each component, the avoidable and
unavoidable parts of the exergy destruction were calculated. The unavoidable part of the exergy

destruction (
.
E

UN
D,k ) would be the exergy that will inevitably be destroyed, due to technological

limitations, no matter how much capital is invested, and can be calculated by using Equation (19) [29],

where (
.
ED/

.
EP)

UN
k is the relationship between the exergy destruction and exergy product rates estimated

using the unavoidable conditions for each component.

.
E

UN
D,k =

.
EP,k

 .
ED
.
EP

UN

k

(19)

Values of the unavoidable and real operation conditions of the components are summarized in
Table 3, and were assumed according to previous studies [14,30]. For the spray dryer, the minimum air
flow required to supply the energy for water evaporation was calculated as an avoidable condition [31].

Table 3. Assumptions that are considered for real conditions (RC), unavoidable thermodynamic
inefficiency conditions (RTI), and unavoidable investment cost conditions (UIC).

Component RC RTI UIC

Heat Exchangers

∆Tmin, HXE = 51 ∆Tmin, HXE = 30 ∆Tmin, HXE = 60
∆Tmin, MHX = 12 ∆Tmin, MHX = 10 ∆Tmin, MHX = 20

∆Tmin, SFBHX = 69 ∆Tmin, SFBHX, VFIHX = 20 ∆Tmin, SFBHX = 80
∆Tmin, VF1HX = 80 ∆Tmin, VF2HX = 80 ∆Tmin, VF1HX = 90
∆Tmin, VF2HX = 139 ∆Tmin, CHX = 4 ∆Tmin, VF2HX = 145

∆Tmin, CHX = 9 ∆Tmin, CHX = 15
Pumps
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limitations, no matter how much capital is invested, and can be calculated by using Equation (19) 
[29], where ൫𝐸ሶ஽ 𝐸ሶ௉⁄ ൯௞௎ே is the relationship between the exergy destruction and exergy product rates 
estimated using the unavoidable conditions for each component. 𝐸ሶ஽,௞௎ே = 𝐸ሶ௉,௞ ቆ𝐸ሶ஽𝐸ሶ௉ቇ௞

௎ே
 (19) 

Values of the unavoidable and real operation conditions of the components are summarized in 
Table 3, and were assumed according to previous studies [14,30]. For the spray dryer, the minimum 
air flow required to supply the energy for water evaporation was calculated as an avoidable condition 
[31]. 

Table 3. Assumptions that are considered for real conditions (RC), unavoidable thermodynamic 
inefficiency conditions (RTI), and unavoidable investment cost conditions (UIC). 

Component RC RTI UIC 

Heat Exchangers 

ΔTmin, HXE = 51 
ΔTmin, MHX = 12 
ΔTmin, SFBHX = 69 
ΔTmin, VF1HX = 80 
ΔTmin, VF2HX = 139 
ΔTmin, CHX = 9 

ΔTmin, HXE = 30 
ΔTmin, MHX = 10 

ΔTmin, SFBHX, VFIHX = 20 
ΔTmin, VF2HX = 80 
ΔTmin, CHX = 4  

ΔTmin, HXE = 60 
ΔTmin, MHX = 20 
ΔTmin, SFBHX = 80 
ΔTmin, VF1HX = 90 
ΔTmin, VF2HX = 145 
ΔTmin, CHX = 15 

Pumps ɳis = 60% ɳis = 86% ɳis = 65% 
F ɳis = 60% ɳis = 90% 0.85𝑍ሶ௞௥௘௔௟ 
S ɳ   elec = 78% ɳelec = 90% ɳelec = 78% 
    

BT ɳelec = 60% ɳelec = 85% ɳelec = 60% 
B ɳcon = 90% ɳcon = 95% 0.66 𝑍ሶ௞௥௘௔௟ 

is = 86%
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SD 𝐸ሶଶଷ − 𝐸ሶ଺ − 𝐸ሶଷସ 𝐸ሶଵଷ + 𝐸ሶଽ − 𝐸ሶଶଽ 
BT 𝐸ሶଶହ − 𝐸ሶଶଷ 𝐸ሶଶ଴ + 𝐸ሶଵ଺ − 𝐸ሶଶସ 
S 𝐸ሶଶ଺ + 𝐸ሶଶ଼ − 𝐸ሶଶହ 𝐸ሶଶ଻ + 𝑊ሶ  ௌ 
B 𝐸ሶହଵ − 𝐸ሶସ଼ (𝐸ሶସଽ + 𝐸ሶସ଻) − 𝐸ሶହ଴

CHX 𝐸ሶଵସ + 𝐸ሶଵ଻ + 𝐸ሶଵଵ − 𝐸ሶଵ଴ 𝐸ሶସହ − 𝐸ሶସ଺ 
For the total system the exergetic efficiency was calculated as the sum of the product exergy rates 

divided by the sum of the fuel exergy rates. 
Other interesting parameters involved in an exergy analysis were the relative exergy destruction (𝑦஽,௞∗ ), which represents the relationship between the destroyed exergy of a component and the total 

destroyed exergy of the system, as shown in Equation (16) [17]. The exergy destruction ratio (𝑦஽,௞), 
which relates the destroyed exergy of a component with the total fuel exergy of the system, is shown 
in Equation (17). The exergetic efficiency (𝑛௘௫,௞), which represents the amount of exergy that is useful 
in relation to the fuel exergy in the component, is shown in Equation (18). 𝑦஽,௞∗ = 𝐸ሶ஽,௞𝐸ሶ஽,௧௢௧ (16) 

𝑦஽,௞ = 𝐸ሶ஽,௞𝐸ሶி,௧௢௧ (17) 

𝑛௘௫,௞ = 𝐸ሶ௉,௞𝐸ሶி,௞ (18) 

2.3. Advanced Exergy Analysis 

In order to obtain the real potential of improvement of each component, the avoidable and 
unavoidable parts of the exergy destruction were calculated. The unavoidable part of the exergy 
destruction (𝐸ሶ஽,௞௎ே)  would be the exergy that will inevitably be destroyed, due to technological 
limitations, no matter how much capital is invested, and can be calculated by using Equation (19) 
[29], where ൫𝐸ሶ஽ 𝐸ሶ௉⁄ ൯௞௎ே is the relationship between the exergy destruction and exergy product rates 
estimated using the unavoidable conditions for each component. 𝐸ሶ஽,௞௎ே = 𝐸ሶ௉,௞ ቆ𝐸ሶ஽𝐸ሶ௉ቇ௞

௎ே
 (19) 

Values of the unavoidable and real operation conditions of the components are summarized in 
Table 3, and were assumed according to previous studies [14,30]. For the spray dryer, the minimum 
air flow required to supply the energy for water evaporation was calculated as an avoidable condition 
[31]. 

Table 3. Assumptions that are considered for real conditions (RC), unavoidable thermodynamic 
inefficiency conditions (RTI), and unavoidable investment cost conditions (UIC). 

Component RC RTI UIC 

Heat Exchangers 

ΔTmin, HXE = 51 
ΔTmin, MHX = 12 
ΔTmin, SFBHX = 69 
ΔTmin, VF1HX = 80 
ΔTmin, VF2HX = 139 
ΔTmin, CHX = 9 

ΔTmin, HXE = 30 
ΔTmin, MHX = 10 

ΔTmin, SFBHX, VFIHX = 20 
ΔTmin, VF2HX = 80 
ΔTmin, CHX = 4  

ΔTmin, HXE = 60 
ΔTmin, MHX = 20 
ΔTmin, SFBHX = 80 
ΔTmin, VF1HX = 90 
ΔTmin, VF2HX = 145 
ΔTmin, CHX = 15 

Pumps ɳis = 60% ɳis = 86% ɳis = 65% 
F ɳis = 60% ɳis = 90% 0.85𝑍ሶ௞௥௘௔௟ 
S ɳ   elec = 78% ɳelec = 90% ɳelec = 78% 
    

BT ɳelec = 60% ɳelec = 85% ɳelec = 60% 
B ɳcon = 90% ɳcon = 95% 0.66 𝑍ሶ௞௥௘௔௟ 

is = 65%
F
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SD 𝐸ሶଶଷ − 𝐸ሶ଺ − 𝐸ሶଷସ 𝐸ሶଵଷ + 𝐸ሶଽ − 𝐸ሶଶଽ 
BT 𝐸ሶଶହ − 𝐸ሶଶଷ 𝐸ሶଶ଴ + 𝐸ሶଵ଺ − 𝐸ሶଶସ 
S 𝐸ሶଶ଺ + 𝐸ሶଶ଼ − 𝐸ሶଶହ 𝐸ሶଶ଻ + 𝑊ሶ  ௌ 
B 𝐸ሶହଵ − 𝐸ሶସ଼ (𝐸ሶସଽ + 𝐸ሶସ଻) − 𝐸ሶହ଴

CHX 𝐸ሶଵସ + 𝐸ሶଵ଻ + 𝐸ሶଵଵ − 𝐸ሶଵ଴ 𝐸ሶସହ − 𝐸ሶସ଺ 
For the total system the exergetic efficiency was calculated as the sum of the product exergy rates 

divided by the sum of the fuel exergy rates. 
Other interesting parameters involved in an exergy analysis were the relative exergy destruction (𝑦஽,௞∗ ), which represents the relationship between the destroyed exergy of a component and the total 

destroyed exergy of the system, as shown in Equation (16) [17]. The exergy destruction ratio (𝑦஽,௞), 
which relates the destroyed exergy of a component with the total fuel exergy of the system, is shown 
in Equation (17). The exergetic efficiency (𝑛௘௫,௞), which represents the amount of exergy that is useful 
in relation to the fuel exergy in the component, is shown in Equation (18). 𝑦஽,௞∗ = 𝐸ሶ஽,௞𝐸ሶ஽,௧௢௧ (16) 

𝑦஽,௞ = 𝐸ሶ஽,௞𝐸ሶி,௧௢௧ (17) 

𝑛௘௫,௞ = 𝐸ሶ௉,௞𝐸ሶி,௞ (18) 

2.3. Advanced Exergy Analysis 

In order to obtain the real potential of improvement of each component, the avoidable and 
unavoidable parts of the exergy destruction were calculated. The unavoidable part of the exergy 
destruction (𝐸ሶ஽,௞௎ே)  would be the exergy that will inevitably be destroyed, due to technological 
limitations, no matter how much capital is invested, and can be calculated by using Equation (19) 
[29], where ൫𝐸ሶ஽ 𝐸ሶ௉⁄ ൯௞௎ே is the relationship between the exergy destruction and exergy product rates 
estimated using the unavoidable conditions for each component. 𝐸ሶ஽,௞௎ே = 𝐸ሶ௉,௞ ቆ𝐸ሶ஽𝐸ሶ௉ቇ௞

௎ே
 (19) 

Values of the unavoidable and real operation conditions of the components are summarized in 
Table 3, and were assumed according to previous studies [14,30]. For the spray dryer, the minimum 
air flow required to supply the energy for water evaporation was calculated as an avoidable condition 
[31]. 

Table 3. Assumptions that are considered for real conditions (RC), unavoidable thermodynamic 
inefficiency conditions (RTI), and unavoidable investment cost conditions (UIC). 

Component RC RTI UIC 

Heat Exchangers 

ΔTmin, HXE = 51 
ΔTmin, MHX = 12 
ΔTmin, SFBHX = 69 
ΔTmin, VF1HX = 80 
ΔTmin, VF2HX = 139 
ΔTmin, CHX = 9 

ΔTmin, HXE = 30 
ΔTmin, MHX = 10 

ΔTmin, SFBHX, VFIHX = 20 
ΔTmin, VF2HX = 80 
ΔTmin, CHX = 4  

ΔTmin, HXE = 60 
ΔTmin, MHX = 20 
ΔTmin, SFBHX = 80 
ΔTmin, VF1HX = 90 
ΔTmin, VF2HX = 145 
ΔTmin, CHX = 15 

Pumps ɳis = 60% ɳis = 86% ɳis = 65% 
F ɳis = 60% ɳis = 90% 0.85𝑍ሶ௞௥௘௔௟ 
S ɳ   elec = 78% ɳelec = 90% ɳelec = 78% 
    

BT ɳelec = 60% ɳelec = 85% ɳelec = 60% 
B ɳcon = 90% ɳcon = 95% 0.66 𝑍ሶ௞௥௘௔௟ 

is = 60%
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SD 𝐸ሶଶଷ − 𝐸ሶ଺ − 𝐸ሶଷସ 𝐸ሶଵଷ + 𝐸ሶଽ − 𝐸ሶଶଽ 
BT 𝐸ሶଶହ − 𝐸ሶଶଷ 𝐸ሶଶ଴ + 𝐸ሶଵ଺ − 𝐸ሶଶସ 
S 𝐸ሶଶ଺ + 𝐸ሶଶ଼ − 𝐸ሶଶହ 𝐸ሶଶ଻ + 𝑊ሶ  ௌ 
B 𝐸ሶହଵ − 𝐸ሶସ଼ (𝐸ሶସଽ + 𝐸ሶସ଻) − 𝐸ሶହ଴

CHX 𝐸ሶଵସ + 𝐸ሶଵ଻ + 𝐸ሶଵଵ − 𝐸ሶଵ଴ 𝐸ሶସହ − 𝐸ሶସ଺ 
For the total system the exergetic efficiency was calculated as the sum of the product exergy rates 

divided by the sum of the fuel exergy rates. 
Other interesting parameters involved in an exergy analysis were the relative exergy destruction (𝑦஽,௞∗ ), which represents the relationship between the destroyed exergy of a component and the total 

destroyed exergy of the system, as shown in Equation (16) [17]. The exergy destruction ratio (𝑦஽,௞), 
which relates the destroyed exergy of a component with the total fuel exergy of the system, is shown 
in Equation (17). The exergetic efficiency (𝑛௘௫,௞), which represents the amount of exergy that is useful 
in relation to the fuel exergy in the component, is shown in Equation (18). 𝑦஽,௞∗ = 𝐸ሶ஽,௞𝐸ሶ஽,௧௢௧ (16) 

𝑦஽,௞ = 𝐸ሶ஽,௞𝐸ሶி,௧௢௧ (17) 

𝑛௘௫,௞ = 𝐸ሶ௉,௞𝐸ሶி,௞ (18) 

2.3. Advanced Exergy Analysis 

In order to obtain the real potential of improvement of each component, the avoidable and 
unavoidable parts of the exergy destruction were calculated. The unavoidable part of the exergy 
destruction (𝐸ሶ஽,௞௎ே)  would be the exergy that will inevitably be destroyed, due to technological 
limitations, no matter how much capital is invested, and can be calculated by using Equation (19) 
[29], where ൫𝐸ሶ஽ 𝐸ሶ௉⁄ ൯௞௎ே is the relationship between the exergy destruction and exergy product rates 
estimated using the unavoidable conditions for each component. 𝐸ሶ஽,௞௎ே = 𝐸ሶ௉,௞ ቆ𝐸ሶ஽𝐸ሶ௉ቇ௞

௎ே
 (19) 

Values of the unavoidable and real operation conditions of the components are summarized in 
Table 3, and were assumed according to previous studies [14,30]. For the spray dryer, the minimum 
air flow required to supply the energy for water evaporation was calculated as an avoidable condition 
[31]. 

Table 3. Assumptions that are considered for real conditions (RC), unavoidable thermodynamic 
inefficiency conditions (RTI), and unavoidable investment cost conditions (UIC). 

Component RC RTI UIC 

Heat Exchangers 

ΔTmin, HXE = 51 
ΔTmin, MHX = 12 
ΔTmin, SFBHX = 69 
ΔTmin, VF1HX = 80 
ΔTmin, VF2HX = 139 
ΔTmin, CHX = 9 

ΔTmin, HXE = 30 
ΔTmin, MHX = 10 

ΔTmin, SFBHX, VFIHX = 20 
ΔTmin, VF2HX = 80 
ΔTmin, CHX = 4  

ΔTmin, HXE = 60 
ΔTmin, MHX = 20 
ΔTmin, SFBHX = 80 
ΔTmin, VF1HX = 90 
ΔTmin, VF2HX = 145 
ΔTmin, CHX = 15 

Pumps ɳis = 60% ɳis = 86% ɳis = 65% 
F ɳis = 60% ɳis = 90% 0.85𝑍ሶ௞௥௘௔௟ 
S ɳ   elec = 78% ɳelec = 90% ɳelec = 78% 
    

BT ɳelec = 60% ɳelec = 85% ɳelec = 60% 
B ɳcon = 90% ɳcon = 95% 0.66 𝑍ሶ௞௥௘௔௟ 

is = 90% 0.85
.
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SD 𝐸ሶଶଷ − 𝐸ሶ଺ − 𝐸ሶଷସ 𝐸ሶଵଷ + 𝐸ሶଽ − 𝐸ሶଶଽ 
BT 𝐸ሶଶହ − 𝐸ሶଶଷ 𝐸ሶଶ଴ + 𝐸ሶଵ଺ − 𝐸ሶଶସ 
S 𝐸ሶଶ଺ + 𝐸ሶଶ଼ − 𝐸ሶଶହ 𝐸ሶଶ଻ + 𝑊ሶ  ௌ 
B 𝐸ሶହଵ − 𝐸ሶସ଼ (𝐸ሶସଽ + 𝐸ሶସ଻) − 𝐸ሶହ଴

CHX 𝐸ሶଵସ + 𝐸ሶଵ଻ + 𝐸ሶଵଵ − 𝐸ሶଵ଴ 𝐸ሶସହ − 𝐸ሶସ଺ 
For the total system the exergetic efficiency was calculated as the sum of the product exergy rates 

divided by the sum of the fuel exergy rates. 
Other interesting parameters involved in an exergy analysis were the relative exergy destruction (𝑦஽,௞∗ ), which represents the relationship between the destroyed exergy of a component and the total 

destroyed exergy of the system, as shown in Equation (16) [17]. The exergy destruction ratio (𝑦஽,௞), 
which relates the destroyed exergy of a component with the total fuel exergy of the system, is shown 
in Equation (17). The exergetic efficiency (𝑛௘௫,௞), which represents the amount of exergy that is useful 
in relation to the fuel exergy in the component, is shown in Equation (18). 𝑦஽,௞∗ = 𝐸ሶ஽,௞𝐸ሶ஽,௧௢௧ (16) 

𝑦஽,௞ = 𝐸ሶ஽,௞𝐸ሶி,௧௢௧ (17) 

𝑛௘௫,௞ = 𝐸ሶ௉,௞𝐸ሶி,௞ (18) 

2.3. Advanced Exergy Analysis 

In order to obtain the real potential of improvement of each component, the avoidable and 
unavoidable parts of the exergy destruction were calculated. The unavoidable part of the exergy 
destruction (𝐸ሶ஽,௞௎ே)  would be the exergy that will inevitably be destroyed, due to technological 
limitations, no matter how much capital is invested, and can be calculated by using Equation (19) 
[29], where ൫𝐸ሶ஽ 𝐸ሶ௉⁄ ൯௞௎ே is the relationship between the exergy destruction and exergy product rates 
estimated using the unavoidable conditions for each component. 𝐸ሶ஽,௞௎ே = 𝐸ሶ௉,௞ ቆ𝐸ሶ஽𝐸ሶ௉ቇ௞

௎ே
 (19) 

Values of the unavoidable and real operation conditions of the components are summarized in 
Table 3, and were assumed according to previous studies [14,30]. For the spray dryer, the minimum 
air flow required to supply the energy for water evaporation was calculated as an avoidable condition 
[31]. 

Table 3. Assumptions that are considered for real conditions (RC), unavoidable thermodynamic 
inefficiency conditions (RTI), and unavoidable investment cost conditions (UIC). 

Component RC RTI UIC 

Heat Exchangers 

ΔTmin, HXE = 51 
ΔTmin, MHX = 12 
ΔTmin, SFBHX = 69 
ΔTmin, VF1HX = 80 
ΔTmin, VF2HX = 139 
ΔTmin, CHX = 9 

ΔTmin, HXE = 30 
ΔTmin, MHX = 10 

ΔTmin, SFBHX, VFIHX = 20 
ΔTmin, VF2HX = 80 
ΔTmin, CHX = 4  

ΔTmin, HXE = 60 
ΔTmin, MHX = 20 
ΔTmin, SFBHX = 80 
ΔTmin, VF1HX = 90 
ΔTmin, VF2HX = 145 
ΔTmin, CHX = 15 

Pumps ɳis = 60% ɳis = 86% ɳis = 65% 
F ɳis = 60% ɳis = 90% 0.85𝑍ሶ௞௥௘௔௟ 
S ɳ   elec = 78% ɳelec = 90% ɳelec = 78% 
    

BT ɳelec = 60% ɳelec = 85% ɳelec = 60% 
B ɳcon = 90% ɳcon = 95% 0.66 𝑍ሶ௞௥௘௔௟ 

elec = 78%
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SD 𝐸ሶଶଷ − 𝐸ሶ଺ − 𝐸ሶଷସ 𝐸ሶଵଷ + 𝐸ሶଽ − 𝐸ሶଶଽ 
BT 𝐸ሶଶହ − 𝐸ሶଶଷ 𝐸ሶଶ଴ + 𝐸ሶଵ଺ − 𝐸ሶଶସ 
S 𝐸ሶଶ଺ + 𝐸ሶଶ଼ − 𝐸ሶଶହ 𝐸ሶଶ଻ + 𝑊ሶ  ௌ 
B 𝐸ሶହଵ − 𝐸ሶସ଼ (𝐸ሶସଽ + 𝐸ሶସ଻) − 𝐸ሶହ଴

CHX 𝐸ሶଵସ + 𝐸ሶଵ଻ + 𝐸ሶଵଵ − 𝐸ሶଵ଴ 𝐸ሶସହ − 𝐸ሶସ଺ 
For the total system the exergetic efficiency was calculated as the sum of the product exergy rates 

divided by the sum of the fuel exergy rates. 
Other interesting parameters involved in an exergy analysis were the relative exergy destruction (𝑦஽,௞∗ ), which represents the relationship between the destroyed exergy of a component and the total 

destroyed exergy of the system, as shown in Equation (16) [17]. The exergy destruction ratio (𝑦஽,௞), 
which relates the destroyed exergy of a component with the total fuel exergy of the system, is shown 
in Equation (17). The exergetic efficiency (𝑛௘௫,௞), which represents the amount of exergy that is useful 
in relation to the fuel exergy in the component, is shown in Equation (18). 𝑦஽,௞∗ = 𝐸ሶ஽,௞𝐸ሶ஽,௧௢௧ (16) 

𝑦஽,௞ = 𝐸ሶ஽,௞𝐸ሶி,௧௢௧ (17) 

𝑛௘௫,௞ = 𝐸ሶ௉,௞𝐸ሶி,௞ (18) 

2.3. Advanced Exergy Analysis 

In order to obtain the real potential of improvement of each component, the avoidable and 
unavoidable parts of the exergy destruction were calculated. The unavoidable part of the exergy 
destruction (𝐸ሶ஽,௞௎ே)  would be the exergy that will inevitably be destroyed, due to technological 
limitations, no matter how much capital is invested, and can be calculated by using Equation (19) 
[29], where ൫𝐸ሶ஽ 𝐸ሶ௉⁄ ൯௞௎ே is the relationship between the exergy destruction and exergy product rates 
estimated using the unavoidable conditions for each component. 𝐸ሶ஽,௞௎ே = 𝐸ሶ௉,௞ ቆ𝐸ሶ஽𝐸ሶ௉ቇ௞

௎ே
 (19) 

Values of the unavoidable and real operation conditions of the components are summarized in 
Table 3, and were assumed according to previous studies [14,30]. For the spray dryer, the minimum 
air flow required to supply the energy for water evaporation was calculated as an avoidable condition 
[31]. 

Table 3. Assumptions that are considered for real conditions (RC), unavoidable thermodynamic 
inefficiency conditions (RTI), and unavoidable investment cost conditions (UIC). 

Component RC RTI UIC 

Heat Exchangers 

ΔTmin, HXE = 51 
ΔTmin, MHX = 12 
ΔTmin, SFBHX = 69 
ΔTmin, VF1HX = 80 
ΔTmin, VF2HX = 139 
ΔTmin, CHX = 9 

ΔTmin, HXE = 30 
ΔTmin, MHX = 10 

ΔTmin, SFBHX, VFIHX = 20 
ΔTmin, VF2HX = 80 
ΔTmin, CHX = 4  

ΔTmin, HXE = 60 
ΔTmin, MHX = 20 
ΔTmin, SFBHX = 80 
ΔTmin, VF1HX = 90 
ΔTmin, VF2HX = 145 
ΔTmin, CHX = 15 

Pumps ɳis = 60% ɳis = 86% ɳis = 65% 
F ɳis = 60% ɳis = 90% 0.85𝑍ሶ௞௥௘௔௟ 
S ɳ   elec = 78% ɳelec = 90% ɳelec = 78% 
    

BT ɳelec = 60% ɳelec = 85% ɳelec = 60% 
B ɳcon = 90% ɳcon = 95% 0.66 𝑍ሶ௞௥௘௔௟ 

elec = 90%
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BT 𝐸ሶଶହ − 𝐸ሶଶଷ 𝐸ሶଶ଴ + 𝐸ሶଵ଺ − 𝐸ሶଶସ 
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B 𝐸ሶହଵ − 𝐸ሶସ଼ (𝐸ሶସଽ + 𝐸ሶସ଻) − 𝐸ሶହ଴

CHX 𝐸ሶଵସ + 𝐸ሶଵ଻ + 𝐸ሶଵଵ − 𝐸ሶଵ଴ 𝐸ሶସହ − 𝐸ሶସ଺ 
For the total system the exergetic efficiency was calculated as the sum of the product exergy rates 

divided by the sum of the fuel exergy rates. 
Other interesting parameters involved in an exergy analysis were the relative exergy destruction (𝑦஽,௞∗ ), which represents the relationship between the destroyed exergy of a component and the total 

destroyed exergy of the system, as shown in Equation (16) [17]. The exergy destruction ratio (𝑦஽,௞), 
which relates the destroyed exergy of a component with the total fuel exergy of the system, is shown 
in Equation (17). The exergetic efficiency (𝑛௘௫,௞), which represents the amount of exergy that is useful 
in relation to the fuel exergy in the component, is shown in Equation (18). 𝑦஽,௞∗ = 𝐸ሶ஽,௞𝐸ሶ஽,௧௢௧ (16) 

𝑦஽,௞ = 𝐸ሶ஽,௞𝐸ሶி,௧௢௧ (17) 

𝑛௘௫,௞ = 𝐸ሶ௉,௞𝐸ሶி,௞ (18) 

2.3. Advanced Exergy Analysis 

In order to obtain the real potential of improvement of each component, the avoidable and 
unavoidable parts of the exergy destruction were calculated. The unavoidable part of the exergy 
destruction (𝐸ሶ஽,௞௎ே)  would be the exergy that will inevitably be destroyed, due to technological 
limitations, no matter how much capital is invested, and can be calculated by using Equation (19) 
[29], where ൫𝐸ሶ஽ 𝐸ሶ௉⁄ ൯௞௎ே is the relationship between the exergy destruction and exergy product rates 
estimated using the unavoidable conditions for each component. 𝐸ሶ஽,௞௎ே = 𝐸ሶ௉,௞ ቆ𝐸ሶ஽𝐸ሶ௉ቇ௞

௎ே
 (19) 

Values of the unavoidable and real operation conditions of the components are summarized in 
Table 3, and were assumed according to previous studies [14,30]. For the spray dryer, the minimum 
air flow required to supply the energy for water evaporation was calculated as an avoidable condition 
[31]. 

Table 3. Assumptions that are considered for real conditions (RC), unavoidable thermodynamic 
inefficiency conditions (RTI), and unavoidable investment cost conditions (UIC). 

Component RC RTI UIC 

Heat Exchangers 

ΔTmin, HXE = 51 
ΔTmin, MHX = 12 
ΔTmin, SFBHX = 69 
ΔTmin, VF1HX = 80 
ΔTmin, VF2HX = 139 
ΔTmin, CHX = 9 

ΔTmin, HXE = 30 
ΔTmin, MHX = 10 

ΔTmin, SFBHX, VFIHX = 20 
ΔTmin, VF2HX = 80 
ΔTmin, CHX = 4  

ΔTmin, HXE = 60 
ΔTmin, MHX = 20 
ΔTmin, SFBHX = 80 
ΔTmin, VF1HX = 90 
ΔTmin, VF2HX = 145 
ΔTmin, CHX = 15 

Pumps ɳis = 60% ɳis = 86% ɳis = 65% 
F ɳis = 60% ɳis = 90% 0.85𝑍ሶ௞௥௘௔௟ 
S ɳ   elec = 78% ɳelec = 90% ɳelec = 78% 
    

BT ɳelec = 60% ɳelec = 85% ɳelec = 60% 
B ɳcon = 90% ɳcon = 95% 0.66 𝑍ሶ௞௥௘௔௟ 

elec = 78%
BT
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divided by the sum of the fuel exergy rates. 
Other interesting parameters involved in an exergy analysis were the relative exergy destruction (𝑦஽,௞∗ ), which represents the relationship between the destroyed exergy of a component and the total 
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in Equation (17). The exergetic efficiency (𝑛௘௫,௞), which represents the amount of exergy that is useful 
in relation to the fuel exergy in the component, is shown in Equation (18). 𝑦஽,௞∗ = 𝐸ሶ஽,௞𝐸ሶ஽,௧௢௧ (16) 

𝑦஽,௞ = 𝐸ሶ஽,௞𝐸ሶி,௧௢௧ (17) 

𝑛௘௫,௞ = 𝐸ሶ௉,௞𝐸ሶி,௞ (18) 

2.3. Advanced Exergy Analysis 

In order to obtain the real potential of improvement of each component, the avoidable and 
unavoidable parts of the exergy destruction were calculated. The unavoidable part of the exergy 
destruction (𝐸ሶ஽,௞௎ே)  would be the exergy that will inevitably be destroyed, due to technological 
limitations, no matter how much capital is invested, and can be calculated by using Equation (19) 
[29], where ൫𝐸ሶ஽ 𝐸ሶ௉⁄ ൯௞௎ே is the relationship between the exergy destruction and exergy product rates 
estimated using the unavoidable conditions for each component. 𝐸ሶ஽,௞௎ே = 𝐸ሶ௉,௞ ቆ𝐸ሶ஽𝐸ሶ௉ቇ௞

௎ே
 (19) 

Values of the unavoidable and real operation conditions of the components are summarized in 
Table 3, and were assumed according to previous studies [14,30]. For the spray dryer, the minimum 
air flow required to supply the energy for water evaporation was calculated as an avoidable condition 
[31]. 

Table 3. Assumptions that are considered for real conditions (RC), unavoidable thermodynamic 
inefficiency conditions (RTI), and unavoidable investment cost conditions (UIC). 

Component RC RTI UIC 

Heat Exchangers 

ΔTmin, HXE = 51 
ΔTmin, MHX = 12 
ΔTmin, SFBHX = 69 
ΔTmin, VF1HX = 80 
ΔTmin, VF2HX = 139 
ΔTmin, CHX = 9 

ΔTmin, HXE = 30 
ΔTmin, MHX = 10 

ΔTmin, SFBHX, VFIHX = 20 
ΔTmin, VF2HX = 80 
ΔTmin, CHX = 4  

ΔTmin, HXE = 60 
ΔTmin, MHX = 20 
ΔTmin, SFBHX = 80 
ΔTmin, VF1HX = 90 
ΔTmin, VF2HX = 145 
ΔTmin, CHX = 15 

Pumps ɳis = 60% ɳis = 86% ɳis = 65% 
F ɳis = 60% ɳis = 90% 0.85𝑍ሶ௞௥௘௔௟ 
S ɳ   elec = 78% ɳelec = 90% ɳelec = 78% 
    

BT ɳelec = 60% ɳelec = 85% ɳelec = 60% 
B ɳcon = 90% ɳcon = 95% 0.66 𝑍ሶ௞௥௘௔௟ 

elec = 60%
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For the total system the exergetic efficiency was calculated as the sum of the product exergy rates 

divided by the sum of the fuel exergy rates. 
Other interesting parameters involved in an exergy analysis were the relative exergy destruction (𝑦஽,௞∗ ), which represents the relationship between the destroyed exergy of a component and the total 

destroyed exergy of the system, as shown in Equation (16) [17]. The exergy destruction ratio (𝑦஽,௞), 
which relates the destroyed exergy of a component with the total fuel exergy of the system, is shown 
in Equation (17). The exergetic efficiency (𝑛௘௫,௞), which represents the amount of exergy that is useful 
in relation to the fuel exergy in the component, is shown in Equation (18). 𝑦஽,௞∗ = 𝐸ሶ஽,௞𝐸ሶ஽,௧௢௧ (16) 

𝑦஽,௞ = 𝐸ሶ஽,௞𝐸ሶி,௧௢௧ (17) 

𝑛௘௫,௞ = 𝐸ሶ௉,௞𝐸ሶி,௞ (18) 

2.3. Advanced Exergy Analysis 

In order to obtain the real potential of improvement of each component, the avoidable and 
unavoidable parts of the exergy destruction were calculated. The unavoidable part of the exergy 
destruction (𝐸ሶ஽,௞௎ே)  would be the exergy that will inevitably be destroyed, due to technological 
limitations, no matter how much capital is invested, and can be calculated by using Equation (19) 
[29], where ൫𝐸ሶ஽ 𝐸ሶ௉⁄ ൯௞௎ே is the relationship between the exergy destruction and exergy product rates 
estimated using the unavoidable conditions for each component. 𝐸ሶ஽,௞௎ே = 𝐸ሶ௉,௞ ቆ𝐸ሶ஽𝐸ሶ௉ቇ௞

௎ே
 (19) 

Values of the unavoidable and real operation conditions of the components are summarized in 
Table 3, and were assumed according to previous studies [14,30]. For the spray dryer, the minimum 
air flow required to supply the energy for water evaporation was calculated as an avoidable condition 
[31]. 

Table 3. Assumptions that are considered for real conditions (RC), unavoidable thermodynamic 
inefficiency conditions (RTI), and unavoidable investment cost conditions (UIC). 

Component RC RTI UIC 

Heat Exchangers 

ΔTmin, HXE = 51 
ΔTmin, MHX = 12 
ΔTmin, SFBHX = 69 
ΔTmin, VF1HX = 80 
ΔTmin, VF2HX = 139 
ΔTmin, CHX = 9 

ΔTmin, HXE = 30 
ΔTmin, MHX = 10 

ΔTmin, SFBHX, VFIHX = 20 
ΔTmin, VF2HX = 80 
ΔTmin, CHX = 4  

ΔTmin, HXE = 60 
ΔTmin, MHX = 20 
ΔTmin, SFBHX = 80 
ΔTmin, VF1HX = 90 
ΔTmin, VF2HX = 145 
ΔTmin, CHX = 15 

Pumps ɳis = 60% ɳis = 86% ɳis = 65% 
F ɳis = 60% ɳis = 90% 0.85𝑍ሶ௞௥௘௔௟ 
S ɳ   elec = 78% ɳelec = 90% ɳelec = 78% 
    

BT ɳelec = 60% ɳelec = 85% ɳelec = 60% 
B ɳcon = 90% ɳcon = 95% 0.66 𝑍ሶ௞௥௘௔௟ 

elec = 85%
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𝑦஽,௞ = 𝐸ሶ஽,௞𝐸ሶி,௧௢௧ (17) 

𝑛௘௫,௞ = 𝐸ሶ௉,௞𝐸ሶி,௞ (18) 

2.3. Advanced Exergy Analysis 

In order to obtain the real potential of improvement of each component, the avoidable and 
unavoidable parts of the exergy destruction were calculated. The unavoidable part of the exergy 
destruction (𝐸ሶ஽,௞௎ே)  would be the exergy that will inevitably be destroyed, due to technological 
limitations, no matter how much capital is invested, and can be calculated by using Equation (19) 
[29], where ൫𝐸ሶ஽ 𝐸ሶ௉⁄ ൯௞௎ே is the relationship between the exergy destruction and exergy product rates 
estimated using the unavoidable conditions for each component. 𝐸ሶ஽,௞௎ே = 𝐸ሶ௉,௞ ቆ𝐸ሶ஽𝐸ሶ௉ቇ௞
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 (19) 

Values of the unavoidable and real operation conditions of the components are summarized in 
Table 3, and were assumed according to previous studies [14,30]. For the spray dryer, the minimum 
air flow required to supply the energy for water evaporation was calculated as an avoidable condition 
[31]. 

Table 3. Assumptions that are considered for real conditions (RC), unavoidable thermodynamic 
inefficiency conditions (RTI), and unavoidable investment cost conditions (UIC). 

Component RC RTI UIC 

Heat Exchangers 

ΔTmin, HXE = 51 
ΔTmin, MHX = 12 
ΔTmin, SFBHX = 69 
ΔTmin, VF1HX = 80 
ΔTmin, VF2HX = 139 
ΔTmin, CHX = 9 

ΔTmin, HXE = 30 
ΔTmin, MHX = 10 

ΔTmin, SFBHX, VFIHX = 20 
ΔTmin, VF2HX = 80 
ΔTmin, CHX = 4  

ΔTmin, HXE = 60 
ΔTmin, MHX = 20 
ΔTmin, SFBHX = 80 
ΔTmin, VF1HX = 90 
ΔTmin, VF2HX = 145 
ΔTmin, CHX = 15 

Pumps ɳis = 60% ɳis = 86% ɳis = 65% 
F ɳis = 60% ɳis = 90% 0.85𝑍ሶ௞௥௘௔௟ 
S ɳ   elec = 78% ɳelec = 90% ɳelec = 78% 
    

BT ɳelec = 60% ɳelec = 85% ɳelec = 60% 
B ɳcon = 90% ɳcon = 95% 0.66 𝑍ሶ௞௥௘௔௟ 

elec = 60%
B
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which relates the destroyed exergy of a component with the total fuel exergy of the system, is shown 
in Equation (17). The exergetic efficiency (𝑛௘௫,௞), which represents the amount of exergy that is useful 
in relation to the fuel exergy in the component, is shown in Equation (18). 𝑦஽,௞∗ = 𝐸ሶ஽,௞𝐸ሶ஽,௧௢௧ (16) 

𝑦஽,௞ = 𝐸ሶ஽,௞𝐸ሶி,௧௢௧ (17) 

𝑛௘௫,௞ = 𝐸ሶ௉,௞𝐸ሶி,௞ (18) 

2.3. Advanced Exergy Analysis 

In order to obtain the real potential of improvement of each component, the avoidable and 
unavoidable parts of the exergy destruction were calculated. The unavoidable part of the exergy 
destruction (𝐸ሶ஽,௞௎ே)  would be the exergy that will inevitably be destroyed, due to technological 
limitations, no matter how much capital is invested, and can be calculated by using Equation (19) 
[29], where ൫𝐸ሶ஽ 𝐸ሶ௉⁄ ൯௞௎ே is the relationship between the exergy destruction and exergy product rates 
estimated using the unavoidable conditions for each component. 𝐸ሶ஽,௞௎ே = 𝐸ሶ௉,௞ ቆ𝐸ሶ஽𝐸ሶ௉ቇ௞

௎ே
 (19) 

Values of the unavoidable and real operation conditions of the components are summarized in 
Table 3, and were assumed according to previous studies [14,30]. For the spray dryer, the minimum 
air flow required to supply the energy for water evaporation was calculated as an avoidable condition 
[31]. 

Table 3. Assumptions that are considered for real conditions (RC), unavoidable thermodynamic 
inefficiency conditions (RTI), and unavoidable investment cost conditions (UIC). 

Component RC RTI UIC 

Heat Exchangers 

ΔTmin, HXE = 51 
ΔTmin, MHX = 12 
ΔTmin, SFBHX = 69 
ΔTmin, VF1HX = 80 
ΔTmin, VF2HX = 139 
ΔTmin, CHX = 9 

ΔTmin, HXE = 30 
ΔTmin, MHX = 10 

ΔTmin, SFBHX, VFIHX = 20 
ΔTmin, VF2HX = 80 
ΔTmin, CHX = 4  

ΔTmin, HXE = 60 
ΔTmin, MHX = 20 
ΔTmin, SFBHX = 80 
ΔTmin, VF1HX = 90 
ΔTmin, VF2HX = 145 
ΔTmin, CHX = 15 

Pumps ɳis = 60% ɳis = 86% ɳis = 65% 
F ɳis = 60% ɳis = 90% 0.85𝑍ሶ௞௥௘௔௟ 
S ɳ   elec = 78% ɳelec = 90% ɳelec = 78% 
    

BT ɳelec = 60% ɳelec = 85% ɳelec = 60% 
B ɳcon = 90% ɳcon = 95% 0.66 𝑍ሶ௞௥௘௔௟ 

con = 90%
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𝑛௘௫,௞ = 𝐸ሶ௉,௞𝐸ሶி,௞ (18) 
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In order to obtain the real potential of improvement of each component, the avoidable and 
unavoidable parts of the exergy destruction were calculated. The unavoidable part of the exergy 
destruction (𝐸ሶ஽,௞௎ே)  would be the exergy that will inevitably be destroyed, due to technological 
limitations, no matter how much capital is invested, and can be calculated by using Equation (19) 
[29], where ൫𝐸ሶ஽ 𝐸ሶ௉⁄ ൯௞௎ே is the relationship between the exergy destruction and exergy product rates 
estimated using the unavoidable conditions for each component. 𝐸ሶ஽,௞௎ே = 𝐸ሶ௉,௞ ቆ𝐸ሶ஽𝐸ሶ௉ቇ௞
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 (19) 

Values of the unavoidable and real operation conditions of the components are summarized in 
Table 3, and were assumed according to previous studies [14,30]. For the spray dryer, the minimum 
air flow required to supply the energy for water evaporation was calculated as an avoidable condition 
[31]. 

Table 3. Assumptions that are considered for real conditions (RC), unavoidable thermodynamic 
inefficiency conditions (RTI), and unavoidable investment cost conditions (UIC). 

Component RC RTI UIC 

Heat Exchangers 

ΔTmin, HXE = 51 
ΔTmin, MHX = 12 
ΔTmin, SFBHX = 69 
ΔTmin, VF1HX = 80 
ΔTmin, VF2HX = 139 
ΔTmin, CHX = 9 

ΔTmin, HXE = 30 
ΔTmin, MHX = 10 

ΔTmin, SFBHX, VFIHX = 20 
ΔTmin, VF2HX = 80 
ΔTmin, CHX = 4  

ΔTmin, HXE = 60 
ΔTmin, MHX = 20 
ΔTmin, SFBHX = 80 
ΔTmin, VF1HX = 90 
ΔTmin, VF2HX = 145 
ΔTmin, CHX = 15 

Pumps ɳis = 60% ɳis = 86% ɳis = 65% 
F ɳis = 60% ɳis = 90% 0.85𝑍ሶ௞௥௘௔௟ 
S ɳ   elec = 78% ɳelec = 90% ɳelec = 78% 
    

BT ɳelec = 60% ɳelec = 85% ɳelec = 60% 
B ɳcon = 90% ɳcon = 95% 0.66 𝑍ሶ௞௥௘௔௟ 

con = 95% 0.66
.
Z

real
k

SD AP-Ratio = 18.8 AP-Ratio = 8.6 0.90
.
Z

real
k



Energies 2020, 13, 5622 7 of 19

2.4. Exergoeconomic Analysis

The exergoeconomic analysis consists of the formulation of a cost balance and its auxiliary
equations at a component level, for each component of the process. The general cost balance [17] is
shown in Equation (20) where cout and cin represent the costs of the outflows and inflows respectively,
cw,k represents the cost rate related with the work and

.
Zk represents the investment cost of each

component. Table 2 shows the cost balance of each component present in the system.∑
k

cq,k
.
Eq,k + cw,k

.
Wk +

∑
in

cin
.
Ein −

∑
out

cout
.
Eout − cD,k

.
ED,k +

.
Zk = 0 (20)

The cost balance can be written in terms of the fuel and product formulation [28] as is shown in
Equations (21) and (22).

.
CP,k =

.
CF,k +

.
Zk −

.
CD,k (21)

cP,k
.
EP,k = cF,k

.
EF,k +

.
Zk −

.
CD,k (22)

where
.
CP,k is the product cost rate,

.
CF,k is the fuel cost rate, and

.
CD,k is the cost rate associated with the

destroyed exergy for each component.
The exergy destroyed in the k-th component has an associated cost rate

.
CD,k that can be calculated

in terms of the cost of the additional fuel (cF,k) that needs to be supplied to this component to cover the
exergy destruction and to generate the same exergy flow rate of the product, when

.
EP,k stay constant

(Equation (23)) [17]. Table 4 shows the cost balance of each component present in the system.

.
CD,k = cF,k

.
ED,k (23)

Table 4. Cost balance equations and auxiliary equations for exergy costs of the system.

Component Fuel Cost Expression Product Cost Expression Auxiliary Equations

LP
.
C3 +

.
WLP

.
C2 +

.
ZLP -

HP
.
C5 +

.
WHP

.
C4 +

.
ZHP c4 = c3 + c1

HXE
.
C6 +

.
C36

.
C5 +

.
C35 c36 = c35 = c51

MHX
.
C9 +

.
C38

.
C8 +

.
C37 c38 = c37 = c51

SFBHX
.
C13 +

.
C40

.
C12 +

.
C39 c40 = c39 = c51

VF1HX
.
C16 +

.
C42

.
C15 +

.
C41 c42 = c41 = c51

VF2HX
.
C18 +

.
C44

.
C17 +

.
C43 c44 = c43 = c51

MF
.
C8 +

.
WMF

.
C7 c7 = 0

SFBF
.
C12 +

.
WSFBF

.
C11 -

VF1F
.
C15 +

.
WVF1F

.
C14 -

VF2F
.
C20 +

.
WVF2F

.
C19 c19 = c18

RFF
.
C22 +

.
WRFF

.
C21 c21 = c18

FF
.
C31 +

.
C32 +

.
WFF

.
C30 c31 = c32

SD
.
C29 +

.
C23

.
C6 +

.
C9 +

.
C13 +

.
C34 c29 = c9

BT
.
C24 +

.
C25

.
C16 +

.
C23 c24 = c16

S
.

WS
.
C26 +

.
C27 −

.
C25 −

.
C28 c28 = c30; c29 = c31

B
.
C50 +

.
C51

.
C47 +

.
C48 +

.
C49 c47 = 0; c49 = c50

CHX
.
C11 +

.
C14 +

.
C17 +

.
C46

.
C10 +

.
C45

c10 = 0; c45 = c46
c11 = c14 = c17

There are some non-energetic costs used in the calculations of the cost balance of each component.
In the boiler, the fuel used to generate vapor was fuel oil 6. The price of the liquid fuel (stream 49) was
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$1.07 per gallon [32]. The potable water (stream 48) had a cost of $0.53 per cubic meter [33]. The price
of carbon dioxide (stream 1) injected into the coffee extract was $24.22 per kg.

The variable
.
Zk was calculated as the sum of capital investment (

.
Z

CI
k ) and operation and

maintenance costs (
.
Z

OM
k ) for each component, as is shown in Equation (24) [17].

.
Zk =

.
Z

OM
k +

.
Z

CI
k (24)

The capital investment for each component can be calculated by using Equation (25) [17]:

.
Z

CI
k =

PECk ∗CRF
τ

(25)

where PECk is the purchase price of the kth component and τ is the number of annual operating
hours (24 h per day, 365 days per year). It was assumed that the ordinary annuities transaction
occurs at the end of each time interval, thus the CRF (capital recovery factor) could be obtained using
Equation (26) [17], where ie f f is the interest rate (10%), and n is the lifetime of the system (20 years).

CRF =
ie f f ∗

(
1 + ie f f

)n(
1 + ie f f

)n
− 1

(26)

The rate of operation and maintenance costs (
.
Z

OM
k ) can be calculated by using Equation (27).

The operation and maintenance cost (OMCk) of each component is determined by using Equation (28),
which is a close approximation used by Bejan et al [17]. The constant-escalation levelization factor
(CELF) was determined by using Equation (29), which depends on the factor kOMC defined by
Equation (30) [17]. For the nominal escalation rate (rOM), it was assumed that all costs except fuel costs
and the values of by-products change annually with the constant average inflation rate of 4% [17].

.
Z

OM
k =

OMCk ∗CELFOM

τ
(27)

OMCk = 0.2 ∗ PECk (28)

CELFOM =
kOMC ∗ (1− kOMC

n) ∗CRF
(1− kOMC)

(29)

kOMC =
1 + rOM
1 + ie f f

(30)

For a better interpretation of the results, the exergoeconomic factor ( fk) and relative cost difference
(rk) were determined. The first factor represents the relationship between the investment cost and the
total operating cost rate, while the rk represents the increase of the specific exergy cost in a component
divided by the specific exergy cost of the fuel.

fk =

.
Zk

.
Zk +

.
CD,k

(31)

rk =
cP,k − cF,k

cF,k
(32)

2.5. Advanced Exergoeconomic Analysis

The unavoidable (
.
C

UN
D,k ) and avoidable cost (

.
C

AV
D,k) associated with exergy destruction were

calculated using Equations (33) and (34). The unavoidable (
.
Z

UN
k ) and avoidable investment cost rates
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(
.
Z

AV
k ) were calculated by using Equations (35) and (36). The relation between the investment cost

rate and the exergy product rate (
.
Zk/

.
EP)

UN
k was estimated by using the unavoidable cost conditions

presented in Table 4. For the heat exchangers, a Pro/II®simulator was used to estimate the new heat
transfer area based on the minimum temperature difference.

.
C

UN
D,k = cF,k

.
E

UN
D,k (33)

.
C

AV
D,k =

.
CD,k −

.
C

AV
D,k (34)

.
Z

UN
k =

.
EP,k

 .
Zk

.
EP

UN

k

(35)

.
Z

AV
k =

.
Zk −

.
Z

UN
k (36)

3. Results and Discussions

3.1. Conventional Exergy Analysis

The parameters of the exergetic analysis were calculated for each state throughout the entire
studied system. Table 5 shows the flow rate (

.
m), temperature (T), pressure (P), specific chemical exergy

(eCH), specific physical exergy (ePH), specific kinetic exergy (eKN), and exergy rate (
.
E) of each stream.

Table 5. Thermodynamic values of the streams.

State
.

m (kg/h) T (◦C) P (kPa) eCH

(kJ/kg)
ePH

(kJ/kg)
eKN

(kJ/kg)
.
E (kJ/h)

1 7.4 12 101 322 0.22 0.0 2383
2 528 14 101 2.25 10.8 0.0 6891
3 528 15 750 2.25 9.70 0.5 6593
4 528 16 750 1.56 8.84 0.5 5776
5 528 18 5400 1.56 4.73 4.0 5470
6 528 39 5400 1.56 13.4 4.0 10,045
7 9922 28 101 0.00 0.00 0.0 0
8 9922 28 105 0.01 0.00 1.0 10,286
9 9922 178 105 0.01 29.9 1.0 307,205

10 4002 28 101 0.00 0.00 0.0 0
11 1626 15 101 0.002 0.27 0.0 436
12 1626 15 105 0.012 0.27 1.0 2126
13 1626 96 105 0.012 6.97 1.0 13,031
14 1100 15 101 0.002 0.27 0.0 295
15 1100 15 105 0.012 0.27 1.0 1438
16 1100 85 105 0.012 5.02 1.0 6665
17 1276 15 101 0.002 0.27 0.0 342
18 1276 26 101 0.002 0.00 0.0 6
19 1101 26 101 0.002 0.00 0.0 6
20 1101 27 105 0.012 0.00 1.0 1146
21 175 26 101 0.002 0.00 0.0 1
22 175 27 105 0.012 0.00 1.0 182
23 209 80 101 5.80 8.24 6.0 4202
24 2203 58 101 0.002 1.49 0.0 3298
25 207 35 101 5.80 0.18 1.0 1450
27 0.04 30 101 4.18 0.07 0.0 0.04
26 200 30 101 5.80 0.02 0.0 1163
28 6.96 30 101 5.80 0.02 0.0 40
29 12,065 96 100 0.001 7.45 2.1 114,790
30 14,268 94 100 0.003 6.94 0.0 99,094
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Table 5. Cont.

State
.

m (kg/h) T (◦C) P (kPa) eCH

(kJ/kg)
ePH

(kJ/kg)
eKN

(kJ/kg)
.
E (kJ/h)

31 14,252 94 105 0.003 6.94 0.9 111,685
32 16 94 100 1647 11.2 0.0 26,942
33 182 30 101 1647 0.01 0.0 26,763
34 198 40 101 1647 0.26 0.9 27,009
35 20 90 70 480 418 0.0 18,231
36 20 90 70 2.50 23.9 0.0 537
37 806 190 1250 480 499 0.0 789,231
38 806 190 1250 2.50 29.0 0.0 25,387
39 80 165 700 480 753 0.0 98,620
40 80 165 700 2.50 104 0.0 8507
41 43 165 700 480 753 0.0 53,008
42 43 165 700 2.50 104 0.0 4581
43 10 165 700 480 753 0.0 12,328
44 10 165 700 2.50 104 0.0 1063
45 25,438 2 500 2.50 5.13 0.0 194,111
46 25,438 6 500 2.50 3.71 0.0 157,878
47 959 190 1250 480 499 0.0 938,861
48 959 104 1250 2.50 39.3 0.0 40,075
49 2217 28 101 0.00 0.00 0.0 0
50 77 28 101 43,293 0.00 0.0 3,332,277
51 2294 650 101 26.0 331 0.0 817,815

The exergy rate of the fuel (
.
EF) and the product (

.
EP), the exergetic (nex) and energetic (nen)

efficiencies, and the exergy destruction ratios (y∗D,k and yD,k) were calculated for each component in the
system. The results are summarized in Table 6. The components with the highest exergy fuel rates
were the B, the MHX, and the SD. The MHX is the component with the highest exergetic efficiency
(38.9%), followed by the boiler (37%). There is a big difference between the exergetic and the energetic
efficiencies of the majority of the components, and consequently the overall system also exhibited
the same behavior. Therefore, despite the energy efficiency of the system (the conservation of the
quantity of energy) being 67.8%, the overall exergy efficiency (the quality of that energy) was only
33.3%. Similar results were obtained in a study on the spray drying process in an industrial scale
ceramic factory, in which the energetic efficiency was found to be between 43% and 87% [34], and the
exergetic efficiency was between 12% and 64% [35]. However, in a pilot-scale study of spray drying
of cherry puree the energetic and exergetic efficiencies were only 3.2% and 0.7%, respectively [11].
This, along with laboratory-scale studies [10,12,36], demonstrates that pilot-scale and laboratory-scale
studies do not accurately represent the energetic and exergetic performances of the industrial-scale
spray drying process.

Figure 2 shows the fuel and product exergy rate of the overall system, and the destroyed exergy
rate of each component. The results show that the components that had electric energy as the main
fuel exergy source such as the vibrating screen, belt, and fans had the lowest impact on the exergetic
destruction. This occurs because the electric energy was used for mechanical operations, instead of
being used as a heat source. The exergy destruction ratio (yD) was lower than 5% for these components.
These results were similar to other studies that determined an exergy destruction ratio lower than 2%
for the compressors and pumps in a CCHP system [37]. Furthermore, in a yogurt plant the devices
that required electric energy accounted for less than 5% of the total exergy destruction [38].
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Table 6. Results of the exergy analysis of all the components of the spray drying system.

Component
.
EF (kJ/h)

.
EP (kJ/h) nex (%) nen (%) y*

D,k yD,k

SD 205,446 32,852 16.0 93.9 0.058 0.040
LP 7920 298 3.8 27.2 0.003 0.002
HP 19,800 307 1.5 34.2 0.007 0.005

HXE 17,694 4576 25.9 76.4 0.005 0.003
MHX 763,844 296,918 38.9 79.4 0.174 0.116

SFBHX 90,114 10,906 12.1 81.4 0.030 0.020
VF1HX 48,427 5227 10.8 88.6 0.016 0.011
VF2HX 11,264 336 3.0 69.2 0.004 0.003

MF 66,600 10,286 15.4 46.3 0.021 0.014
SFBF 19,800 1690 8.5 24.0 0.007 0.005
VF1F 14,400 1143 7.9 22.4 0.005 0.003
VF2F 14,400 1140 7.9 23.3 0.005 0.003
RFF 1980 181 9.2 29.4 0.001 0.001
FF 108,000 39,534 36.6 51.5 0.026 0.017

CHX 36,233 1072 3.0 27.8 0.013 0.009
B 2,514,427 898,786 35.7 73.3 0.611 0.374

BT 7920 546 6.9 69.9 0.003 0.002
S 3600 247 6.9 n/a 0.001 0.001
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Conversely, the boiler destroyed 39.4% of the overall fuel exergy rate. This percentage was similar
to other plants where the boiler was used as an auxiliary supply of steam. For instance, in a factory,
which produces ghee, the boiler has the highest exergy destruction ratio 39% [39]. This is because the
main purpose of this component is to convert a high-quality energy (chemical energy of fuel oil) to a
low-quality energy (heat).

The MHX also has a high exergy destruction rate, despite having one of the highest exergetic
efficiencies. The air heater used in this process was a steam-heated type, which is one of the most
used in food industry, it had an exergy efficiency of 38.9% and a high specific exergy destruction of
287 kJ per kg of heated air, with a minimum temperature difference of 12 ◦C. There are other types of
air heaters that could reduce the exergy destruction rate and the minimum temperature difference
such as a system with a heat exchanger that uses geothermic fluid. A previous study showed that
this kind of heat exchanger has an exergy efficiency of 42% and specific destruction exergy of 57.5 kJ
per kilogram of heated air with a minimum temperature difference of 5 ◦C [40]. Another type of air
heater was one that uses electric energy as the source of heat. A previous study on the spray drying of
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photochromic dyes determined that the exergy efficiency of this kind of heater was 16.4% [12], this has
the lowest exergy efficiency because it is transforming high quality energy (electric energy) to low
quality energy (heat).

The SD also affects the performance of the overall system, since it has one of the highest rates of
exergy destruction at 595 kJ/kg of evaporated water. Previous studies by Bühler et al. [31] found that
the spray dryer is a highly exergy-destructive component in a powdered milk factory. Similarly in
a large dairy factory producing primarily milk powder, they obtained an exergy destruction rate of
1345 kJ/kg of evaporated water [14]. In a ceramic plant, the exergy destruction rate was 1111.4 kJ/kg of
evaporated water [35].

3.2. Advanced Exergy Analysis

In order to determine the avoidable and unavoidable fractions of the exergy destruction rate, it was
split at a component level by considering the unavoidable thermodynamic inefficiency conditions
listed in Table 3. Figure 3 shows that the components with the highest avoidable exergy destruction
rates. Even though the MHX had one of the highest exergy destruction rates, more than 96% of the
MHX destroyed exergy was unavoidable, this is because the real operational conditions were close to
the unavoidable ones.
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Figure 3. Irreversibility rate distribution of the main components of the system.

Conversely, the B and the SD were responsible for 38% (54 kW) and 15% (21 kW) of the total
avoidable exergy destruction rate, respectively. Vuckovic et al. [30] and Bühler [14] found similar
results for the boiler in an industrial energy supply plant (16.4%) and the spray dryer for a milk
processing factory (16.5%), respectively.

Structural changes in spray drying systems have been studied as an alternative to reduce avoidable
exergy destruction rates. Walmsley et al. [22] concluded that a closed drying air loop for the recovery
of heat waste in a spray drying system for the production of powdered milk could achieve a reduction
of 14.4% of steam used. This reduction would consequently reduce the avoidable exergy destruction
rate for the system. In addition, Camci et al. [15] determined that the exergy destruction rate could
decrease by 11% when solar collectors for preheating the drying air were used.

3.3. Conventional Exergoeconomic Analysis

The conventional exergoeconomic analysis was carried out at a level component and it is presented
in Table 7 different indicators such as the specific fuel cost (cF), the destruction exergy cost rate (

.
CD),

the exergoeconomic factor (fk), the relative cost difference (rk), and the total operating cost rate (
.
CD +

.
Zk)

in descending order.
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Table 7. Results of the thermoeconomic analysis.

Component cF ($/kJ)
.
CD ($/h)

.
Zk+

.
CD ($/h) rk fk (%)

SD 6.2 × 10−4 106.8 109.6 0.02 2.50
MHX 1.3 × 10−4 60.5 61.6 0.01 1.73

B 6.7 × 10−6 13.1 14.4 0.07 9.03
SFBHX 1.0 × 10−4 8.2 8.3 0.02 2.06
VF1HX 1.0 × 10−4 4.4 4.6 0.02 2.61

BT 5.7 × 10−4 4.2 4.5 0.06 5.71
CHX 7.0 × 10−5 2.4 3.0 0.20 17.43
HXE 1.4 × 10−4 1.9 1.9 0.01 1.37

VF2HX 1.0 × 10−4 1.1 1.2 0.03 3.17
FF 2.6 × 10−5 1.8 1.9 0.05 7.83
MF 2.6 × 10−5 1.5 1.6 0.08 9.00
HP 2.6 × 10−5 0.5 1.1 1.14 53.73
RTF 2.6 × 10−5 0.05 0.2 3.30 78.42
SFBF 2.6 × 10−5 0.5 0.6 0.33 26.52
VF2F 2.6 × 10−5 0.3 0.5 0.45 33.02
VF1F 2.6 × 10−5 0.3 0.5 0.45 33.03

LP 2.6 × 10−5 0.2 0.4 1.21 55.73
S 2.6 × 10−5 0.1 0.4 8.16 78.49

The results show that the two highest total operating cost rates (
.
Zk +

.
CD) were from the SD

followed by the MHX, meaning that the influence of these components on the total costs associated
with the overall system was significant. Interesting results are presented, because although the B had
a higher avoidable exergy destruction rate than the SD and MHX, the specific cost rate was higher
in the SD than in the B, thus making the SD the component that had the greatest influence on the
total operating cost rate. In contrast, the fans, the pumps, and the vibrating stream were the three
components that contributed least to the total operating cost rate. Similar results were obtained by an
exergoeconomic analysis in a corn dryer, where the drying chamber represented more than 98% of the
total operational costs [41].

Furthermore, although the percentage relative cost differences for components such as the B
(7%), SD (2%), and MHX (1%) were found to be low, their exergy destruction cost rates were high.
The MHX and the SD had exergoeconomic factors of 1.6% and 3.3%, respectively, which means that
the exergetic efficiency of these components must increase in order to reduce the overall system cost.
Similar results were found in other drying technologies such as gas engine-driven heat pump dryer and
a ground-source heat pump food dryer, which had exergoeconomic factors of 25% [42] and 14.6% [43],
respectively. Another previous study on a pilot-scale spray dryer for the production of cheese powder,
concluded similarly that in order to reduce the operational cost in spray drying systems, the exergy
efficiency in the drying chamber should be increased even though this would require an increment in
the capital investment [21].

3.4. Advanced Exergoeconomic Analysis

In order to determine the system’s potential of improvement for the reduction of the overall
operational cost, an advanced exergoeconomic analysis was performed. In Figure 4, the avoidable

(
.
C

AV
D,k) and unavoidable (

.
C

UN
D,k ) cost of exergy destruction, and the avoidable (

.
Z

AV
k ) and unavoidable

(
.
Z

UN
k ) investment cost rates of the different components of the system are presented.

As it is shown in Figure 4 the combined avoidable investment cost rates of the B, the SD and
the MHX, represents only 10.2% of the overall investment cost rate and less than 1% of the overall
operational cost rate. These results show that the improvement potential for the investment cost rate
of the SD and the MHX was low.
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On the other hand, the avoidable exergy destruction cost rate for the overall system represents 30%
of the operational cost and 31% of the overall destruction cost. Only three advanced exergoeconomic
analyses have been done in drying systems, but all of them were performed on heat pump dryers [44,45].
These previous studies reported that 46% and 74% of the overall destruction cost were avoidable.
This indicates that spray drying process could have lower improvement potential than the heat pump
drying process.

In Figure 5, the avoidable and unavoidable exergy destruction cost rates are presented at a
component level. It is shown that the B and MHX had high unavoidable exergy destruction cost rate,
combined they represented 49% of the total unavoidable exergy destruction. A previous advanced
exergoeconomic analysis in a power plant showed similar results for the boiler: around 90% of the
destruction cost rate was unavoidable [46].
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Other components such as fans, pumps, and the vibrating screen had also low avoidable cost
rates associated with exergy destruction (accounting for less than 1% of the total avoidable cost),
which means that any improvement in these components will not significantly reduce the total
operating cost. This result is also shown in other food drying systems where the components that
require electric energy have avoidable costs that represent less than 1% of the total cost [45].
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Conversely, although the B has the highest avoidable exergy destruction rate, the spray dryer
has the highest avoidable exergy destruction cost rate ($47.7/h), which represents 73% of the overall
avoidable destruction cost rate of the process. A previous study on a pump food dryer similarly
concluded that 68.6% of the destruction cost rates were avoidable in the drying chamber [47]. These
results imply that the SD had the highest level of improvement potential. A reduction of the exergy
destruction rate in the spray dryer could reduce the total cost of the overall system by 22%.

4. Conclusions

According to the aim of this study, we developed conventional and advanced exergy and
exergoeconomic analyses of a spray drying system of instant coffee for the first time, using real
operational data. The components of the system where analyzed individually. The advanced analysis
was found to be useful for quantifying the flow costs in the process and also for identifying which
components have the greatest potential for improvement in order to make the overall system more
cost effective.

According to the analysis and discussion, the following conclusions were obtained:

• The overall energy and exergy efficiencies of the spray drying system were calculated as 71% and
33% respectively, where the B had the highest exergy destruction rate, but most of it (90%) was
unavoidable exergy destruction.

• The conventional exergoeconomic analysis allows for the quantification of the overall operational
cost rate ($207.9/h); more than 70% of that cost rate was due to the SD and the MHX.

• The exergoeconomic factor allowed for the identification of the SD and MHX as the sources with
the highest cost rate. More than 97% of the operating cost rate of the SD and the MHX were due
to a high exergy destruction rate; of all the components in the studied system, these components
were the most exergy destructive. The cost rates of the exergy destruction for the SD and the MHX
were 106.9 $/h and 60.5$/h, respectively.

• The advanced exergoeconomic analysis revealed that 33% of the exergy destruction cost rate of
the overall system was avoidable. Additionally, it established that 70% of the avoidable exergy
destruction cost rate was located in the SD, demonstrating that this was the component with the
highest improvement potential.

Finally, based on the results obtained in this analysis, the following recommendations were made
for the plant: It would be useful to reduce the exergetic destruction cost rate of the SD and the MHX,
by performing a parametric study and implementing structural changes within an exergoeconomic
optimization in order to obtain fk values as close to 50% as possible [48]. Further studies are necessary
to analyze the interdependence of the SD and the rest of the system’s components, in order to
determine the percentage of avoidable costs that can be attributed to the irreversibilities of each
component’s operation.

Author Contributions: Conceptualization, investigation and data curation, D.L.T.-C.; methodology, A.M.B.-M.;
software and validation, formal analysis, D.L.T.-C. and A.M.B.-M.; writing—original draft preparation, D.L.T.-C.;
writing—review and editing, A.M.B.-M.; supervision and project administration, A.L.-M. and A.M.B.-M. All authors
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Nomenclature
.
C cost rate associated with an exergy stream ($/h)
y destruction rate
.
E exergy rate (kJ/h)
f exergy rate (kJ/h)
i interest rate
cp heat capacity (kJ/K*kg)
.

Q heat flow rate (kJ/h)
R ideal gas constant (kJ/kmol*K)
.
Z investment cost rate ($/h)
.

m mass flow rate (kg/h)
n life time of the system
P pressure (kPa)
r relative cost difference
y* relative irreversibility
h specific enthalpy (kJ/kg)
s specific entropy (kJ/kg)
e specific exergy rate (kJ/kg)
T temperature (◦C)
c unit exergy cost ($/kJ)
w mole fraction of water vapor

.
W power (kJ/h)
x mole fraction
Greek letters
∆ difference
γ specific heat ratio
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2.3. Advanced Exergy Analysis 

In order to obtain the real potential of improvement of each component, the avoidable and 
unavoidable parts of the exergy destruction were calculated. The unavoidable part of the exergy 
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Values of the unavoidable and real operation conditions of the components are summarized in 
Table 3, and were assumed according to previous studies [14,30]. For the spray dryer, the minimum 
air flow required to supply the energy for water evaporation was calculated as an avoidable condition 
[31]. 

Table 3. Assumptions that are considered for real conditions (RC), unavoidable thermodynamic 
inefficiency conditions (RTI), and unavoidable investment cost conditions (UIC). 

Component RC RTI UIC 

Heat Exchangers 

ΔTmin, HXE = 51 
ΔTmin, MHX = 12 
ΔTmin, SFBHX = 69 
ΔTmin, VF1HX = 80 
ΔTmin, VF2HX = 139 
ΔTmin, CHX = 9 

ΔTmin, HXE = 30 
ΔTmin, MHX = 10 

ΔTmin, SFBHX, VFIHX = 20 
ΔTmin, VF2HX = 80 
ΔTmin, CHX = 4  

ΔTmin, HXE = 60 
ΔTmin, MHX = 20 
ΔTmin, SFBHX = 80 
ΔTmin, VF1HX = 90 
ΔTmin, VF2HX = 145 
ΔTmin, CHX = 15 

Pumps ɳis = 60% ɳis = 86% ɳis = 65% 
F ɳis = 60% ɳis = 90% 0.85𝑍ሶ௞௥௘௔௟ 
S ɳ   elec = 78% ɳelec = 90% ɳelec = 78% 
    

BT ɳelec = 60% ɳelec = 85% ɳelec = 60% 
B ɳcon = 90% ɳcon = 95% 0.66 𝑍ሶ௞௥௘௔௟ 

efficiency
ρ air density (kg/m3)
τ annual operating hours (h)
Abbreviations
B boiler
BT belt
CHX cooler heat exchanger
HXE extract heat exchanger
RFF fine returns fan
SFBF fluidized bed fan
SFBHX fluidized bed heat exchanger
HP high pressure pump
LP low pressure pump
MF main fan
MHX main heat exchanger
N nozzle
PEC purchased equipment cost
SD spray dryer
FF vacuum pump
VF1F vf1 fan
VF1HX vf1 heat exchanger
VF2F vf2 fan
VF2HX vf2 heat exchanger
S vibrating screen
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Subscripts
con conversion
D exergy destruction
elec electric
en energy
ex exergy
F fuel exergy
in inflow
is isentropic
k kth component
mech mechanical
min minimum
mix mixture
out outflow
P product exergy
L loss
tot overall system
o thermodynamic environment
Superscripts
AV avoidable
CH chemical
CI capital investment
KN kinetic
OM operating and maintenance
PH physical
PT potential
UN unavoidable
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