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Abstract: A liquid desiccant dehumidification cooling system is a promising, energy-saving, high-
efficiency, environmentally friendly technology that maintains thermal comfort effectively indoors by
utilizing renewable energy sources or waste heat to enhance system efficiency. In this research, a small-
scale (6 kW cooling capacity) hybrid liquid desiccant air-conditioning system (HLDAC) is proposed
to evaluate the dehumidification performance of a non-corrosive potassium formate (KCOOH)
solution. For this, four input parameters, namely, inlet air flow rate, inlet desiccant temperature,
inlet desiccant concentration, and inlet specific air humidity, were selected. Moreover, the different
combinations of experiments were designed by employing response surface methodology (RSM)
to evaluate the dehumidification performance parameters, namely, dehumidifier latent heat load,
coefficient of performance of hybrid system, and moisture removal rate (MRR). Further, a comparative
performance analysis between the hybrid system and a standalone vapor compression system (VCS)
unit was carried out. The result showed a remarkable increase in coefficient of performance, which
was observed at about 28.48% over the standalone VCS unit. Furthermore, the economic assessment
of the proposed hybrid system is presented in this paper. Finally, from the economic analysis, it was
concluded that the hybrid system had a payback time of 2.65 years compared to the VCS unit.

Keywords: hybrid energy-efficient system; vapor compression refrigeration; dehumidification per-
formance; energy conservation; payback period

1. Introduction

Air conditioning (AC) is acknowledged as a crucial means of upgrading the comfort
level and living environment for humans, as people spend up to 70–90% of their lives in-
doors. The parameters for better indoor air quality include airborne pollutants, ventilation,
thermal comfort, humidity, acoustic conditions, and other variables [1]. Usually, thermal
comfort and humidity are the two important factors that are regulated by AC systems. It
is anticipated that, in the future, AC systems will need more energy to provide a comfort-
able indoor environment due to the rising demand for a high quality of life [2]. Hence,
improving the effectiveness of AC systems is consequently a prominent topic of discussion.
Moreover, worries about global warming and other forms of environmental degradation
have increased the demand for buildings to reduce their cooling and air conditioning energy
use [3]. In recent years, the vapor compression system (VCS) has gained popularity due to
its compact size, the ability to handle sensible heat load effectively with high heat transfer,
and operation convenience [4]. However, it has always been criticized for its significant
dependence on electricity, inadequate humidity control, and ineffective handling of latent
heat load as supercooling is done below its dew point temperature and afterward reheating
is done to the desired indoor condition, which results in significant energy consumption.
In addition, health issues might arise because the coil surface in the VCS can act as a fertile
source for microorganisms due to the condensed water. Therefore, a persistent effort has
been made by the researchers to search for better alternative AC systems.

Sustainability 2022, 14, 15917. https://doi.org/10.3390/su142315917 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su142315917
https://doi.org/10.3390/su142315917
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-7736-7009
https://doi.org/10.3390/su142315917
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su142315917?type=check_update&version=1


Sustainability 2022, 14, 15917 2 of 25

The liquid desiccant dehumidification system (LDDS) is gaining popularity for the
dehumidification of indoor air as it requires less energy since liquid desiccant collects
moisture straight from the air. Therefore, it may be utilized as an efficient supplement to
conventional VCS as it has better humidity control with an effective approach towards
latent heat load and has the possibility of being powered by renewable or low-grade en-
ergy. With a new hybrid technology, the benefits of both liquid desiccant dehumidification
and VCS can be used together. Extensive research has been carried out for hybrid liquid
desiccant air-conditioning (HLDAC) aiming to improve the effectiveness and performance
of traditional AC systems. Mohammad et al. [5] studied different types of hybrid liquid
desiccant air-conditioning (LDAC) systems based on the VCS and concluded that this
novel technology has the capacity to remove air moisture in hot and humid regions with
energy-saving potential as the liquid desiccant can be regenerated with waste heat or
renewable energy. Additionally, the VCS is compact in size and thus enhances its coeffi-
cient of performance (COP). Jain et al. [6] investigated an electric power-driven hybrid
LDAC system and compiled experimental data on a packed bed dehumidifier with three
desiccants (i.e., calcium chloride (CaCl2), lithium chloride (LiCl), and triethylene glycol
(TEG)), and empirical correlations were developed. Dai et al. [7] experimentally inves-
tigated a hybrid LDAC system comprised of a VCS, a liquid desiccant system, and an
evaporative cooler, and the COP was found to be 1.513, 1.862, and 1.745 while using VCS,
VCS + desiccant dehumidification, and VCS + desiccant dehumidification + evaporative
cooling, respectively. Al-Farayedhi et al. [8] suggested a system consisting of a packed-bed
dehumidifier with a five-ton capacity VCS while employing CaCl2 as liquid desiccant, and
results revealed that temperature of the air was reduced from 48 to 38 ◦C and the value
of outlet-to-inlet absolute humidity was found to be 0.6. The COPhybrid was calculated in
three different regeneration modes: 1.164 (while heating desiccant), 1.616 (while heating
air), and 1.4221 (while heating both air and desiccant), and the COP of the standalone VCS
was 0.989. Lee et al. [9] experimentally investigated a proposed heat pump driven hybrid
LDAC system in which the heat pump accommodates the heating and cooling demands
of liquid desiccant. The result was that COP was found to be 2.26 in the summer with
7.45 kW cooling capacity and the COP in the winter was found to be 2.51 with 5.075 kW.
Guan et al. [10] discussed the performance of an on-site novel hybrid LDAC system in
an industrial factory. The COP of the system was 3.6, which was enhanced by 25.6% and
saved about 23.3% energy. This is achieved as this proposed system needs chilled water
without reheating because of the use of the dehumidifier. Mansuriya et al. [11] performed
an experimental study on a small-scale 5 kW hybrid LDAC system in which a VCS unit
is employed to enhance the COPhybrid by 27.54% and the share of total latent heat load
(LHL) of the system, 54.93%, is shared by the dehumidifier unit with a payback time of
four years. In another study [12], they performed a thermo-economic assessment of the
proposed system with COP and annual cost as objectives. The investigation concluded that
the COP was improved by up to 68.4% compared to the standalone COP, and the payback
duration was found to be 1.54.

The key element of the LDDS is a liquid desiccant that has a significant ability to
absorb moisture. The liquid desiccants are chemicals that have hygroscopic characteristics
that absorb atmospheric moisture (i.e., dehumidifying air) and decrease the burden and
enhance the performance of the AC system by removing LHL from processed air. In the
LDDS, the selection of the liquid desiccant is very crucial for the regeneration and dehu-
midification process [13]. An appropriate liquid desiccant for an LDDS should possess a
number of characteristics, such as availability, non-corrosive, low regeneration temperature,
low viscosity, low equilibrium vapor pressure, high heat transfer, low surface tension, non-
volatile, stability, and low cost [14]. CaCl2, lithium bromide (LiBr), LiCl, and magnesium
chloride (MgCl2) are the most frequently employed liquid desiccants in LDDS, and their
dehumidification and regeneration capabilities are widely utilized in recent engineering
applications [15]. LiCl, the most stable liquid desiccant, has the lowest dehydration con-
centration (30–40%) and the lowest vapor pressure [16]. LiBr is approximately 20% more
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costly than LiCl, but it possesses the same regeneration and dehumidification capabilities.
As the most readily available desiccant, CaCl2 solution has the lowest cost but can be
unstable depending on the solution’s concentration and the air conditions at the inlet [17].
Moreover, the dehumidifier in the LDDS system was equipped with an external cold source
for internal cooling, consequently lowering the solution temperature and enhancing overall
dehumidification capacity. During experiments and technical applications, however, it was
noticed that saline liquid desiccant caused severe erosion on metal dehumidifiers, which
are typically constructed from metal. Therefore, researchers explore more alternatives for
new liquid desiccant solutions.

Among all liquid desiccant materials [18], potassium formate (KCOOH) has gained
popularity among researchers as it has a non-corrosive nature, is environmentally friendly,
non-toxic, low manufacturing cost, and low viscosity compared to commonly used liq-
uid desiccants. Moreover, the KCOOH has a high vapor pressure, thus it requires less
energy consumption during the regeneration process [19]. Longo et al. [20] studied the
performance of desorption and regeneration of KCOOH and LiBr liquid desiccants and
experimental results concluded that the LiBr performed well compared to KCOOH solution
in terms of dehumidification performance. Nevertheless, the regeneration performance
was found to be better than that of LiBr. In another study [21], they performed an experi-
mental and simulation on the performance of KCOOH solution, and the results showed
that the weak or diluted liquid desiccant can be regenerated at a temperature of around
40–50 ◦C, which is achieved using renewable energy sources. Longo et al. [22] measured
thermal conductivity and dynamic viscosity of KCOOH solution having a concentration
between 60 and 80% and a temperature range of 1–80 ◦C. The result revealed that the
thermal conductivity of KCOOH was 23–33% lower than water at a similar temperature,
and the sensitivity of relative viscosity towards salt concentration was strong and weak or
low towards temperature for a concentration range of 70%. Moreover, dynamic viscosity
for higher a concentration range (above 75%) shows greater sensitivity, i.e., 4–30 times
greater sensitivity compared to water. Wen et al. [23] examined the thermal properties
and mass transfer performance of KCOOH solution, and results revealed that inlet air
temperature and inlet solution flow rate have less influence on the performance of mass
transfer, whereas air humidity and solution temperature greatly affect the absolute moisture
change. Moreover, a film shrinkage model was developed which shows the accuracy in
predicting the falling film (actual) with a deviation of 3.4%. In another study [24], the
authors experimentally investigated the regeneration performance of KCOOH solution
and the corrosion behavior of 316 L stainless steel with KCOOH and LiCl solution. They
also presented vapor pressure data for the KCOOH solution and found that at a certain
temperature range of desiccant solution (45–65 ◦C), the vapor pressure of KCOOH solution
having a concentration range of 64.3–73.3% has the same value as that of LiCl solution hav-
ing a concentration range of 33–38%. In addition, by employing KCOOH solution in place
of LiCl solution, the price of liquid desiccant may be reduced from 1081 to 1.50 USD/kg,
a substantial savings. Zhang et al. [25] developed a novel heat recovery system consisting
of an LDDS and a VCS unit with a return water temperature of 60 ◦C. In this proposed
system, R134a was selected as the refrigerant and KCOOH as the liquid desiccant. The
parametric analysis recommended that the gas flow rate range should be between 3.2 and
3.4 with a liquid desiccant temperature of 45 ◦C. Under these conditions, the efficiency
(thermal) was enhanced from 90 to 104%, with a savings of USD 34,000 per month. Hong
et al. [26] experimentally researched KCOOH by employing electrodialysis and the effects
of operating conditions on the parameters were analyzed. The results revealed that with
an increase in desiccant concentration, the area-specific resistance will increase. However,
there will be a decrease in overall transport numbers and hydration numbers. Furthermore,
when the temperature of the solution is reduced from 21 to 30 ◦C, the ASR decreases
from 21 to 17% at different concentrations. Cheng et al. [27] designed a novel cascade AC
system with working pair of LiBr and KCOOH solution and powered by low-grade energy
below 80 ◦C for effective and deep waste heat utilization, which includes an absorption
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chiller and an LDDS. The result is a decrease in indoor temperature from 34.5 to 22 ◦C. The
system’s cooling capacity was found to be 11.5 kW when working with LiBr and 10.2 kW
while working with KCOOH. Furthermore, the COP of the system is the same for both
solutions when the solution flow rate is low. If the solution flow rate is high, the COP of the
LiBr solution is better. Chen et al. [28] conducted an investigation into dehumidification
performance of KCOOH solution on a system equipped with a noble hollow fiber. The
inlet air velocity (0.65–4.5 m/s), relative humidity (55–75%), and desiccant concentration
(62%, 49%, and 36%) were selected as input variables. The result indicates that the advance
in air velocity causes a decrease in sensible and latent effectiveness but an increase in
moisture removal rate (MRR). Moreover, as desiccant concentration increased, the MRR
also increased with a decrease in latent effectiveness.

The literature confirms that hybridization of LDDS with VCS can be a highly efficient
energy-saving technique in tropical climates where waste heat or renewable energy can
be utilized to increase the efficiency of the system. Despite significant contributions made
by previous researchers, there are still unexplored research areas. It is also found that the
researchers put little emphasis on the research of KCOOH (experimentally and numeri-
cally) compared to other more often employed saline solutions. The study related to the
dehumidification performance of KCOOH solution in such small-scale HLDAC systems is
rare and has not yet been explored in existing studies. As far as the authors are concerned,
the design of experiments (DOE) approach has not yet been used to optimize the process
parameters of dehumidification performance of KCOOH liquid desiccant in the HLDAC
system. In this study, we propose a novel HLDAC system combined with a VCS unit with
KCOOH as the working liquid desiccant. Furthermore, the experimental runs are designed
according to response surface methodology (RSM) to develop the experiments correla-
tions for dehumidification performance of various influencing parameters. Furthermore, a
comparative evaluation of the dehumidification performance between the HLDAC system
and conventional VCS was conducted. This paper also contains an investigation of the
load sharing between the dehumidifier of HLDAC and the evaporator of the VCS unit
operating under hot and humid conditions. A fair economic comparison and a payback
period calculation are performed to figure out how much more energy the HLDAC system
saves than the standalone VCS unit.

2. Description of Experimental Setup

As in [29], the proposed small-scale HLDAC system consists of a fabricated non-
corrosive KCOOH liquid desiccant dehumidification/regeneration system and an R134a
refrigerant-driven 1 TR capacity VCR unit as demonstrated in Figure 1. The major sections
are the dehumidifier section, regenerator section, solution-water heat exchanger (SW-HX),
air-air heat exchanger (AA-HX), a sealed compressor, fin-tube type evaporator, capillary
tube for expansion, air-cooled condenser, centrifugal pump, centrifugal blower, solution
tank, and collection tank. While designing and fabricating the experimental test rig, all
possible problems and requirements are taken into consideration. The authors’ [30] design
guidelines were utilized for calculating the size of the structured packing chamber. The
dehumidifier section and regenerator section are the core of the LDDS system. They transfer
heat and moisture between air and liquid desiccant solution and are functionally identical.
First, the capacity of the dehumidifier section is determined as 2.5 kW. Based on the amount
of air and solution flow rates, the cross-sectional area of the dehumidifier and its structured
packing are selected. With the help of heat and mass transfer correlation, the height of
the dehumidifier section is computed to be 1 m under the assumption that the moisture
content and thermal efficiency are 0.65. The packed-bed type counter-flow dehumidifier
section with adiabatic cooling is made up of transparent acrylic material with polyvinyl
chloride (PVC) sheets as packing material. The overall length, width, and height of the
dehumidifier section are 1 m, 0.4 m, and 0.4 m, respectively, while the packaging material is
0.4 m, 0.4 m, and 0.4 m respectively. The height of the packing material is adjustable while
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its cross section is the same as that of the dehumidifier section. The dimensions of various
components of LDDS are given in Table 1.
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Table 1. The devices employed in the test rig and dimensions of HLDAC.

Items Dimensions/Capacity

Packing length 0.4 m

Packing width 0.4 m

Packing height 0.6 m

Liquid desiccant Potassium formate

Centrifugal blower capacity 140 W (1 quantity)

Anti-corrosive pump capacity 0.75 kW

Sealed compressor capacity 3.5 kW (1 quantity)

Axial blower capacity 140 W (1 quantity)

Electric heater capacity 500 W (2 quantity)

In this research, KCOOH is employed as a liquid desiccant solution for economic,
environmental, and non-corrosive reasons. The incoming fresh strong (concentrated)
KCOOH solution from the storage tank is pumped and sprayed across the dehumidifier
packed tower with the help of an anti-corrosive solution pump and spray nozzles made
up of PVC pipe of 0.5 inches. The flow rate of the liquid desiccant is regulated by the
control valves. The KCOOH solution is prepared with the help of distilled water. For
the experimental trials, the artificial hot and humid inlet air at the dehumidifier inlet is
maintained by an electric heater and a steamer that are available in the laboratory. With the
help of an axial blower that is employed after the dehumidifier exits, the air will regain its
flow rate that was decreased because of a drop in pressure in the dehumidifier section. The
dehumidified air subsequently enters the AA-HX for heat recovery by releasing heat into
the evaporator’s cold stream. This precooled air is then directed to the evaporator of the
VCS unit, where the remaining heat load is managed. The difference in vapor pressure is
the main cause of driving force to absorb the moisture content from the ambient humid
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air. After absorbing moisture, it becomes weak or diluted, and then it is transferred to a
weak storage tank through an exit hole provided at a certain level at the bottom of the
dehumidifier. However, to increase the efficiency or effectiveness of the proposed HLDAC
system, the waste heat from the condenser is utilized to regenerate weak solution. This
weak desiccant is heated by the condenser coils and then transferred to the regenerator for
the regeneration process. In a regenerator, weak desiccant solution is regenerated to its
original state as the moisture from it is transferred to the ambient air, which has a lower
vapor pressure than the weak solution. In this way, the weak desiccant is regenerated, but
its temperature is high. It is passed to the SW-HX to lower the temperature of a strong
desiccant solution. In SW-HX, cool water is employed whose temperature is lowered by
passing it through the evaporator coils of the VCR unit. This is how the performance of
the HLDAC system was increased by employing the waste energy in the experimental
test rig. In a case where waste heat from the condenser outlet does not satisfy the criteria,
an external electric heater of 500 W is employed in the path to heat the ambient air for
regeneration purposes. Two blowers, one centrifugal and one axial, are used to keep the
air flow going in a certain direction. During experiment trials, all the parameters that
are required to analyze the dehumidification performance are measured by employing
respective sensors or devices at different locations in the experimental setup. The desiccant
solution concentration is determined by measuring the specific gravity of the solution with
a hydrometer. The flow rate of the solution is determined by choosing a vessel with a
given volume and monitoring the time required for filling the vessel using a stop watch.
By placing a digital anemometer, the air flow rate is monitored. The energy consumed data
are measured by an energy meter attached to the control panel. The specifications of all the
devices employed in this experimental setup are given in Table 2.

Table 2. Measuring instruments with their specifications and uncertainties.

Device Type Accuracy Range

Thermometer PT100 RTD ±0.1 ◦C (−50)–200 ◦C

Densitometer Specific gravity hydrometer ±1 kg/m3 1000–1400 kg m−3

Humidity transducer HF535-W, HC2-S3 ±1% RH 0–100% RH

Anemometer CP218-BO differential
pressure flowmeter ±2% m s−1 0–30 m s−1

Solution temperature T-type thermocouple ±0.2 ◦C 0–200 ◦C

The consistency of the measured parameters (dependent or independent) can be
estimated by uncertainty analysis [31]. In this study, the uncertainty of the dependent
and independent variables is given in Table 3. It can be noted that all variables have
uncertainty errors within ±6% which is acceptable in engineering applications [32]. The
equations related to heat and mass transfer across the dehumidifier or regenerator section
are obtained by applying the principle of mass and energy conservation developed by the
authors [33]. Let us consider a small differential element of length dZ as shown in Figure 2.
While designing and developing components of the experimental setup, the following
assumptions were considered [34]:

• The dehumidifier and regenerator are adiabatic with no desiccant carryover.
• The distribution of desiccant solution and air is considered uniform throughout the

whole section.
• The interfacial area (area of contact) between air and desiccant is the same.
• The pressure-drop across connecting pipes is considered negligible.
• The exit states of an evaporator and condenser are considered saturated.
• Expansion valve heat loss is negligible.
• Heat transfer resistance is considered more negligible for the liquid phase than that of

the gaseous phase.
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The mass balance equation across this element is given by [34]:

D + dD + Aω = D + A(ω + dω) (1)

The above equation can be simplified to the change in desiccant flow as a function of
change in air humidity ratio, and can be expressed as follows [34]:

dD
dZ

= A
dω

dZ
(2)

Moreover, Equation (3) depicts a mass balance equation for water vapor over this
small element [34]:

Nv MvatdZ + A(ω + dω) = Aω (3)

where, Nv can be defined as [34]:

Nv = FG ln
[

1 − yi
1 − y

]
(4)

Equation (3) yields the change in air humidity ratio across differential element [34]:

dω

dZ
=

−MvFGat

A
ln
[

1 − yi
1 − y

]
(5)

The mass balance for water is given by [34]:

[(1 − C) + d(1 − C)(L + dL) + Aω = A(ω + dω) + L(1 − C)] (6)

The energy balance equation differential element is given by [34]:

qGatdZ + Nv MvathVdZ + A(ha + dha) = Aha (7)
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Because ha = ha(Ta, ω), the change in ha can be determined from partial derivatives
of ha [33]:

dha =
∂ha

∂Ta
dTa +

∂ha

∂Y
dω (8)

Therefore, we obtain [35]:

dha =
(
cpa + ωcpV

)
dTa +

(
cpV(Ta − T0) + λ0

)
dω (9)

The final balance (thermal) equation is given by [35]:

Aha + (D + dD)(hL + dhL) = A(ha + dha) + DhL (10)

Simplifying Equation (10) and neglecting dDdhL gives [35]:

Ddhl + hldD = Adha (11)

Neglecting the heat of mixing, the enthalpy of the desiccant is given by [34]:

hl = cpl(Tl − T0) (12)

Thus [34],
dhl = cpldTl (13)

By putting combining Equations (2), (9), and (11)–(13), you can find the expression for
the change in temperature of the desiccant solution across the given element [16]:

dTl
dZ

=
A

Dcpl

{(
cpa + ωcpV

)dTa

dZ
+
[
cpV(TL − T0)− cpL(TL − T0) + λ0

]dω

dZ

}
(14)

The effectiveness of the dehumidifier is defined as the amount of actual moisture
absorbed to the maximum possible, and can be expressed as [16]:

ε =
ω1 − ω2

ω1 − ωi
(15)

where ω1 and ω2 are the air humidity ratios of the dehumidifier, respectively, while ωi is
the equilibrium air humidity ratio.

Table 3. Experimental uncertainty of the calculated parameters.

Parameters Uncertainty Range

Air temperature ±0.2 ◦C 15–40 ◦C

Air relative humidity ±1% 45–75%

Inlet desiccant temperature ±0.3 ◦C 28–35 ◦C

Air flow rate ±3.56%

Air velocity ±0.1 2–10

COP of a hybrid system ±5.45%

Heat load of dehumidifier ±5.32%

3. DOE Methodology

DOE is a powerful statistical tool to analyze the behaviors of input and output variables
and to optimize the response parameters for different combinations of experimental trials.
By employing the DOE technique, the amount of time and cost of experimentation can be
reduced by analyzing various independent variables and a substantial interaction between
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the variables [36]. Among numerous design models, RSM is the most effective methodology
that incorporates a popular design [37].

RSM is a group of statistical tools that can be used to establish a mathematical connec-
tion between a monitored response and the input parameters aiming at process optimiza-
tion. There are two important factors which are commonly used in RSM [38]. A first-order
model for an independent variable (k) can be depicted as [37]:

y = β0 +
k

∑
i=1

βixi + ε (16)

The second-order (quadratic) model employed is given by:

y = β0 +
k

∑
i=1

βixi + ∑
k

∑
<j=2

βijxixj

k

∑
j=1

β jjxj
2 + ε (17)

where ε represents the random experimental error, which results from the unexpected
behaviour in y, and is usually assumed to be normally distributed with constant variance.
The y is the response of interest which is a function of factors x = (x1, x2, . . . , xk). β
represents the vector of unknown constant coefficient referred to as parameters.

The first-order designs are depicted by 2k factorial while second order designs are
given 3k factorial designs, Box–Behnken design, central composite design (CCD), etc. The
CCD is the most often employed fractional factorial design in RSM [38]. It is an integral part
of RSM that is most appropriate or widely accepted for second-order design techniques for
optimizing the research problems. It is a combination of two-level factorial or fractional
factorial design points (2k) and 2k axial points (also called star points) as well as centre
points (n). The centre points give a good and independent estimate of experimental errors.
The total number of experiments are given by:

N = 2k + 2k + n (18)

where k represents the number of variables studied, and n is the number of replicas.
As illustrated in Figure 3, the RSM methodology for optimization might be catego-

rized into six phases: (a) selecting input variables and responses parameters; (b) selecting
experimental design methodology; (c) performing experimental runs; (d) fitting model
equation to experimental data; (e) obtaining response graphs and model validation; and (f)
assessment of optimal conditions.
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3.1. Experimental Design

In this study, CCD was used to determine the optimum conditions of performance
of dehumidification of KCOOH solution. The investigation of the performance of the
HLDAC system was performed by employing RSM and CCD techniques. Four independent
variables (factors) were chosen as A: inlet air flow rate; B: inlet desiccant temperature; C:
inlet desiccant concentration, and D: inlet specific air humidity. Table 4 summarizes the
four input variables and their levels.

Table 4. Independent variables and their corresponding levels.

Independent Variables Symbol Units
Coded Levels a

−1 0 +1

Inlet air flow rate ma1 kg/s 0.05 0.07 0.09

Inlet desiccant temperature Td1
◦C 29 32 35

Inlet desiccant concentration C1 kgdes/kgsol 0.65 0.68 0.71

Inlet specific air humidity ω1 g/kg 15 20 25
a—1: low level, 0: middle level, +1: high level.

The different values of these input variables are chosen based on the viability of the
environmental circumstances. To prevent desiccant carryover of the desiccant solution,
the air flow rate is kept low [39]. The temperature range of desiccants is determined by
environment conditions [39]. Moreover, the different values of the concentration of desic-
cant are selected in order that they can provide the driving force for moisture removal [40].
The flow rate of desiccant solution is kept constant at 0.08 kg/s for the reason that its
influence is subordinate to the air flow rate [41]. During all experiment trials, the inlet air
temperature was maintained at a constant value of 36 ◦C because it is beneficial to do so.
This constant temperature is maintained by the assembly attached to this experimental
setup. The assembly consists of a heater and a steamer in which the heater is utilized to
maintain a constant air temperature while the steamer is utilized to change the humidity
level of the air according to the requirements of the experimental trial. These devices are
connected to on-off based on the signal provided by the sensors. The design of expert
software was utilized to design the experimental trials with four factors and three levels. A
total of 25 experiments were designed by applying the RSM-CCD technique.

3.2. Performance Indicators

The whole experiment is conducted to evaluate the dehumidification performance of
KCOOH solution; the following three responses were selected and analyzed based on the
criteria of the developed HLDAC system, and are suggested here.

3.2.1. Dehumidifier Latent Heat Load (Qdeh)

The amount of latent heat load managed by the dehumidifier unit in the respective
proposed HLDAC system is determined by the following expression:

Qdeh = cpa × (Ta1 − Ta2) + ∆habs × (wa1 − wa2) (19)

where ∆habs can be expressed as follows:

∆habs = h f g(Ta, w) + ∆hdil(Td, C) (20)

3.2.2. Coefficient of Performance of the HLDAC System (COPhybrid)

The coefficient of performance of the HLDAC system can be expressed as follows:

COPhybrid =

.
Qdeh +

.
QVCR

Qreg + ∑ W
(21)
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where
.

Qdeh and
.

QVCR are the dehumidifier latent heat removal rate and the heat removed
by the VCS unit, respectively. In addition, Qreg represents the asmount of heat required
by the regenerator for regeneration of desiccant. ∑ W represents the total amount of
energy utilized by the HLDAC system, which includes the air heater, solution pump,
compressor, condenser, and air blower (two). The following expression can be used to
compute QVCR’s value:

.
QVCR =

.
ma

[
cpa × (Ta3 − Ta4) + h f g × (wa3 − wa4)

]
(22)

3.2.3. Moisture Removal Rate (
.

M) (g/s)

The moisture removal rate (
.

M) is defined as the ability of the dehumidifier to absorb
moisture, and it can be calculated from:

.
M =

.
ma(ω1 − ω2) (23)

where ω1 and ω2 are the dehumidifier’s inlet and outlet air humidity ratio.

4. Result and Discussions
4.1. Fitting the Model

The effects of input variables on all three response parameters are given in Table 5.
The 25 experimental runs were performed as the experimental design suggested by the
RSM-CCD approach under constant inlet air temperature (Ta1 = 36 ◦C). All three responses
are to be maximized.

Table 5. RSM experimental design and the experimental results.

Run
Independent Variables Responses Values

ma1 Td1 C1 ω1 Qdeh COPhybrid
.

M

(kg/s) (◦C) (kgdes/kgsol) (g/kg) (kJ/kg) Value (g/s)

1 0.05 29 0.65 15 14.56 1.85 1.62

2 0.09 29 0.65 15 12.16 1.86 1.76

3 0.05 35 0.65 15 8.96 1.79 1.56

4 0.09 35 0.65 15 7.46 1.75 1.63

5 0.05 29 0.71 15 24.51 2.18 1.98

6 0.09 29 0.71 15 22.89 2.14 2.76

7 0.05 35 0.71 15 17.01 1.98 1.59

8 0.09 35 0.71 15 15.23 1.86 1.67

9 0.05 29 0.65 25 14.09 1.84 1.96

10 0.09 29 0.65 25 12.99 1.85 2.19

11 0.05 35 0.65 25 9.88 1.79 1.59

12 0.09 35 0.65 25 7.98 1.76 1.65

13 0.05 29 0.71 25 25.71 2.21 2.89

14 0.09 29 0.71 25 23.56 2.17 3.01

15 0.05 35 0.71 25 19.09 1.99 1.63

16 0.09 35 0.71 25 18.08 1.87 1.75

17 0.05 32 0.68 20 14.91 1.88 1.91

18 0.09 32 0.68 20 12.92 1.81 2.03

19 0.07 29 0.68 20 16.99 1.93 2.56
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Table 5. Cont.

Run
Independent Variables Responses Values

ma1 Td1 C1 ω1 Qdeh COPhybrid
.

M

(kg/s) (◦C) (kgdes/kgsol) (g/kg) (kJ/kg) Value (g/s)

20 0.07 35 0.68 20 11.46 1.8 1.79

21 0.07 32 0.65 20 8.16 1.78 1.92

22 0.07 32 0.71 20 17.19 2.01 2.31

23 0.07 32 0.68 15 11.09 1.81 1.99

24 0.07 32 0.68 25 14.02 1.83 2.29

25 0.07 32 0.68 20 12.56 1.82 2.16

The regression analysis is conducted, and experimental correlation is established. Us-
ing experimental data, the coefficients of a polynomial equation were assessed to determine
response values. The correlation coefficients for each response variable are reported in
Table 6.

Table 6. Regression correlations developed.

Response Regression Equations

Qdeh

= 167.474 − [613.093 × ma1] − [10.0162 × Td1] + [22.0152 × C1] − [1.98114 × ω1]
+ [1.125 × ma1 × Td1] + [35.4167 × ma1 × C1] + [0.7125 × ma1 × ω1] − [5.375 ×
Td1 × C1] +[0.01725 × Td1 × ω1] + [2.08333 × C1 × ω1] + [3541.74 × ma1

2] +
[0.191855 × Td1

2] + [196.328 × C1
2] + [0.0022678 × ω1

2]

COPhybrid

= 25.024 + [21.1676 × ma1] + [0.0755675 × Td1] − [76.3839 × C1] − [0.00620304 ×
ω1] − [0.260417 × ma1 ×Td1 −28.125 × ma1 × C1] + [0.00625 × ma1 × ω1] −
[0.479167 × Td1× C1] − [0.000042 × Td1× ω1] + [0.0375 × C1 × ω1] + [35.3107 ×
ma1

2] + [0.00379159 × Td1
2] + [71.2492 × C1

2] − [0.000435028 × ω1
2]

.
M

= − 45.4172 + [0.361111 × ma1] + [1.47595 × Td1] + [62.7361 × C1] + [0.153958 ×
ω1] − [0.979167 × ma1 × Td1] + [62.5 × ma1 × C1] − [0.3375 × ma1 × ω1] −
[2.01389 × Td1 ×C1] − [0.00733333 × Td1 × ω1] + [0.191667 × C1 ×ω1]

The experimental data can be represented by a quadratic polynomial model, according
to the analysis of variance (ANOVA) results. Table 7 displays the coefficient of determina-
tion (R2) value. Moreover, the model robustness is visualized in Figure 4.

Table 7. Regression coefficients for output responses.

Regression
Coefficients Qdeh COPhybrid

.
M

SSV SSV SSV

Intercept 12.51 644.7
(model) 1.83 0.4621

(model) 1.98 3.98
(model)

A—Inlet air flow
rate −0.8583 *** 13.26 −0.0244 *** 0.0108 0.0956 ** 0.1644

B—Inlet desiccant
temperature −2.91 *** 152.02 −0.0800 *** 0.1152 −0.3261 *** 1.91

C—Inlet desiccant
concentration 4.84 *** 420.79 0.1189 *** 0.2544 0.1950 *** 0.6845

D—Inlet air
humidity 0.6406 *** 7.39 0.0050 0.0005 0.1300 *** 0.3042
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Table 7. Cont.

Regression
Coefficients Qdeh COPhybrid

.
M

SSV SSV SSV

A2 1.42 *** 5.11 0.0141 0.0005 −0.0841 0.018

B2 1.73 *** 7.59 0.0341 *** 0.003 0.1209 0.0372

C2 0.1767 0.0795 0.0641 *** 0.0105 −0.0391 0.0039

D2 0.0567 0.0082 −0.0109 0.0003 −0.0841 0.018

AB 0.0675 0.0729 −0.0156 *** 0.0039 −0.0588 0.0552

AC 0.0212 0.0072 −0.0169 *** 0.0046 0.0375 0.0225

AD 0.0712 0.0812 0.0006 0.0000625 −0.0338 0.0182

BC −0.4838 ** 3.74 −0.0431 *** 0.0298 −0.1813 *** 0.5256

BD 0.2587 ** 1.07 −0.0006 0.0000625 −0.1100 ** 0.1936

CD 0.3125 * 1.56 0.0056 0.0005 0.0287 0.0132

R2 0.9958 0.9966 0.9627
*** denotes p-value < 0.001, ** denotes p-value < 0.01, and * denotes p-value < 0.05.
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4.2. Effect of Input Variables on Response Parameters

From Table 5, it can be observed that there is a major change in all responses for
each combination of experimental runs. From the results, it can be observed that with an
increase in inlet air flow rate, desiccant concentration, and specific air humidity, all three
responses (Qdeh, COPhybrid, and

.
M) will increase. Moreover, the same effect of the inlet

desiccant temperature is observed on Qdeh and COPhybrid, whereas by increasing the inlet

desiccant temperature, the
.

M is reduced. Furthermore, from experimental run 13, it can be
observed that the maximum values of Qdeh and COPhybrid are obtained with a minimum
level of ma1, Td1 and a maximum level of C1, ω1. On the other hand, the minimum values
of Qdeh and COPhybrid are obtained with a maximum level of ma1 and Td1 and a minimum

level of C1 and ω1 (i.e., run 4). For the 3rd and last response, i.e.,
.

M, the maximum value
is obtained with the maximum level of ma1, C1, and ω1 and a minimum level of Td1 (run
14). On the other hand, the minimum value of

.
M is obtained with the minimum levels

of ma1, C1, and ω1 and the maximum level of Td1 (run 3). Therefore, from the selected
above-mentioned experiment runs, the following input variable levels can be selected to
obtain optimal output responses.

4.2.1. Dehumidifier Latent Heat Load

Figure 5 illustrates the effect of independent variables on the Qdeh response. From
the results, the maximum value of Qdeh is observed at the lowest values of ma1 and Td1.
However, the highest values of C1 and ω1 yield the maximum value of Qdeh. The reason
behind the higher heat removal rate at lower air flow rate is due to the fact that the contact or
interaction time increases between inlet air and liquid desiccant, which leads to significant
MRR compared to high inlet air flow rates. Similarly, at a low inlet desiccant solution
temperature, the capacity to absorb moisture content by the solution will be high due to
the higher driving force. At an optimal level of mass concentration of desiccant solution,
it will be more likely to execute its intended function. Moreover, with the increasing
humidity level of inlet air, the value of the dehumidifier’s latent heat load will increase. The
effect of input variables on the Qdeh response can be seen as a quadratic (p-value < 0.001)
term with all four input variables. Similar behavior of the input variable is found in the
literature [26,42,43]. Furthermore, from the sum-of-squares values as shown in Table 7, a
noteworthy significance level of Qdeh response is shown. The highest contribution among
linear terms of the input variables is that of C1, with a 65.27% contribution. The square
interaction term Td1

2 has the highest contribution, with 1.17% contribution. The cross-
interaction term Td1 × C1 has only 0.58% contribution.
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4.2.2. Coefficient of Performance of the HLDAC System

Figure 6 illustrates the effect of independent variables on the COPhybrid response. From
the Figure 6, the C1 has significant influence as compared to the other three variables as
the value of COPhybrid increases from 1.76 to 2.11. Furthermore, the maximum value of
COPhybrid is observed at lowest values of ma1 and Td1. However, the highest values of C1
and ω1 yield the maximum value of COPhybrid. Furthermore, the effect of input variables
on the COPhybrid response can be seen in the quadratic (p-value < 0.001) term with three
input variables, except for inlet air humidity. Moreover, from the sum of squares values
as shown in Table 7, a noteworthy significance level of COPhybrid response is shown. The
highest contribution among linear terms of the input variables is that of C1, with a 55.05%
contribution. The square interaction term C1

2 has the highest contribution, i.e., 2.27%
contribution. The cross-interaction term Td1 × C1 has 6.44% contribution.

Sustainability 2022, 14, x FOR PEER REVIEW 15 of 25 
 

 
(c) 

 
(d) 

Figure 5. Main effect plots for 𝑄𝑄𝑑𝑑𝑑𝑑ℎ versus (a) 𝑚𝑚𝑎𝑎1, (b) 𝑇𝑇𝑑𝑑1, (c) 𝐶𝐶1, and (d) 𝐴𝐴1. 

4.2.2. Coefficient of Performance of the HLDAC System 
Figure 6 illustrates the effect of independent variables on the 𝐶𝐶𝐶𝐶𝐶𝐶ℎ𝑦𝑦𝑎𝑎𝑦𝑦𝑖𝑖𝑑𝑑 response. 

From the Figure 6, the 𝐶𝐶1  has significant influence as compared to the other three 
variables as the value of 𝐶𝐶𝐶𝐶𝐶𝐶ℎ𝑦𝑦𝑎𝑎𝑦𝑦𝑖𝑖𝑑𝑑  increases from 1.76 to 2.11. Furthermore, the 
maximum value of 𝐶𝐶𝐶𝐶𝐶𝐶ℎ𝑦𝑦𝑎𝑎𝑦𝑦𝑖𝑖𝑑𝑑  is observed at lowest values of 𝑚𝑚𝑎𝑎1 and 𝑇𝑇𝑑𝑑1. However, the 
highest values of 𝐶𝐶1 and 𝐴𝐴1 yield the maximum value of 𝐶𝐶𝐶𝐶𝐶𝐶ℎ𝑦𝑦𝑎𝑎𝑦𝑦𝑖𝑖𝑑𝑑 . Furthermore, the 
effect of input variables on the 𝐶𝐶𝐶𝐶𝐶𝐶ℎ𝑦𝑦𝑎𝑎𝑦𝑦𝑖𝑖𝑑𝑑  response can be seen in the quadratic (p-value 
< 0.001) term with three input variables, except for inlet air humidity. Moreover, from the 
sum of squares values as shown in Table 7, a noteworthy significance level of 𝐶𝐶𝐶𝐶𝐶𝐶ℎ𝑦𝑦𝑎𝑎𝑦𝑦𝑖𝑖𝑑𝑑  
response is shown. The highest contribution among linear terms of the input variables is 
that of 𝐶𝐶1, with a 55.05% contribution. The square interaction term 𝐶𝐶12 has the highest 
contribution, i.e., 2.27% contribution. The cross-interaction term 𝑇𝑇𝑑𝑑1 × 𝐶𝐶1  has 6.44% 
contribution. 

 
(a) 

 
(b) 

Figure 6. Cont.



Sustainability 2022, 14, 15917 16 of 25Sustainability 2022, 14, x FOR PEER REVIEW 16 of 25 
 

 
(c) 

 
(d) 

Figure 6. Main effect plots for 𝐶𝐶𝐶𝐶𝐶𝐶ℎ𝑦𝑦𝑎𝑎𝑦𝑦𝑖𝑖𝑑𝑑 versus (a) 𝑚𝑚𝑎𝑎1, (b) 𝑇𝑇𝑑𝑑1, (c) 𝐶𝐶1, and (d) 𝐴𝐴1. 

4.2.3. Moisture Removal Rate 
Figure 7 illustrates the main effect plot for the 3rd and last response, i.e., �̇�𝑀. The MRR 

greatly depends on deviation in vapor pressure between the air and desiccant solution. 
The higher value of MRR is obtained when inlet air humidity is relatively high. This is 
because the higher humidity levels in the inlet air represent a higher vapor pressure in it, 
which leads to a larger vapor pressure difference between the desiccant solution and air. 
Due to the abovementioned phenomenon, the moisture transfer rate will be higher due to 
the high vapor pressure difference, which results in a better dehumidification system. 
From the results, it can be observed that the maximum value of �̇�𝑀 is observed at the 
highest value of 𝑚𝑚𝑎𝑎1, 𝐶𝐶1, and 𝐴𝐴1 and the lowest value of 𝑇𝑇𝑑𝑑1. Furthermore, from the 
sum of squares values as shown in Table 7, a noteworthy significance level of �̇�𝑀 response 
is shown. The highest contribution among linear terms of the input variables is that of 
𝑇𝑇𝑑𝑑1 , with a 47.98% contribution. The square interaction term 𝑇𝑇𝑑𝑑12  has the highest 
contribution, with 0.93% contribution. The cross-interaction term 𝑇𝑇𝑑𝑑1 × 𝐶𝐶1  has 13.2% 
contribution. 

 
(a) 

 
(b) 

Figure 6. Main effect plots for COPhybrid versus (a) ma1, (b) Td1, (c) C1, and (d) ω1.

4.2.3. Moisture Removal Rate

Figure 7 illustrates the main effect plot for the 3rd and last response, i.e.,
.

M. The MRR
greatly depends on deviation in vapor pressure between the air and desiccant solution. The
higher value of MRR is obtained when inlet air humidity is relatively high. This is because
the higher humidity levels in the inlet air represent a higher vapor pressure in it, which
leads to a larger vapor pressure difference between the desiccant solution and air. Due
to the abovementioned phenomenon, the moisture transfer rate will be higher due to the
high vapor pressure difference, which results in a better dehumidification system. From
the results, it can be observed that the maximum value of

.
M is observed at the highest

value of ma1, C1, and ω1 and the lowest value of Td1. Furthermore, from the sum of squares
values as shown in Table 7, a noteworthy significance level of

.
M response is shown. The

highest contribution among linear terms of the input variables is that of Td1, with a 47.98%
contribution. The square interaction term Td1

2 has the highest contribution, with 0.93%
contribution. The cross-interaction term Td1 × C1 has 13.2% contribution.
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4.3. Optimization and Validation of Model

To analyze the effect of independent input variables, i.e., ma1, Td1, C1, and ω1, the
main effect plots were drawn by employing the design of expert software. Afterwards,
the numerical optimization was conducted. The goals selected for the optimization of
dehumidification performance of KCOOH solution were minimum levels of ma1 and Td1

and maximum levels of C1 and ω1 in order to obtain maximum Qdeh, COPhybrid, and
.

M. The
combined optimized levels for optimum responses were 0.05 (ma1), 29 (Td1), 0.71 (C1), and
25 (ω1). The responses values at optimized conditions were 25.636 (Qdeh), 2.209 (COPhybrid),

and 2.791 (
.

M) as shown in Table 8.

Table 8. Optimum variable levels, experimental and predicted values of response parameters.

Optimum Condition Coded Levels Actual Levels

ma1 −1 0.05

Td1 −1 29

C1 +1 0.71

ω1 +1 25

Response Predicted values Experimental values

Qdeh 25.636 25.71

COPhybrid 2.209 2.21
.

M 2.791 3.01

The optimized dehumidification performance of KCOOH solution was employed to
examine the RSM model’s ability to forecast the values of response parameters. Experiments
conducted under optimized circumstances confirmed the optimal conditions. At optimal
dehumidification performance, the response values were 25.636 (Qdeh), 2.209 (COPhybrid),

and 2.791 (
.

M). In contrast, the optimal dehumidification performance experimental values
were 25.71 (Qdeh), 2.21 (COPhybrid), and 3.01 (

.
M). Consequently, the experimental response

results were consistent with the projected response values.

5. Comparison of Hybrid System with Conventional VCR Unit

The primary purpose of the proposed HLDAC system is to conserve energy from
an electricity consumption standpoint and perform better than conventional VCS under
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similar environmental conditions. Therefore, several experimental runs were performed to
estimate the COP of a standalone VCR unit, and the COP was discovered to be 1.72. This
lower value of COP (usually greater than 2.5) is due to the consideration of energy utilized
by the electric heater and compressor in the system. They are employed to rewarm the cold
airflow from the evaporator to a comfortable temperature. The comparison between the
COP of hybrid systems and standalone systems is provided in Table 9. In addition to this
comparison, Table 9 shows the distribution of the LHL by dehumidifier unit and the VCS
unit discretely. The findings from Table 9 show that the value of COPhybrid is greater than
the COP of a conventional VCS. This is attributed to the remarkable LHL shared by the
dehumidifier unit in an HLDAC system, in contrast to the added power consumed by the
pump and blowers.

Table 9. Comparison of LHL shared and COP of hybrid system.

Experimental
Run COPhybrid

LHL Shared by
Dehumidifier (%)

LHL Shared by
Evaporator (%)

Improvement
(%)

1 1.85 40.54 59.46 7.56

2 1.86 41.67 58.33 8.13

3 1.79 33.73 66.27 4.07

4 1.75 25.42 74.58 1.74

5 2.18 53.01 46.99 26.74

6 2.14 52.65 47.35 24.41

7 1.98 49.53 50.47 15.12

8 1.86 41.55 58.45 8.13

9 1.84 39.99 60.01 6.97

10 1.85 40.57 59.43 7.56

11 1.79 34.01 65.99 4.07

12 1.76 28.41 71.59 2.32

13 2.21 55.21 44.79 28.48

14 2.17 52.03 47.97 26.16

15 1.99 51.01 48.99 15.69

16 1.87 41.87 58.13 8.72

17 1.88 42.67 57.33 9.31

18 1.81 36.89 63.11 5.23

19 1.93 43.86 56.14 12.21

20 1.8 34.78 65.22 4.65

21 1.78 32.98 67.02 3.48

22 2.01 51.89 48.11 16.86

23 1.81 37.75 62.25 5.23

24 1.83 39.31 60.69 6.39

25 1.82 38.81 61.19 5.81

Table 9 shows that in experimental run 13, the maximum value of 28.48% improvement
in COPhybrid is spotted; when both ma1 and Td1 are at lower values and C1 and ω1 are at
high values. Additionally, it is self-evident that the LHL shared by the dehumidifier was
found to be 55.21% by removing moisture from processed air. The reason behind the
improved performance of the HLDAC system at lower air flow rates is that there is an
increase in contact time between the processed air and desiccant, resulting in more MRR
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than at higher air flow rates. Moreover, lower desiccant temperature enhances the capacity
of the liquid desiccant to absorb more moisture content from incoming air due to enhanced
driving force. At an optimal level of desiccant concentration, the tendency to provide
effective dehumidification increases. Moreover, with the increasing humidity level of inlet
air, the value of the dehumidifier’s latent heat load will increase. The minimum increase in
percent improvement in COPhybrid (1.74%) is found during run 4, when Td1 and ma1 are at
their maximum values and C1 and ω1 are at minimum values. The reason for the above is
explained earlier. According to the data obtained, this is the least significant combination.
In this configuration, the VCR unit’s evaporator contributes approximately 74.58% of the
LHL by lowering the temperature of incoming air to dew point. The temperature below
dew point can be adjusted by the cut-off control employed in the VCR unit.

6. Economic Assessment

An energy-saving analysis was conducted for the proposed HLDAC system compared
to that of a standalone VCS unit. Furthermore, 6 kW is the highest gross heat load covered
by the HLDAC system. The operating conditions at this output were maximum values
of ma1, C1, ω1, and Td1 at its lowest value. In this operating condition, the energy-saving
analysis is conducted.

In economic analysis of the hybrid system, all costs are taken into account, i.e., capital
costs as well as operating costs of the proposed hybrid system. The total annual cost is
comprised of investment cost (initial purchasing) (

.
Cic) and operating cost (

.
Coc). The

.
Cic is

divided into equal annual payments for the life span of the system (t years), and can be
expressed as [44]:

.
Cic[$/year] = ∑ Ccc ×∅× ξ (24)

where Ccc, ∅, and ξ represent the component cost, maintenance factor, and cost recovery
factor, respectively. The investment costs of components are given in Table 10. The cost
recovery factor can be calculated by the expression [44]:

ξ =
i(1 + i)t

(1 + i)t − 1
(25)

Table 10. Investment cost of component of hybrid system.

Component Investment Cost Selection and Applicability of the
Equations

SW-HX CSW−HX = 100 × (ASW−HX)
0.6 Applicable for aluminum plate fine

HE [45]

Pumps Cpump =2100 ×
( .

W pump
10,000

)0.26
×
(

1−ηp
ηp

)0.5

Power law relations for single pass
pump [46,47]Condenser CCond = 8000 ×

(
Acond
100

)0.6

AA-HX CAA−HX = 8000 ×
(

AAA−HW
100

)0.6

Compressor Ccomp =
39.5× .

mre f

(0.9−ηcomp)
Applicable for fin based HE with
area in range of 4.65–836 m2 [48]Evaporator Cevap = 231 ×

(
Aevap

)0.693

Expansion valve Cexp = 114.5 × .
mre f

Dehumidifier/regenerator
Cdeh = Ccolumn + Cpacking

Ccolumn = 583.6 × Hdeh × ddeh
0.675 ×

(
14.5×Patm

50

)0.44

Cpacking = Cppm × hdeh × π×ddeh
2

4

Applicable for cylindrical packed
towers with random Raschig rings

for any column dimensions [49]
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The annual operating cost can be expressed as:

.
Coc[$/year] = ECA [kWh]× Cunit (26)

where ECA [kWh] represents annual electricity consumption and Cunit is the electric cost
per unit.

An energy-saving analysis was conducted for the proposed HLDAC system compared
to that of a standalone VCS unit. Furthermore, 6 kW is the highest gross heat load covered
by the HLDAC system. The operating conditions at this output were maximum values
of ma1, C1, ω1 and Td1 at its lowest value. In this operating condition, the energy-saving
analysis is conducted. The initial capital cost of the HLDAC system is INR 99,000, which
includes the cost of a VCS unit and fabrication expenditure of the HLDAC system. The
initial expenditure of a standalone 3.5 kW VCS with an electric heater arrangement for
reheating was INR 48,000. Therefore, the extra expenditure (EE) is found to be INR 51,000;
considering that the system works for 8 h per day for a whole month, i.e., 30 days, and
assuming that the system maintains cooling load for eight months, taking into account
India’s average unit price of INR 6.15 per kWh [50]. The operating costs of the standalone
VCS unit and the HLDAC system are found to be INR 53,136 and INR 35,424, respectively.
Hence, the operating annual cost savings (OACS) are found to be INR 17,712. Moreover,
considering a life span time of seven years for the HLDAC system and an interest rate
of 10%, using these economic statistics, the payback period (PP) may be calculated as
follows [51]:

PP =
ln
(

EE×i
OACS + 1

)
ln(i + 1)

(27)

By performing the above calculations, the payback period is found to be 2.65 years.
Table 11 summarizes the economic analysis of the proposed HLDAC system. Figure 8
shows the payback period of 2.65 years with total savings of INR 119,000 in the next
4.4 years.

Table 11. Economic assessment of HLDAC system compared to VCS unit.

Item Value

Overall heat capacity of proposed system 6 kW

Capital investment of VCS unit with heater INR 48,000

Capital investment of HLDAC system INR 99,000

Extra Expenditure (∆EE) INR 51,000

Power consumed by VCS unit 3 kW

Power consumed by HLDAC system 2 kW

Average electric unit price INR 6.15 per kWh

Annual operating cost of HLDAC system INR 35,424

Annual operating cost of VCS unit INR 53,136

Annual savings on electricity INR 17,712R

Payback period (PP) 2.65 years
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7. Conclusions

This research experimentally examined a small-scale, 6 kW capacity HLDAC system,
which was designed and developed by combining LDDS and a VCS unit. This research
demonstrates that RSM is a convenient method to optimize the parameters of the dehu-
midification performance of KCOOH solution and analyze the relationship between input
(independent) variables and response parameters. The following conclusions can be drawn:

• The maximum Qdeh and COPhybrid is obtained when the values of specific air humidity
and desiccant concentration are higher with the lowest values of air flow rate and
desiccant temperature.

• Highest values of air flow rate, specific air humidity, desiccant concentration, and the
lowest value of desiccant temperature yield maximum MRR.

• In the analysis of the results, it was observed that the effect of desiccant concentration
has a greater effect on response variables as compared to other input variables.

• In terms of COPhybrid, a 28.48% improvement is observed as compared to the stan-
dalone VCS. In this scenario, 55.21% of the LHL is shared by the dehumidifier unit.

• The proposed HLDAC system demands an additional initial investment of INR 51,000.
However, this hybrid system saves INR 17,712 annually compared to a standalone
VCS, with a payback time of 2.65 years assuming an interest rate of 10%.
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Nomenclature

A Superficial air flow rate (kg/m2· s)
at Specific surface area of packing (m2/m3)
cp Isobaric specific heat (kJ/kg · K)
COPhybrid Coefficient of performance of hybrid system
D Superficial desiccant flow rate (kg/m2· s)
ECA Electricity consumption annually (kWh)
h f g Latent heat of evaporation (kJ/kg)

.
ma Air flow rate (kg/s)
∆habs Enthalpy of absorption (kJ/kg)
h Enthalpy (kJ/kg)
H Height (m)
h f g Latent heat of evaporation
∆hdil Enthalpy of dilution (kJ/kg)
i Interest rate (%)
M Molar mass (kg/kmol)
Nv Molar vapor mass transfer flux (kmol/m2s)
T Temperature (◦C)
.

Q Heat load removal rate (kW)
Q Heat load (kJ/kg)
C Desiccant concentration (kgdes/kgsol).
W Work transfer rate (W)
w Specific air humidity (g/kg)
ω Air humidity ratio (kg/kgda)
Z Height of dehumidifier/regenerator section
Greek letters
∆ Difference or change in quantity
η Efficiency
∅ Maintenance factor
λ Latent heat of condensation (kJ/kg)
ξ Cost recovery factor
Subscripts
a Air side
AA − HX Air-air heat exchanger
cc Component cost
ic Investment cost
cond Condenser
d Desiccant side
deh Dehumidifier
da Dry air
exp Expansion valve
l Liquid phase
oc Operating cost
p Pump
ppm Price of packing material
reg regenerator
re f reference



Sustainability 2022, 14, 15917 23 of 25

sol Desiccant solution
SW − HX Solution-water heat exchanger
v Vapor phase
1 Inlet to dehumidifier
2 Exit of dehumidifier
3 Inlet of evaporator
4 Exit of evaporator
Abbreviations
AC Air-conditioning
ANOVA Analysis of variance
CCD Central composite design
COP Coefficient of performance
CaCl2 Calcium chloride
DOE Design of experiments
HLDAC Hybrid liquid desiccant air-conditioning
KCOOH Potassium formate
LHL Latent heat load
LDDS Liquid desiccant dehumidification system
LDAC Liquid desiccant air-conditioning
LiBr Lithium bromide
LiCl Lithium chloride
MgCl2 Magnesium chloride
MRR Moisture removal rate
RSM Response surface methodology
SSV Sum of squares value
TEG Triethylene glycol
TR Tons of refrigeration
VCS Vapor compression refrigeration system
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