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a b s t r a c t
In order to provide favourable conditions for the crop growth and freshwater for irrigation, a novel 
integrated system of brackish water greenhouse desalination (BWGD) with return air is proposed. 
A one-dimensional steady-state model of the proposed BWGD has been developed to investigate 
sensitive analysis of factors based on orthogonal test method. The thermal stratification phenomena 
caused by the return air divides the internal space of the greenhouse into the crop layer and inter-
nal air layer. Both the favourable temperature of the crop layer and optimal freshwater production 
can be satisfied by merely regulating the most significant factors of inlet brackish water tempera-
ture and flow rate of condenser while the air temperature and relative humidity at the conditions 
of the optimal freshwater production does not favor the crop growth in the classical BWGD. The 
maximum freshwater production does not occur at 11 am when the solar radiation is the greatest 
due to the thermal stratification phenomena. The freshwater production of 1,118  L/d outweighs 
the total irrigation demand of 1,082 L/d. The proposed BWGD, which is an important step forward 
towards improving the performance of BWGD, provides innovative solutions to the problems of 
water for agriculture and the crop growth.

Keywords: �Greenhouse; Brackish water desalination; Sensitive analysis; Orthogonal test method; 
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1. Introduction

The population boom and industry and agriculture 
developments have overthrown the whole world to a fresh-
water crisis in recent years [1,2]. The United Nations predicts 
a severe shortage of water for 48 countries by 2025 [3]. The 
agriculture section, which is the largest consumer of water 
resources, is facing severe water stress [4]. It becomes neces-
sary to find alternative methods instead of merely consum-
ing available water resources to efficiently solve the issue 
between the agricultural development and the scarcity of 

freshwater in arid and semi-arid areas [5,6]. The brackish 
water greenhouse desalination (BWGD), which is developed 
based on the principle of air humidification–dehumidifica-
tion, can produce freshwater from brackish water for irri-
gation purposes [7]. The complex heat and mass transfer 
phenomena in the BWGD, which results from the intrin-
sically coupled nature between heat transfer process and 
dynamic interaction in the multi-phase flows of air, vapor, 
water and soil, have received substantial attention to obtain 
reliable knowledge for developing an efficient brackish 
water desalination [8,9].
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The relationships between the performance of the 
BWGD and parameters were experimentally investigated. 
The effects of ambient conditions of solar radiation, air tem-
perature and relative humidity on the freshwater produc-
tion indicated that the freshwater production with the solar 
radiation were in perfect agreement [10]. Al-Ismaili [11] 
proved that the humidifier allowed a maximum decrease 
of 10°C in the ambient air temperature. It was found in the 
experiment that the air temperature of 30°C~38°C exceeded 
the favourable conditions for the crop growth [12]. The 
experiment conducted by the response surface method 
suggested that the temperatures of both ambient air and 
humidifier water determined the freshwater production 
[14]. There seemed to exist the following two issues in the 
above experimental research: (a) the variation rules of the 
measured freshwater production with ambient conditions 
were inconsistent or even contradictory due to the fact 
that the ambient conditions, which depended on the geo-
graphical environment, were interlinked with each other; 
(b) most of the experiments mainly focused on optimiz-
ing the freshwater production with little attention paid to 
favourable conditions for the crop growth, which resulted in 
a low efficiency of greenhouse planting.

Significant calculating efforts have been made to study 
the freshwater production of the BWGD. The first attempt 
to develop a mathematical model of the Tenerife’s BWGD 
failed to take into account the parameters of the humidifier 
[16]. The model regarding the BWGD in Oman assumed the 
long narrow greenhouse as one unit and ignored the effect 
of the crop transpiration [15]. Zurigat et al. [16] divided 
the greenhouse unit into three subsystems of soil, crop 
and air merely in the vertical direction of the greenhouse. 
Owing to the obvious increase of air temperature and rel-
ative humidity along the length of the greenhouse, the air 
temperature and relative humidity inside the greenhouse 
were out of the favourable range for the crop growth. The 
effect of a single variable of the running parameters on the 
freshwater production was analyzed [17,18]. Zamen et al. 
[19] found that the freshwater production increased, then 
decreased with an increasing air flow rate while Hajiamiri 
and Salehi [17] revealed the freshwater production was neg-
atively correlated with the air flow rate. The conclusion on 
the significance analysis of parameters on the freshwater 
production agreed poorly with each other due to the fact 
that other parameters except the given single variable dif-
fered from each other. The optimized greenhouse structure 
dimensions for the maximum freshwater production were 
suggested based on the artificial neural network model 
[20,21]. Based on calculations on the dehumidification in 
the condenser, empirical correlations of the freshwater 
production have been developed [22,23] and the improved 
condensers of the plate channel condenser [24], passive con-
denser [25] and direct contact condenser [13,19,26] were 
proposed. The present calculation primarily focused on the 
freshwater production while the calculated temperature 
of 30°C and relative humidity of 80% was unfavourable 
for the crop growth. It resulted in a kind of cooling energy 
waste that the dehumidified air with a temperature of 24°C 
was directly discharged to the ambient.

Although a large number of studies on the BWGD in 
both the calculation and experiment have been done, there 

is a demand to further develop a novel BWGD to solve the 
key deficiencies. The conflicting conclusions on the freshwa-
ter production are due to the lack of the significance rank-
ing of interactional parameters. The unfavourable conditions 
of air temperature and relative humidity in the greenhouse 
result from the isolation of the brackish water desalination 
and crop growth. Herein, a proposed BWGD, where the 
crop layer and internal air layer occur owing to the thermal 
stratification phenomena, serves to couple the crop growth 
with the freshwater production. On the condition of the 
favourable air temperature and relative humidity for the 
crop growth in the crop layer, the significance ranking of 
factors and parameters of the optimal freshwater production 
are obtained based on orthogonal test method.

2. System description

A proposed BWGD, which consists of three subsys-
tems of humidification, dehumidification and ventilation, 
is illustrated in Fig. 1. The fresh brackish water from the 
brackish water pool is directly pumped to the tubes of 
the condenser where it absorbs the latent heat and sensi-
ble heat released by the vapor of the humid air condens-
ing outside the tubes. The preheated brackish water flows 
partly through the two humidifiers where the remaining 
feed brackish water returns to the brackish water pool, 
and partly to the brackish water pool. The brackish water 
temperature in the brackish water pool is regulated by 
flow rates of both low-temperature underground brackish 
water and drained brackish water. The ambient air suc-
cessively flows through the first humidifier to be initially 
cooled and humidified, internal air layer to absorb the solar 
radiation, second humidifier to be further humidified and 
condenser to produce freshwater by the dehumidifica-
tion. Compared with the classical BWGD shown in Fig. 2, 
the proposed BWGD differs in the ventilation subsystem 
which serves to venting and cooling the crops. The cool air 
of 24°C exiting from the condenser, which was discharged 
to the ambient in the classical BWGD, is introduced to cool 
the crop layer from the south of the greenhouse along its 
length after it is further dehumidified to a relative humidity 
of 50% in the dry pad. The thermal stratification, which is 
formed by the cross flow between the cool transverse air 
through the crops and the hot longitudinal air above the 
crops, divides the internal space of the greenhouse into the 
crop layer and internal air layer. The cool air jets to the crop 
canopy, then discharges to the ambient at the exits of the 
north side of the greenhouse. The crop canopy naturally 
disturbs the cross mixing of the cool air and hot air in our 
experiment shown in Fig. 1c, which is proven by existing 
stagnant air boundary layer near the crop canopy [27]. 
The new ventilation subsystem provides the favourable 
temperature and relative humidity required for the crop  
growth.

3. Mathematical model and validations

3.1. Mathematical model

A one-dimensional steady-state BWGD with return air 
is modeled with the following assumptions:
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(a) 

 

(b) 

 

(c) 

Fig. 1. Diagram of a proposed brackish water greenhouse desalination (a) side view, (b) plan view and (c) experiment of thermal 
stratification in Jinan. 1-Ambient air; 2-First humidifier outlet air; 3-Second humidifier inlet air; 4-Second humidifier outlet air; 
5-Condenser outlet air; 6-Dry pad outlet air; 7-Crop layer outlet air; 8-Condenser inlet brackish water; 9-Condenser outlet brackish 
water; 10-Second humidifier inlet brackish water; 11-First humidifier inlet brackish water; 12-First humidifier outlet brackish water; 
13-Second humidifier outlet brackish water; 14-Freshwater.
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•	 Heat loss is negligible [28];
•	 Air is homogeneous in its thermal and moisture 

properties [28];
•	 Water-air interface temperature in the humidifier 

equals to the average temperature of its inlet and outlet 
brackish water [28];

•	 A small part of solar radiation absorbed by the crops 
for photo synthesis and soil is ignored [28];

•	 A relative humidity of the air exiting from the con-
denser is 95%.

Equations of the energy and mass conservation in 
the first and second humidifier are given by [29]:

m h m h m h m ha a1 11 11 2 12 12� � � 	 (1)

m w m m w ma a1 11 2 12� � � 	 (2)

m h m h m h m ha a3 10 10 4 13 13� � � 	 (3)

m w m m w ma a3 10 4 13� � � 	 (4)

Equations of the cooling efficiency in the first and sec-
ond humidifier are given by [28]:
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Equations of the energy and mass conservation in 
the classical BWGD are given by [28]:
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Equations of the energy and mass conservation of the 
internal air layer and crop layer in the proposed BWGD 
are given by [31]:
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The constants in the above equations are as follows [31]:
a1 = 0.7, a2 = 0.3
Equations of the energy and mass conservation in the 

condenser are given by [29]:

m h m h m h m h m ha a4 8 8 5 9 9 14 14� � � � 	 (12)

m w m w ma a4 5 14� � 	 (13)

The relative humidity of the dehumidified cool air 
through the dry pad is calculated by [32]:

3 62 2 1 16 5 6 5. . ,� � � �� �� �RH RH

                              
wbW

              1 41 3 500 50�� �� � �. % % Ld 	 (14)

The relative deviation is given by:

RD sim exp�
�

�
X X

Xexp

%100 	 (15)

The range Rt and Rm are calculated by [33]:

R K K K K Kt t t t t t� � �max , , , ,1 2 3 4 5 	 (16)

R K K K K Km m m m m m� � �max , , , ,1 2 3 4 5 	 (17)

A simplified flowchart of the computation program 
is shown in Fig. 3. Based on the input data, the program 
starts to assume the brackish water temperature at the out-
let of condenser. The parameters of air exiting from the first 
humidifier, internal air layer, second humidifier, condenser 
and crop layer are calculated according to Eqs. (1)–(6) and 
Eqs. (9)–(14). The brackish water temperature at the con-
denser outlet and freshwater production are calculated by 
Eqs. (12) and (13).

Fig. 2. Diagram of the classical brackish water greenhouse desali-
nation [30].
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3.2. Model validations

Comparisons of the calculated air temperature and 
humidity ratio at the outlets of the humidifier, greenhouse 
and condenser with the experimental data in the classical 
BWGD [28] are presented in Fig. 4.

The comparisons show that the predictions are in a good 
agreement with the experimental data. It is shown in Fig. 4a 
that the relative deviations of the calculated air tempera-
ture and humidity ratio at the outlet of the humidifier are 
0%~7% and 0%~–4%, respectively. The overestimation of the 
calculated air temperature is due to the fact that the mea-
sured air temperature at the middle height of the humidifier 
is lower than the averaged one of the inlet and outlet air in 
the humidifier as a vertical decrease in the brackish water 
temperature results in a non-linear decrease in the air tem-
perature. It can be seen in Fig. 4b that the deviations of the 
air temperature and humidity ratio are less than 5% before 
12  am and slightly increase after 12  am. This is attributed 
to the ignored heat storage of the soil in the assumption 
which becomes more pronounced on the air temperature 
in the greenhouse after 12  am. The marginal deviations of 
the air temperature and humidity ratio at the outlet of the 
condenser shown in Fig. 4c, which are –2%~2% and –3%~2%, 
respectively, prove the accuracy of the assumed relative 
humidity of air exiting from the condenser.

4. Results and discussion

The ambient conditions on July 22 2020 in Jinan are 
shown in Fig. 5. The details of the geometric sizes and 
physical parameters of the proposed BWGD are listed in 
Tables 1 and 2. The subsequent calculations are performed 
on the given parameters in Fig. 5 and Tables 1 and 2.

4.1. Range analysis of the orthogonal test

Orthogonal test method, which is a kind of designing 
method to study multiple factors and levels, is used to obtain 
the significance ranking of factors. The thickness of the first 
humidifier, position of the second humidifier, air flow rate 
of the crop layer and inlet brackish water temperature and 
flow rate of the condenser are symbolized by A, B, C, D and 
E, respectively. These factors are chosen as the controllable 
factors as the ambient conditions and geometric sizes are 
fixed among all the factors affecting the performance of the 
proposed BWGD. According to the favourable temperature, 
relative humidity and flow rate of air for the crop growth, 
underground brackish water temperature and minimum 
brackish water flux of the humidifier, levels of the chosen 
factors are given in Appendix A1. On the favourable con-
dition of the air temperature of 24°C and relative humidity 
of 55% [34,35], the orthogonal test results at 8  am, 11  am 
and 5 pm are presented in Appendix A2. The temperature 
of the crop layer (tcrop) and the freshwater production (mc) 
are taken into account as the air relative humidity is dehu-
midified to 50% by the dry pad.

The range analysis results of tcrop and mc at 11  am are 
shown in Tables 3 and 4 according to the orthogonal test 
results in Appendix A2. The reason for the range analysis 
at 11 am is that the greatest solar radiation at 11 am is the 
most unfavourable for the crop growth. The statistics of the 
range Rt and Rm as well as the significance ranking of fac-
tors at 8 am, 11 am and 5 pm are shown in Tables 5 and 6, 
respectively.

It is found in Table 5 that the range Rt and Rm of fac-
tor D and E are far greater than that of factor A, B and C. 
This proves that factors of both factor D and E are the most 
significant ones on tcrop and mc regardless of the time. The 
reasons can be attributed to the following: (a) the outlet air 
temperature and dehumidification rate in the condenser, 
which are determined by the inlet temperature and flow 
rate of the brackish water, directly affect tcrop and mc; (b) the 
temperature of the brackish water preheated by the con-
denser has a great effect on humidifying and cooling air 
through the two humidifiers. The increasing thickness of 
the first humidifier causes little impact on humidifying air 
as the decreasing vapor partial pressure difference between 
the brackish water interface of the humidifier and the air 
with increasing thickness results in a decreasing gradient of 
the evaporation rate along the thickness of the first humid-
ifier. The cooling efficiency of the second humidifier is not 
obviously affected by the position of the second humidifier 
due to the small air temperature rise of 1°C~4°C in the inter-
nal air layer. A slight range of air flow rate in the crop layer 
between 0.5 to 0.7 m/s accounts for its inconsequential effect 
on tcrop and mc. Therefore, factors A, B and C are the non- 
significant ones.

 
Fig. 3. Flowchart of the computation program.
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(c) 

(a)                                          (b) 

Fig. 4. Comparisons of outlet air temperature and humidity ratio (a) humidifier, (b) greenhouse and (c) condenser.

 

(a) (b) 

Fig. 5. Ambient conditions on July 22 2020 in Jinan (a) ambient air temperature and relative humidity and (b) solar radiation.
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It can be seen from Table 6 that the significance ranking 
of factors on tcrop at 8  am is the same as that at 5  pm, and 
that there exists the difference between the significance rank-
ing of factors on tcrop at 11 am and that at 8  am and 5 pm. 
The difference is due to the fact that the greater solar radia-
tion at 11 am results in a greater air temperature rise of 4°C 
through the internal air layer than that of 1°C~2°C at 8 am 
and 5 pm. As a result, the effect of factor B on tcrop outweighs 

that of factors A and C at 11 am. It is also shown in Table 8 
that the significance ranking of factors on mc at 8 am is the 
same as that at 11 am, and that factor C is more important 
than factor B on mc at 5  pm. The reason for the difference 
at 5 pm is due to the fact that the brackish water evapora-
tion rate of the first and second humidifiers linearly increases 
with the increasing air flow rate while the small air tem-
perature rise of 1°C~2°C in the internal air layer caused by 
the low solar radiation restrains the effect of the position 
of the second humidifier on its evaporation rate.

4.2. Comparisons of the significance ranking of factors

For the same geometric and physical parameters of 
Tables 1 and 2 in the proposed BWGD, the orthogonal test 
in the classical BWGD shown in Fig. 2 is performed to com-
pare the significance ranking of factors between the two 
BWGD systems. The significance ranking of factors on tcrop 
and mc in the classical BWGD is shown in Table 7. It can be 
seen that there exist the significant factors of factor A and B 
on tcrop and the ones of factor D and E on mc. The reason for 

Table 1
Geometric parameters of the proposed brackish water green-
house desalination

Geometric parameters Values
Dimensions of the greenhouse (m) 30 × 9 × 3
Dimensions of the humidifier (m) 7 × 1.75 × (0.10~0.20)
Height of the crop (m) 0.50
Total area of the cover (m2) 216

Table 2
Physical parameters of the proposed brackish water greenhouse 
desalination

Physical parameters Values
Spray density (m3/m3·s) 0.0008
Solar transmittance of the cover 0.82
Overheat transfer coefficient of the cover (W/m2°C) 7
Shape factor from canopy to sky 0.81
Leaf area index 1.27
Coefficient of photosynthetically active radiation 0.50
Emissivity of the crop canopy 0.98
Short-wave reflectance of the crop canopy 0.25

Table 3
Range analysis results of tcrop at 11 am

Factors tcrop (°C)

A B C D E

Kt1 24.0 24.0 24.0 23.6 24.4
Kt2 24.1 24.1 24.0 23.9 24.2
Kt3 24.1 24.0 24.1 24.1 24.1
Kt4 24.1 24.1 24.1 24.3 24.0
Kt5 24.1 24.2 24.2 24.6 23.9
Rt 0.1 0.2 0.2 1.0 0.5

Table 4
Range analysis results of mc at 11 am

Factors mc (L/h)

A B C D E
Km1 86.4 82.0 85.0 115.4 77.0
Km2 89.4 84.0 89.2 103.8 85.8
Km3 91.8 91.2 90.2 89.2 95.4
Km4 92.0 94.8 93.2 81.8 97.0
Km5 95.0 102.6 97.0 64.4 99.4
Rm 8.6 20.6 12.0 51.0 22.4

Table 5
Statistics of the range Rt and Rm at 8 am, 11 am and 5 pm

Time Factors Range

A B C D E

8:00
Rt 0.1 0.1 0.2 1.1 0.4
Rm 4.8 16.2 10.0 50.0 19.6

11:00
Rt 0.1 0.2 0.2 1.0 0.5
Rm 8.6 20.6 12.0 51.0 22.4

17:00
Rt 0.1 0.1 0.3 1.0 0.5
Rm 6.0 8.0 11.8 50.8 21.2

Table 6
Significance ranking of factors at 8 am, 11 am and 5 pm

Time Ambient conditions Significance ranking of factors

tcrop mc

8:00 t1 = 27.9°C, RH1 = 72%, Qs = 632 W/m2 D > E > C > A = B D > E > B > C > A
11:00 t1 = 31.9°C, RH1 = 53%, Qs = 879 W/m2 D > E > B = C > A D > E > B > C > A
17:00 t1 = 33.8°C, RH1 = 49%, Qs = 143 W/m2 D > E > C > A = B D > E > C > B > A
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the difference in the significance ranking of factors between 
the proposed BWGD and classical one lies in the thermal 
stratification phenomena in the proposed BWGD. The air 
humidified by the first humidifier directly flows through 
the greenhouse in the classical BWGD, while the air flow-
ing in the greenhouse is divided into the internal air layer 
and crop layer under the action of the thermal stratification 
phenomena in the proposed BWGD. The difference in the 
significance ranking of factors results in different regulat-
ing methods. In the proposed BWGD, both the favourable 
tcrop and optimal mc can be satisfied by merely regulating the 
inlet brackish water temperature of factor D and flow rate 
of condenser of factor E. In contrast, the favourable tcrop is 
obtained by regulating the thickness of the first humidifier 
of factor A, position of the second humidifier of factor B and 
mc is optimized by regulating the inlet brackish water tem-
perature of factor D and flow rate of condenser of factor E in 
the classical BWGD. Therefore, the temperature and relative 

humidity at the conditions of the optimal mc does not favor 
the crop layer. The conflicting result between the favour-
able tcrop and optimal mc is proved by the previous experi-
mental and calculated research where both the favourable 
tcrop and optimal mc could not be achieved, simultaneously.

4.3. Optimization of parameters in the proposed BWGD

It is seen that all the levels of factor A and former 
four levels of factors B and C meet the favourable tcrop in 
Table 5, and that mc increases with an increase in these lev-
els in Table 6. The non-significant factors for the favour-
able tcrop at 11 am is A5B4C4. Similarly, the non-significant 
factors are A3B5C5 at 8 am and A4B5C5 at 5 pm.

The profiles of tcrop and mc with respect to two signif-
icant factors of factor D and E are presented in Figs. 6–8. 
It can be found that tcrop decreases and mc increases with 
increasing inlet brackish water flow rate of condenser and 
decreasing inlet brackish water temperature of condenser 
at 8 am, 11 am and 5 pm. Take Fig. 7 at 11 am as an exam-
ple, when factor D increases by 1°C, the temperature of 
preheated brackish water for the humidifiers increases 
by 0.5°C. The decreasing temperature difference between 
the air and brackish water in the humidifiers results in 
a decrease in the cooling and humidifying efficiencies. 
Subsequently, the air temperature increases by 0.1°C and 
the air relative humidity decreases by 0.5% at the inlet of the 
condenser. The decreasing heat transfer temperature and 
humidity ratio cause a decreasing heat transfer in the con-
denser. As a result, tcrop increases by 0.3°C and mc decreases 
by 14  L/h. It is show in Figs. 6–8 that tcrop decreases and 
mc increases with increasing factor D at a decreasing rate, 
and that both the decreasing rate of tcrop and increasing 
rate of mc with increasing factor E hardly change.

It can be also observed that tcrop is no more than 24°C for 
D ≤ 18°C at 8 am in Fig. 6a and D ≤ 17°C at 5 pm in Fig. 8a, 
and that tcrop is greater than 24°C for D  ≥ 18°C at 11 am in 
Fig. 7a. This means that the favourable tcrop is guaranteed by 
the condenser inlet brackish water temperature which can 
be lowered by mixing underground brackish water in the 

Table 7
Significance ranking of factors in the classical brackish water 
greenhouse desalination

Time Significance ranking of factors

tcrop mc

8:00 B > A = D > E > C D > E > C > B > A
11:00 B > A > D > E = C D > E > C > A > B
17:00 B > A > D > E = C D > E > C > B > A

Table 8
Optimal parameters at 8 am, 11 am and 5 pm

Time A (m) B (m) C (m/s) D (°C) E (kg/s) mc (L/h)

8:00 0.16 30 0.70 19 4.8 85
11:00 0.20 24 0.65 16 4.4 114
17:00 0.18 30 0.70 18 6.0 115

 

(a) (b) 

Fig. 6. Profiles of (a) tcrop and (b) mc for different D and E at 8 am. (A3 = 0.16 m, B5 = 30 m, C5 = 0.7 m/s).
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brackish water pool. At 11  am when the solar radiation is 
the greatest, the favourable tcrop can be approached by low-
ering the condenser inlet brackish water temperature from 
the brackish water pool and increasing the condenser inlet 
brackish water flow rate.

The optimal parameters for the favourable tcrop and opti-
mal mc are listed in Table 8. It is interestingly found that 
mc at 11  am is not the maximum or even less than that at 
5 pm. This result is contradictory to the one in the classical 
BWGD that mc increases with increasing the solar radiation. 
The reason for the contradictory result is that the maximum 
mc is achieved at the expense of favourable tcrop. Owing to 
the thermal stratification phenomena, the solar radiation 
directly affects the air temperature in the internal air layer 
in the proposed BWGD rather than in the crops in the clas-
sical BWGD and the air flowing to the crop layer is cooled 
by the brackish water in the condenser.

Based on the above analysis of three typical moments, 
it is inferred that the favourable conditions for the crop 

growth and optimal freshwater production can be 
approached in the daytime by regulating the brackish water 
temperature in the brackish water pool and condenser inlet 
brackish water flow rate according to the solar radiation.

4.4. Comparisons of the optimal results

According to the above optimization analysis at 8  am, 
11  am and 17  pm, the optimal results of the proposed 
BWGD and classical one are shown in Fig. 9 from 8 am to 
17 pm, similarly. The optimal results of the two BWGD for 
the ambient conditions in Fig. 5 are compared in Fig. 9. It is 
indicated in Fig. 9a that the temperature of 26°C~30°C and 
relative humidity of 80%~95% in the crop layer of the clas-
sical BWGD are beyond the favourable conditions for the 
crop growth from 8 am to 5 pm, while the favourable tem-
perature of 24°C and relative humidity of 55% in the crop 
layer of the proposed BWGD do not vary. It is seen in Fig. 9b 
that the optimal mc in the proposed BWGD is less than that 

 

(a) (b) 

Fig. 7. Profiles of (a) tcrop and (b) mc for different D and E at 11 am. A5 = 0.2 m, B5 = 30 m, C4 = 0.65 m/s).

 

(a) (b) 

Fig. 8. Profiles of (a) tcrop and (b) mc for different D and E at 5 pm. (A4 = 0.18 m, B5 = 30 m, C5 = 0.7 m/s).
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in the classical BWGD. Meanwhile, the freshwater produc-
tion of 1,118 L/d in the proposed BWGD outweighs the total 
irrigation demand for the crops of 1,082 L/d. Although the 
concept of the greenhouse desalination was proposed to inte-
grate the crop growth with the humidification–dehumidi-
fication desalination technology, the maximum freshwater 
production is the preferred goal with little attention to the 
favourable conditions for the crop growth in the classical 
BWGD. The thermal stratification phenomena contribute to 
satisfy the favourable conditions for the crop growth and 
self-sufficiency in freshwater in the proposed BWGD.

5. Conclusions

A novel integrated system of BWGD is proposed to 
satisfy the favourable conditions for the crop growth and 
freshwater for irrigation, simultaneously. A one-dimensional 
steady-state model of the proposed BWGD has been devel-
oped to investigate sensitive analysis of factors based on 
orthogonal test method. The good agreement between the 
calculated and experimental results validates the accuracy of 
the developed model.

•	 The inlet brackish water temperature and flow rate of 
the condenser are the most significant factors on the crop 
layer temperature and freshwater production regard-
less of the time, while the difference in the significant 
ranking of non-significant factors at 8  am, 11  am and 
5 pm is caused by the solar radiation.

•	 Both the favourable temperature of the crop layer and 
optimal freshwater production can be satisfied by 
merely regulating the inlet brackish water temperature 
and flow rate of the condenser in the proposed BWGD 
while the air temperature and relative humidity at the 
condition of the optimal freshwater production does not 
favor the crop layer in the classical BWGD.

•	 The temperature of the crop layer decreases and the 
freshwater production increases with increasing inlet 
brackish water flow rate of condenser and decreasing 
inlet brackish water temperature of condenser at 8  am, 

11 am and 5 pm in the proposed BWGD. The freshwa-
ter production at 11 am is not the maximum or even less 
than that at 5 pm due to the thermal stratification phe-
nomena, which is contradictory to the one in the clas-
sical BWGD that the freshwater production increases 
with the increasing solar radiation.

•	 The freshwater production of 1,118 L/d in the proposed 
BWGD outweighs the irrigation demand of 1,082  L/d 
in the greenhouse. Therefore, the proposed BWGD, 
which is an important step forward towards improv-
ing the performance of BWGD, provides innovative 
solutions to the problems of water for agriculture and 
the crop growth, and the developed model would be 
a useful tool to investigate the feasibility of the BWGD 
based on the weather conditions of the location and the 
operating conditions.
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Symbols

A	 —	 Total area of crop planting, m2

Ac	 —	 Total area of the cover, m2

a1	 —	 Absorbance coefficient of the crop layer
a2	 —	� Sensible heating ratio of the internal air 

layer
fv	 —	 Shape factor from canopy to sky
h	 —	 Specific enthalpy, kJ/kg

 

(a) (b) 

Fig. 9. Comparisons of the optimal results between the proposed brackish water greenhouse desalination and classical one.
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Kc	 —	� Overheat transfer coefficient of the cover, 
W/m2°C

Kmi	 —	� Average of mc corresponding to each factor 
at the i level, i = 1~5

Kti	 —	� Average of tcrop corresponding to each 
factor at the i level, i = 1~5

LAI	 —	 Leaf area index
Ld	 —	 Thickness of dry pad, m
Lv	 —	 Latent heat of vaporization of water, J/kg
m	 —	 Mass flow rate, kg/s
ma	 —	 Mass flow rate of dry air, kg/s
mc	 —	 Freshwater production, L/h
Q0	 —	 Solar radiation, kW/m2

QT	 —	� Heat transfer rate of crops’ transpiration, 
W

RD	 —	 Relative deviation, %
RH	 —	 Relative humidity, %
Rm	 —	 Range of mc
Rt	 —	 Range of tcrop
Xexp	 —	 Experimental values
Xsim	 —	 Calculated values
t	 —	 Temperature, °C
tcrop	 —	 Temperature of the crop layer, °C
tsky,k	 —	 Sky effective temperature, K
w	 —	 Humidity ratio, g(water)/kg(dry·air)

Greek

εs	 —	 Emissivity of the crop canopy
ηa1	 —	 Efficiency of the first humidifier, %
ηa2	 —	 Efficiency of the second humidifier, %
σ	 —	 Stephan–Boltzmann constant
τ	 —	 Solar transmittance of the cover
ϕp	 —	 Short-wave reflectance of the crop canopy

Subscripts

wb	 —	 Wet bulb
k	 —	 Thermodynamic temperature
1	 —	 Ambient air
2	 —	 First humidifier outlet air
3	 —	 Second humidifier inlet air
4	 —	 Second humidifier outlet air
5	 —	 Condenser outlet air
6	 —	 Dry pad outlet air
7	 —	 Crop layer outlet air
8	 —	 Condenser inlet brackish water
9	 —	 Condenser outlet brackish water
10	 —	 Second humidifier inlet brackish water
11	 —	 First humidifier inlet brackish water
12	 —	 First humidifier outlet brackish water
13	 —	 Second humidifier outlet brackish water
14	 —	 Freshwater

Acronyms

BWGD	 —	 Brackish water greenhouse desalination
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Appendix A

Appendix A1
Factors and corresponding levels

                     Factors

Levels

A: thickness of the 
first humidifier 
(m)

B: position of the 
second humidifier 
(m)

C: air flow rate of 
the crop layer  
(m/s)

D: condenser inlet 
brackish water 
temperature (°C)

E: condenser inlet 
brackish water 
flow rate (kg/s)

Level 1 0.12 6 0.50 16 4
Level 2 0.14 12 0.55 17 5
Level 3 0.16 18 0.60 18 6
Level 4 0.18 24 0.65 19 7
Level 5 0.20 30 0.70 20 8

Appendix A2
Results of orthogonal test

Test 
number

Factor levels tcrop (°C) mc (L/h)

A (m) B (m) C (m/s) D (kg/s) E (°C) 8:00 11:00 17:00 8:00 11:00 17:00

1 0.12 6 0.50 4 16 23.0 23.7 23.3 86 82 100
2 0.12 12 0.55 5 17 23.2 23.9 23.5 90 89 103
3 0.12 18 0.60 6 18 23.3 23.9 23.6 88 88 99
4 0.12 24 0.65 7 19 23.6 24.2 23.8 85 88 95
5 0.12 30 0.70 8 20 23.9 24.5 24.1 81 85 89
6 0.14 6 0.55 7 18 23.2 23.8 23.5 84 82 100
7 0.14 12 0.60 8 19 23.6 24.1 23.8 81 81 96
8 0.14 18 0.65 4 20 24.2 24.8 24.5 57 55 68
9 0.14 24 0.70 5 16 23.1 23.8 23.4 116 118 126
10 0.14 30 0.50 6 17 23.1 23.8 23.3 105 111 112
11 0.16 6 0.60 5 20 24.0 24.6 24.3 53 49 69
12 0.16 12 0.65 6 16 23.0 23.6 23.3 116 115 131
13 0.16 18 0.70 7 17 23.3 23.9 23.6 116 117 130
14 0.16 24 0.50 8 18 23.2 23.8 23.4 95 100 105
15 0.16 30 0.55 4 19 24.0 24.6 24.2 74 78 81
16 0.18 6 0.65 8 17 23.0 23.6 23.4 108 106 126
17 0.18 12 0.70 4 18 23.8 24.5 24.2 77 74 92
18 0.18 18 0.50 5 19 23.7 24.3 24 69 71 80
19 0.18 24 0.55 6 20 24.0 24.6 24.2 68 72 78
20 0.18 30 0.60 7 16 22.9 23.6 23.2 130 137 140
21 0.20 6 0.70 6 19 23.8 24.5 24.1 75 91 93
22 0.20 12 0.50 7 20 23.8 24.4 24.0 60 61 74
23 0.20 18 0.55 8 16 22.6 23.3 22.9 121 125 135
24 0.20 24 0.60 4 17 23.6 24.2 23.8 94 96 104
25 0.20 30 0.65 5 18 23.7 24.3 24.0 97 102 106
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