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Abstract: Greenhouses with efficient controlled environment offer a promising solution for food
security against the impacts of increasing global temperatures and growing water scarcity. However,
current technologies used to achieve this controlled environment consume a significant amount
of energy, which impacts on operational costs and CO2 emissions. Using advanced metal organic
framework materials (MOFs) with superior water adsorption characteristics, this work investigates
the development of a new technology for a greenhouse-controlled environment. The system consists
of MOF coated heat exchanger, air to air heat exchanger, and evaporative cooler. A three-dimensional
computational fluid dynamics (CFD) model was developed using COMSOL software and experimen-
tally validated for the MOF-801/Graphene coated heat exchanger (DCHE) to determine the best cycle
time and power input. It was found that using desorption time of 16 min and power input of 1.26 W,
the maximum water removal rate was obtained from MOF-801/Graphene of 274.4 g/kgMOF/W.hr. In
addition, an overall mathematical model for the greenhouse climate control was developed and used
to investigate the effects of air humidity and velocity on the input air conditions to the greenhouse.
Results showed that with high relative humidity levels of 90% in the greenhouse can be conditioned
to reach the required relative humidity of 50%.

Keywords: modelling; simulation; MATLAB; COMSOL; MOF-801/Graphene; adsorption

1. Introduction

The rapid world population growth, projected to reach 9.8 billion by 2050, combined
with adverse climate changes are making food security a global challenge [1]. Food se-
curity depends on adequate crop production which is adversely affected by the extreme
temperatures in hot climates, lack of irrigation water, and poor soil quality [2]. Controlled
environment agriculture (CEA) in greenhouses offers a promising solution to boost food se-
curity against the impacts of increasing global temperatures and growing water scarcity [3].
The main challenge is to provide a suitable greenhouse indoor environment where the
required temperature and humidity distribution are maintained with low cost and low
environmental impacts [4]. A high level of relative humidity occurring inside greenhouses,
especially during the night period, increases the risk of condensation on the leaves, lead-
ing to botrytis, fungal, and bacterial diseases. Moreover, lower relative humidity rate
inhibits the crop growth, induces water stress in the crops, and reduces the stem length
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and leaf sizes [5]. As for the greenhouse temperature, overheating is a serious problem for
plant growth and production, particularly in arid and semi-arid regions with high solar
radiation [3].

Various types of greenhouse cooling technologies have been proposed for greenhouse
climate control [3,4]. Passive cooling methods, e.g., natural ventilation and shading nets,
are simple and low-cost technologies for reducing greenhouse temperatures, however, their
efficiency is limited [6,7]. Therefore, active cooling methods, such as evaporative pads,
fogging, misting, and fan ventilation, are used in warm climates. Despite their higher
cooling efficiency, however, they require significant amounts of energy and water [8,9].
Therefore, there is a need for an active cooling technology with low energy consumption
capable of achieving the target temperature and humidity conditions.

Desiccant cooling systems are effective in hot and arid regions, as they are based
on the combination of the cooling and the dehumidification of the ambient air by using
either solid or liquid desiccant materials. They can operate using low grade waste heat or
renewable thermal energy sources and produce higher air quality. In addition, they enable
zero ozone depletion and global warming potential due to using no refrigerants. Liquid
desiccant cooling systems for greenhouse climate control have been proposed by many
researchers [10,11], while some researchers investigated the use of solid desiccants [12,13].
A drawback associated with liquid desiccants is that they are capable of chemically reacting
with moist air and show possibilities of harming people who would breathe the air. On the
other hand, solid desiccants are highly durable, environmentally friendly, and inexpensive
when compared to liquid desiccants [14]. Moreover, solid desiccant systems are compact
and can be integrated easily into the existing greenhouse air conditioning systems, unlike
liquid desiccant systems that require tower beds and additional fan power [15].

Desiccant-coated heat exchangers (DCHXs) have been investigated recently by many
researchers as a new system for climate control in various applications. Saeed and
Al-Alili [16] reviewed the experimental and modelling studies of DCHXs and concluded
that SAPO34 outperforms silica gel and FAPO 34 in terms of moisture removal rate.
Vivekh et al. [14] reviewed the developments in DCHXs and showed that the composite
LiCl/silica gel desiccants performed better than pure counterparts. Ge et al. [17,18] and
Hu et al. [19] studied different silica gel composites, including silica gel/potassium formate,
silica gel/sodium acetate, and silica gel/lithium chloride, for composite desiccant coated
heat exchangers and found that their dehumidification capacity improved significantly
compared to pure silica gel DCHX. Therefore, most of the reported studies on DCHXs have
investigated conventional adsorbent materials like silica gel, zeolites and composite of
silica with hygroscopic salts. In addition, it was recommended that new desiccants with
higher sorption uptake capacity, S-shape isotherms, and faster kinetics be developed to
ensure that regeneration can occur at lower temperatures [14].

Metal–organic frameworks (MOFs) are porous crystalline materials constructed from
metal ions connected in three-dimensional structure by organic ligands. They have at-
tracted significant interest due to their high porosity, structural versatility, and high stability.
MOFs have been widely investigated for water sorption-based applications [20], including
seawater desalination [21], cooling [22], energy storage, humidity control in buildings,
and water harvesting from air. Hussein et al. [23] studied various MOF materials like
MIL-101(Cr), CPO-27(Ni), MIL-100(Fe), and Aluminium fumarate and their composites,
showing their high water adsorption capability and potential for heat pump applica-
tions. Kapteijn et al. [24] reported that aluminium fumarate MOF material has higher
water uptake compared with SAPO-34 and thus can be used for humidity control ap-
plications. Recently, Yaghi and co-workers reported the development of MOF-801 and
MOF-303 for atmospheric water harvesting, showing their ability to be regenerated at
low heating temperature (<90 ◦C) and high-water uptake at low RH (<0.2). Zirconium-
based MOFs like MOF-801 represent some of the most investigated MOFs due to their
exceptional stability and topological diversity [25]. Solovyeva et al. [26] studied the dy-
namics and equilibrium of MOF-801/water adsorption and showed that the efficiency
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and the power of the adsorption cooling cycle, achievable with the “MOF-801/water”
working pair, are attractive for adsorption cooling. However, the thermal conductivity
of these MOFs are low due to the short phonon path and the low atomic density, which
adversely affects their performance in adsorption systems. Diab et al. [27] reviewed various
methods for enhancing the thermal conductivity of MOFs and concluded that adding
graphene nanoplatelets to the neat MOF-801 resulted a significant increase of its thermal
conductivity. In this work, MOF-801/Graphene was used to develop a wire finned coated
heat exchanger for climate control of a greenhouse to achieve the required humidity and
temperature levels.

2. MOF-801/Graphene Synthesis and Characterization

MOF-801/Graphene was synthesized according to the process described by
Diab et al. [27], whereby a mixture of ZrCl4 (1.16 g) and fumaric acid (0.55 g) was completely
dissolved in DMF (150 mL) dispersed with 0.1 g of graphene nanoplatelets. Then, 10.5 mL
acetic acid and 0.460 mL Triethylamine were added. The solution was transferred into a
100 mL capped bottle and kept in an oven overnight at temperature of 100 ◦C. The resulting
solution was allowed to cool down, and the precipitate was isolated by centrifugation and
washed with Methanol. Subsequently, the precipitate was immersed in Methanol (80 mL)
for 36 h, during which Methanol was refreshed every 12 h. Finally, the grey powder was
collected by centrifugation and dried in an oven for 24 h.

Diab et al. investigated MOF-801 with 10%, 20%, and 30% wt.% of graphene nanoplatelets
and concluded that 10% graphene is the most appropriate ratio since increasing the
graphene percentage by more than 10% will decrease the surface area to half (420 m2/g in
the case of 20% graphene). Therefore, MOF-801/10 wt.% graphene nanoplates composite is
used in this work.

The highly dispersed MOF-801 nanoparticles on graphene nanoplatelets were visu-
alized using high-resolution transmission electron microscopy (HRTEM). Figure 1 shows
the TEM images, highlighting that the MOF particles are synthesized in nanoscale sizes to
suitably graze the nanoparticles on graphene nanoplatelets ranging from 350 nm to 5 nm.
Graphene nanoplatelets serve as nucleating surfaces for forming MOF-801 nanoparticles,
resulting in a homogeneous and well-coated MOF layer on graphene sheets. Figure 2a
shows the PXRD pattern for MOF-801 nanoparticles, graphene nanoplatelets, and MOF-
801/Graphene composite measured using a D8 Bruker X-ray powder diffractometer at
room temperature [27].

Thermal stability is important in the development of MOF materials where thermo-
gravimetric analysis (TGA) and high temperature XRD measurements are used [28]. To as-
sess the thermal stability of MOF-801 and MOF-801/Graphene nanoplatelets, a TGA/DCS
system was used where samples were heated from 25 to 700 ◦C at a rate of 10 ◦C/min
under a constant flow of air. Figure 2b shows the TGA results, highlighting that MOF-
801/Graphene nanoplatelets have higher thermal stability than MOF-801, suggesting
that the developed composite is thermally stable and can be utilized at relatively high
temperatures [27].

Figure 3 represents the measured water adsorption isotherm of MOF-801/Graphene at
25 ◦C, 45 ◦C, and 55 ◦C. It is clear that the MOF-801/Graphene exhibited a type I adsorption
isotherm, reaching 71.5% of its maximum capacity at a low relative pressure of 0.2, with a
final uptake of 0.35 g HO2 gads −1 at a relative pressure of 0.9.

Figure 4 shows eight cycles for the adsorption/desorption of MF-801/Graphene,
indicating good stability, and a desorption temperature of 90 ◦C is enough to produce a
repeatable desorption process. The addition of graphene nanoplatelets reduced the cyclic
time compared to the neat MOF-801.
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P/Po = 0.9 and Tdesorption of 90 ◦C.

Figure 5 shows the gravimetric water uptake and the kinetics of MOF-801/Graphene
at different temperatures measured using a dynamic vapor sorption (DVS) analyzer [27].
Figure 5 shows that increasing the temperature results in decreasing the adsorption time
and the maximum water uptake.
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Figure 5. Water kinetics at different adsorption temperatures and relative pressures using MOF-801-
G10% [27].

Using MOF-801/Graphene nanoplatelets 10% loading with enhanced water vapor
adsorption characteristics, this paper describes a novel, cost-effective cooling technology
for greenhouse climate control to achieve the required temperature and humidity levels.
The work involves developing 3D CFD model for the water desorption and adsorption
processes of MOF-801/Graphene-coated on the wire-finned heat exchanger and used to
predict the best cycle time for greenhouse air dehumidification. In addition, an overall
thermodynamic model of the greenhouse cooling system was developed and results from
the CFD model were used to predict the overall system performance.

3. Computational Fluid Dynamic Modelling of MOF-801/Graphene

A 3D computational fluid dynamic model was developed for a copper wire finned tube
heat exchanger coated with a 0.5-mm thick layer of MOF-801/Graphene. Figure 6 shows a
3D CAD drawing of this wire-finned tube which was imported to COMSOL Multiphysics
to simulate the adsorption/desorption processes of water vapor on the coated MOF. In
addition, this wire-finned tube was integrated with nichrome wire to provide electrical
heating for the desorption process. In the COMSOL model, the following modules were
used: (i) electrical heating module to simulate the heating process, (ii) heat transfer in solids
and fluids module to simulate the heating effect through the body and the MOF material,
(iii) Darcy’s law to describe the momentum of fluid flow in the porous domain, and (iv)
linear driving force (LDF) to model the MOF domain’s water uptake taking into account
the MOF’s adsorption isotherm and kinetics.
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Equation (1) describes the heat transfer in solids and fluid, where Qted is the thermoe-
lastic damping [29]

ρCp
∂T
∂t

+ ρCpu∇T +∇(−k·∇T) = Qe + Qted (1)

Equations (2)–(4) describe the electrical heating process [30].
Qe (W/m3) is the resistive heating in the heat equation represented in Equation (2)

ρCp
∂T
∂t

+∇(−ks·∇T) = Qe (2)

J is the current density (A/m2), and E is the electric field strength (V/m) are presented
in Equations (3) and (4)

J =
E

Qe
(3)

E = ∇V (4)

Equation (5) presents the Darcy law equation [31]

∂

∂t
(ρє) +∇·

(
ρ

(
−Kd

µ
∇pv

))
= Qm (5)

Equation (6) shows the linear driving force (LDF), where Win f and W are the final and
initial instantaneous water uptake, respectively [32].

∂W
∂t

= k
(

Win f −W
)

(6)

where k is the overall mass transfer coefficient, k0 is the LDF empirical constants, and Ea Is
the activation energy given by Equation (7) [23]:

k = k0e(
−Ea
RT ) (7)

The MOF permeability ( Kd) is expressed as follows [33]

Kd =
d2

pє3

150(1− є)2 (8)

Qm in Equation (9) is the mass source of the adsorbate through the adsorbent material

Qm = −(1− є)ρads
∂W
∂t

(9)

The pressure of the vapor was calculated using ideal gas as follows [34]

pv = ρvRvT (10)

The equilibrium water uptake (Win f ) of MOF-801/Graphene was determined using
Equations (11)–(14) [28–36]:

A = −RTln
(

p
po

)
(11)

Ds = Dsoe(
−Ea
RT ) (12)

Winf = 6.88496 ∗ e(−0.00081359 ∗ A) for A > 3987 (13)
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Winf = 3.9(10)−13A3 − 6.48676(10)−9A2 + 0.0000037696835 A + 0.356179 for A < 3987 (14)

Table 1 shows the thermophysical properties of the MOF-801/Graphene used in
the model.

Table 1. Thermophysical parameters [27,36].

Properties MOF-801/Graphene

Powder particle Density 1.552 g cm−3

Tortuosity 1.56

Cp values 743 J kg−1 K−1

Bulk Density 0.6 g/cm3

Qst 3300 kJ kg−1

Particle size 45–60 nm

Skeletal Density 1.77

Kd 160 W/m.k

Ea (J/mol) Dso (m2/s) Pratio (p/po)

27,708.06 9.00 × 10−16 Pratio < 0.1

1749.93 4.00 × 10−20 0.1 < Pratio < 0.2

16,639.63 8.00 × 10−17 Pratio > 0.2

Particle radius Rp (m) 25 × 10−9

All physics were coupled and solved numerically using a time-dependent solver,
which solves the equations simultaneously to give accurate results with minimum solving
iteration time for the non-linear equations. The initial boundary conditions are set by
assuming that the adsorbent material is fully saturated with a water uptake of 0.35 kg/kg
and material temperature of 30 ◦C. During the desorption process, the heating is enabled
by applying the electrical power of 2 W for a period of 40 min. During the adsorption
process, the electrical power was switched off, and the MOF-801/Graphene material was
exposed to atmospheric conditions for a period of 40 min. During this simulation, a quarter
of the tube is used due to symmetry at the two sides of the 3D wire finned tube.

Figure 7 shows the temperature and water uptake variation with time during one
desorption and adsorption cycle with a desorption time of 40 min at an input power of
2 W, an adsorption time of 40 min at an ambient temperature of 23 ◦C, and humidity of
55%. The blue line represents the temperature variation with time, while the green line
represents the water uptake variation with time. It can be seen that the temperature reaches
a steady state after 25 min of heating, reaching 82 ◦C, and the water uptake decreased
to 0.01 kg/kg. During the adsorption process, the water uptake increased with time till
reaching an uptake of 0.17 kg/kg at 80 min.

Figures 8 and 9 show 3D images of predicted temperature and water uptake during the
heating process (desorption) at 10 and 34 min and during the adsorption process at 40 and
80 min for a 15-cm wire-finned tube coated with 10 g of MOF801/Graphene. It is clear from
Figure 8 that as the time increases, the temperature increases and the MOF-801/Graphene
water uptake decreases, while Figure 9 shows that the water uptake increases with time
during the adsorption process.

The mesh sensitivity test is carried out using the physics-controlled mesh option in
COMSOL, where tetrahedron mesh shape was selected with four different sizes applied,
namely extra coarse, coarse, normal, fine, and finer. Table 2 shows the number of elements
used in the various options, and Figure 10 shows the predicted temperature variation with
time using the four mesh sizes. It is clear that using the coarse mesh option produces
similar results to the other mesh sizes but with lower computational times of 20 min. All
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the simulation cases were carried out using a PC Intel core i7 processor, 48 GB RAM, 1 TB
SSD Hard Drive.
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4. CFD Model Validation and Results

The modelled wire finned tube was coated with 10 g of MOF-801/Graphene using a
0.5-mm thick layer and equipped with 0.41-mm thickness Nichrome wire to provide the
heating required for the desorption process. Moreover, the tube was instrumented with
surface thermocouples and mounted on a sensitive scale to measure the variation of its
weight with time during the desorption process due to electrical heating and the adsorption
process due to moisture capture from the atmosphere, as shown in Figure 11. Tests were
carried out at an ambient temperature of 23 ◦C and relative humidity of 55%, similar to
those used in the model. Figure 12 compares the model-predicted water uptake during the
adsorption process (shown in Figure 7) with the experimental measurements with time,
showing good agreement with a maximum deviation of ±2.35%. In addition, the results
are repeatable with maximum deviation of 6.25%, as shown in Figure 13.
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The validated CFD model for the adsorption/desorption cycle of MOF-801/Graphene
coated on wire finned tube was used to investigate the effect of changing the desorption
time (8 min, 16 min, 41 min) and the applied electrical power on the overall water uptake
during the adsorption process of 44 min. Figures 14–16 show the temperature and water
uptake variation with time for the power input of 1.26 W, 1.84 W, and 2 W, respectively.
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Table 3 summarizes the results shown in Figures 14–16 in terms of water removal
rate per cycle, number of cycles per day, total water removal per day, and the electrical
power consumption per day. It is clear from this table that using a desorption time of
16 min and power input of 1.26 W can produce the highest daily water removal per power
consumption of 274.42 (g/kgMOF)/(W.hr).

Table 3. Effect of Desorption time and power input on the daily water adsorbed and power consumption.

Power
Input (W)

Desorption
Time (min)

Water Uptake at
End of Desorption

Process (g/kg)

Water Uptake at
End of Adsorption

Process (g/kg)

Net Water Adsorbed
per Cycle

(g/kg)
Number of

Cycles per Day

Net Water
Adsorbed
per Day
(g/kg)

Power
Consumption

per Day
(W.hr)

Water to
Power Ratio

(g/kgMOF/W.hr)

1.26
8 191.75 215.18 23.34 27.69 648.83 4.65 139.53

16 104.71 196.87 92.16 24.00 2211.84 8.06 274.42
41 23.72 183.42 183.42 16.94 2705.51 14.59 185.44

1.84
8 160.00 200.00 40.00 27.69 1107.69 6.79 163.14
16 68.60 190.00 121.40 24.00 2913.6 11.78 247.33
41 8.00 179.00 171.00 16.94 2896.94 21.30 136.01

2
8 113.21 198.00 84.79 27.69 2348.03 11.08 211.92
16 30.00 183.00 153.00 24.00 3672.00 19.20 191.25
41 3.00 179.00 176.00 16.94 2981.25 34.73 85.84

5. Green House Climate Control System

Figure 17 shows a schematic diagram of the proposed greenhouse climate control
system to achieve the required temperature and humidity levels. This system consists
mainly of two MOF-801/Graphene-coated heat exchangers, an air-to-air heat exchanger,
and an evaporative cooler that will deliver the input air at the target temperature and
humidity to the greenhouse. In this system, the incoming humid air from the greenhouse at
(1) will pass through the air-to-air heat exchanger to reduce the temperature of air coming
from the MOF-coated heat exchanger. The air leaving the air-to-air heat exchanger (2)
will pass through the MOF-801/Graphene-coated heat exchanger (DCH), where the MOF
material will adsorb the air moisture content, thus reducing its humidity (3). During this
process, the air temperature will increase due to the released heat of adsorption. The
dehumidified hot air will then pass through the air-to-air heat exchanger where it is cooled
down while its moisture content remains constant. Further cooling will be applied to the
air (4) using the evaporative cooler, where the target temperature and humidity will be
achieved and delivered to the greenhouse (5). In this system, two DCHs are needed to
enable continuous air dehumidification, where they will alternate between adsorption and
desorption processes. During the desorption process, the desorbed water vapor can be
condensed in the water vapor condenser and used for irrigation of the greenhouse. D1
to D6 are dampers to control the airflow direction at various locations according to the
required operating scenario.



Energies 2023, 16, 3864 16 of 25

Energies 2023, 16, x FOR PEER REVIEW 17 of 26 
 

 

and desorption processes. During the desorption process, the desorbed water vapor can 
be condensed in the water vapor condenser and used for irrigation of the greenhouse. D1 
to D6 are dampers to control the airflow direction at various locations according to the 
required operating scenario. 

 
Figure 17. Greenhouse climate control based on a desiccant cooling system using MOF-801/Gra-
phene material. 

The governing equations for heat and mass transfer for the major components of the 
system are listed below where Equations (15)–(23) describe the conservation of mass and 
energy for the DCHs.  

Equation (15) describes the conservation of moisture in the air [37] as: 

𝜌𝜌𝑎𝑎 𝑑𝑑𝑒𝑒 �
𝜕𝜕𝑊𝑊𝑝𝑝

𝜕𝜕𝜕𝜕
+ 𝑢𝑢 𝜕𝜕𝑊𝑊𝑝𝑝

𝜕𝜕𝜕𝜕
�=𝐾𝐾𝑦𝑦�𝑊𝑊𝑑𝑑 −𝑊𝑊𝑝𝑝� (12) 

The energy conservation for the air is given in Equation (16) [37] as:  

𝜌𝜌𝑎𝑎𝐶𝐶𝑝𝑝𝑝𝑝𝑑𝑑𝑒𝑒 �
𝜕𝜕𝑇𝑇𝑝𝑝
𝜕𝜕𝜕𝜕

+ 𝑢𝑢 𝜕𝜕𝑇𝑇𝑝𝑝
𝜕𝜕𝑥𝑥
� = ℎ �𝑇𝑇𝑑𝑑 − 𝑇𝑇𝑝𝑝�+ 𝐾𝐾𝑦𝑦 𝐶𝐶𝑝𝑝𝑝𝑝�𝑊𝑊𝑑𝑑 −𝑊𝑊𝑝𝑝��𝑇𝑇𝑑𝑑 − 𝑇𝑇𝑝𝑝� (13) 

Desiccant moisture conservation is determined by Equation (17) [37]: 

𝛿𝛿𝛿𝛿 𝜌𝜌𝑑𝑑 �
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕
− 𝐷𝐷𝐷𝐷 𝜕𝜕𝜕𝜕

𝜕𝜕𝑥𝑥2
�= 𝐾𝐾𝑦𝑦 �𝑊𝑊𝑝𝑝 −𝑊𝑊𝑑𝑑� (14) 

Desiccant energy conservation can be written in Equation (18) [37] as follows: 

�∂Td
∂t
− Kd 

𝐂𝐂𝐩𝐩𝐩𝐩 ρd
 ∂Td
∂x2

�  δd. ρd . Cpd= h �Tp − Td�+ qst .  Ky �Wp − Wd�+Cpv Ky �Tp −

Td��Wp − Wd� 
(15) 

where 𝑊𝑊𝑑𝑑 is the adsorbent material equilibrium uptake expressed as a function of the 
MOF relative humidity as [38]:  

Wd = 0.62188 Pv
Patm−Pv

=0.62188 RHd
(Patm−Pvs)−RHd

 (16) 

The effective diffusivity (De) is determined as [39]:  

De =Ds
1.6× 10−6

τ
 e

(−0.974 ×10−6qstTd
)
 (20) 

where 𝑞𝑞𝑠𝑠𝑠𝑠 is the heat of adsorption given as [38];  
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The governing equations for heat and mass transfer for the major components of the
system are listed below where Equations (15)–(23) describe the conservation of mass and
energy for the DCHs.

Equation (15) describes the conservation of moisture in the air [37] as:

ρade

(
∂Wp

∂t
+ u

∂Wp

∂x

)
= Ky

(
Wd −Wp

)
(15)

The energy conservation for the air is given in Equation (16) [37] as:

ρaCpade

(
∂Tp

∂t
+ u

∂Tp

∂x

)
= h

(
Td − Tp

)
+KyCpv

(
Wd −Wp

)(
Td − Tp

)
(16)

Desiccant moisture conservation is determined by Equation (17) [37]:

δdρd

(
∂W
∂t
− De

∂W
∂x2

)
= Ky

(
Wp −Wd

)
(17)

Desiccant energy conservation can be written in Equation (18) [37] as follows:(
∂Td
∂t
− Kd

Cpdρd

∂Td

∂x2

)
δd·ρd·Cpd= h

(
Tp − Td

)
+qst·Ky

(
Wp −Wd

)
+CpvKy

(
Tp − Td

)(
Wp −Wd

)
(18)

where Wd is the adsorbent material equilibrium uptake expressed as a function of the MOF
relative humidity as [38]:

Wd = 0.62188
Pv

Patm − Pv
= 0.62188

RHd
(Patm − Pvs)− RHd

(19)

The effective diffusivity (De) is determined as [39]:

De = Ds
1.6× 10−6

τ
e(−0.974×10−6 qst

Td
) (20)
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where qst is the heat of adsorption given as [38];

qst =A = h f g

[
1 + 0.2843e(−10.28W)

]
(21)

where h f g is the latent heat of evaporation for water and is given by [40]:

h f g = (2504.4− 2.4425 Td)·1000 (22)

The desiccant relative humidity equation for MOF-801/Graphene:

RHd = 21261*W 6 − 22293*W 5 + 8844.7*W 4 − 1599.2*W 3 + 122.57*W 2 − 1.8263*W + 0.0066 (23)

Equations (24)–(30) describe the heat transfer equations for the air-to-air heat ex-
changer [41]:

Tpo =
(
Tpi − Tw

)
·eAx+Tw (24)

A =
−hp × a× n

mp × cp
(25)

Re =
V × L

ν
(26)

hp = (0.664× (Re
0.5))× (Pr

1
3 × k)
L

(27)

A = a× n× δ

2
(28)

At = n× a× L (29)

mp = ρ·V·A (30)

Equations (31)–(45) describe the heat and mass transfer equations [42] for the evapora-
tive cooler shown schematically in Figure 18:

.
ma·∂hm = δ

.
QS+δ

.
QL (31)

δ
.

QS= hT ·(TW − T)·∂A (32)

δ
.

QL=
.

∂mW ·
(

CpvTw + h f g

)
(33)

.
∂mW = hm·ρa(Ws −W) (34)

.
∂mW =

.
ma·∂W (35)

(
Cpa + W·Cpv

)
·∂T
∂x

=

[
P·hT

.
ma

+ Cpv·
∂W
∂x

]
·(Tw − T) (36)

∂W
∂x

.
ma= P·hm·ρa(Ws −W) (37)

Re =
U·Dh

υa
(38)
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Dh = 2·D (39)

Nu = Sh = 7.54 (40)

hT =
Dva·Sh

Dh
(41)

hm =
ka·Nu

Dh
(42)

Dva = 1.87 ∗ 10−10 ∗ T2.072 (43)
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Figure 18. Schematic diagram of direct evaporative cooler.

Boundary condition
TW = Twb(Tin, ϕin) (44)

Ws = W(Tw, ϕ = 100%) (45)

The above equations for the DCHs, air-to-air heat exchanger, and evaporative cooler
are solved using MATLAB according to the flow chart in Figure 19 using the inputs listed
in Table 4 coupled with CoolProp [43] for air properties.
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Table 4. Input parameters to the greenhouse climate control system.

Model Inputs Value Units

Air relative humidity (RH_air) 65, 75, 90 %
Air temperature (T_air) 30 ◦C

Air velocity (U) 1.5, 2.5, 3.5 m/s
Air density (Roh_air) 1.2 kg/m3

Desiccant density (Roh_desiccant) 600 kg/m3

Sher wood number (Sh) 2.5 -
Specific heat of air 1005 kJ/kg/K

Air Thermal conductivity 0.175 W/mK
Nusselt number 2.45 -

The thickness of plates (t) 0.4 m
Length of plates (L) 0.6 m
Width of plates (a) 0.4 m

Channel width (sigma) 4 × 10−3 m
No of plates 70 -

Total heat exchange area (At) 16.8 m2

Prandtl number (Pr) 0.711 -
Dynamic viscosity (neu) 16.97 × 10−6 Ns/m

The submodels of the major components of the system, such as the DCHs, the air-to-
air heat exchanger, and the evaporative cooler, were validated using published literature.
Table 5 presents the results of validating the evaporative cooler submodel using three
conditions at T = 40 ◦C and relative humidity 30%, 50% and 70%. The direct evaporative
cooler model’s outputs agree with published modelling and experimental data by Igor
Kovačević [42], with a maximum difference of less than 1% for output temperature and
relative humidity.
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Table 5. Evaporative cooler model validation.

Case 1

Parameter Inputs Current Model Outputs Published Data Experimental

Temperature (◦C) 40 25.13 25.34 25.3

Relative humidity 30% 97.16% 97.16% 97.16%

Specific humidity (g/g) 13.9 19.7 19.9 19.9

Case 2

Parameter Inputs Model outputs Published data experimental

Temperature (◦C) 40 30.33 30.47 30.5

Relative humidity 50% 98.46% 98.46% 98.46%

Specific humidity (g/g) 23.5 27.3 27.5 27.6

Case 3

Parameter Inputs Model outputs Published data experimental

Temperature (◦C) 40 34.65 34.72 n/a

Relative humidity 70% 99.12% 99.12% n/a

Specific humidity (g/g) 33.4 35.51 35.6 27.6

The air-to-air heat exchanger submodel was validated using published results of R. S.
Bindu [41] with no deviation, as shown in Figure 20.
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Figure 20. Air-to-air heat exchanger model validation.

Figure 21 compares the desiccant-coated heat exchanger submodel results to those
published by Yadav et al. [36], showing good agreement with a maximum deviation
of 13%.
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6. Overall System Performance Results

The above-developed model for the greenhouse climate control system was used
to predict its performance in the case of a greenhouse with initial conditions of 30 ◦C
temperature and 90% relative humidity. For the MOF DCH, the initial condition of the
MOF material was obtained from the CFD analysis where the temperature and water
uptake of the desiccant are 50 ◦C and 0.104 kg/kg. These conditions were achieved using
the desorption time of 16 min and a power input of 1.26 W with the highest water removal
rate per unit power consumption. Figure 22 shows the psychrometric chart for the air as it
flows through various parts of the system where the air coming from the greenhouse is
heated up in the air to air heat exchanger from 30 ◦C to 41 ◦C. Then, the hot and humid
air will pass through the MOF DCH, where the specific humidity of the air is reduced
significantly from 24.27 g/kg to 7.86 g/kg. As the dehumidified and hot air flows through
the air-to-air heat exchanger, its temperature will decrease from 41 ◦C to 36.91 ◦C. In the
evaporative cooler, the dehumidified and hot air is further cooled and humidified to achieve
the target air temperature and relative humidity of 25 ◦C and 40%, respectively, at the inlet
to the greenhouse.
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Figure 23 shows the effect of changing the relative humidity inside the greenhouse at
65%, 75%, and 90% and its impact on the system performance. By increasing the relative
humidity value at point (1) from 65% to 75% and then to 90%, the specific humidity for the
air at point (5) increased from 5.78 g/kg to 7 g/kg, and then to 7.8 g/kg, respectively. Using
16 min of heating (desorption) and 44 min of adsorption, the total number of cycles/day is
24, leading to the production of 4.42 liters of water per day collected from the two DCHEs
used in this system.
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7. Conclusions

Food security depends on adequate crop production, which is adversely affected by
the extreme temperatures in hot climates, lack of irrigation water, and poor soil quality.
Greenhouses with controlled environment can enhance food security, particularly in areas
with high temperature and water scarcity, by growing crops throughout the year inde-
pendently from weather conditions. In this paper, a novel system for greenhouse climate
control was developed using a metal–organic framework-based desiccant coated heat
exchanger integrated with an air-to-air heat exchanger and evaporative cooler. Coupled
with this model, computational fluid dynamics modelling for MOF-801/Graphene coated
heat exchanger was developed to predict the best desorption time and power consumption.
Results showed that:

1. Adding graphene nanoplatelets to the synthesis of MOF-801 creates nucleating sur-
faces where the MOFs particles adhere to the forming MOF-801/Graphene composite.
The MOF-801/Graphene is highly porous with enhanced water sorption kinetics and
cyclic performance, but with a slight decrease in the water uptake and enhanced
thermal stability.

2. MOF-801/Graphene with 10% graphene is the most appropriate ratio since increasing
the graphene percentage by more than 10% will decrease the surface area to half
(420 m2/g in the case of 20% graphene).

3. The CFD modelling of MOF-801/Graphene coated on wire finned heat exchanger
showed that using power input of 1.26 W and desorption time of 16 min, the MOF-
801/Graphene coated heat exchanger produces the highest water removal rate per
unit power consumption of 274.42 g/kgMOF/W.hr.

4. The developed system can handle greenhouses’ high relative humidity of 90% and
achieve the target return air relative humidity of 50%. Similarly, the system can achieve
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other desired return air conditions starting from different greenhouse
relative humidity.

5. Reducing the air velocity through the system showed advantages in terms of achieving
lower relative humidity at the return to the greenhouse. For example, with air velocity
of 3.5 m/s, the specific humidity of the return air is 10.5 g/kg while at the velocity of
1.5 m/s, the return air specific humidity is 3.7 g/kg.

6. The developed system shows the ability to recover the water from reducing the
greenhouse relative humidity to be used either for irrigation or any other applications.
The daily water recovery is found to be 4.4 liter/kgMOF used.
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