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A B S T R A C T

In this study, a comprehensive review focusing on key strategies of energy saving technolo-

gies based on simulation of heat and mass transfer and also artificial intelligent for climate

controlling is presented. Following the brief and concise assessment of existing greenhouse

systems in terms of their role in total energy consumption; effective shape and structure,

energy-efficient and new technologies are analyzed in detail for potential utilization in

greenhouses for notable reductions in energy consumption and also go toward the sustain-

ability. The technologies considered within the scope of this research are mainly renewable

and sustainable based solutions such as photovoltaic (PV) modules, solar thermal (T) col-

lectors, hybrid PV/T collectors and systems, phase change material (PCM) and underground

based heat storage techniques, energy-efficient heat pumps, alternative facade materials

for better thermal insulation and power generation. The findings from the research clearly

reveal that up to 70% energy saving can be achieved through appropriate retrofit of conven-

tional greenhouses. Using of solar greenhouses in Europe is more popular than others. In

some countries in Asia such as Iran, it is very restrict to invest on renewable projects

because of cheap fossil fuels. So it is recommended beside of investments by private inves-

tors, the Iranian government should also invest in the extension of solar energy in green-

house by setting up a specialized agency or contracting firms. Those should target the

modeling and design the best shape of solar greenhouse for all agricultural areas to receive

the maximum solar radiation and decrease the need of fossil fuels.
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1. Introduction 2. Review on mathematical modeling and
One of the challenging areas for global ambitions due to the

sustainability is the sustainable agriculture. Three important

aspects are at the center of attention: energy utilization, envi-

ronmental impact and cost-efficiency. Growth in population

needs higher production yield. For increasing the yields and

controlling growth in all climates, greenhouse is used and it

is one of the most energy demanding sector in the agricul-

tural industry. Also, greenhouse is one of the most profitable

sectors since it has a very high output which is 10 to 20 times

higher than the outdoor horticulture [1]. The high cultivation

output requires a considerable capital investment cost, labor,

fertilizers and energy input for heating and lighting. When

considering the continuous increasing in energy cost, espe-

cially for fossil fuels, the external energy demand must be

reduced in order to decreasing the total annual operating

cost. Therefore a good understanding of the energy utilization

in commercial greenhouses sector and go toward the solar

greenhouses is essential [2,3].

The commercial greenhouses are used to grow plants in

order to reach better quality and protect them against nat-

ural environmental effects such as wind or rain. Another

benefit of a greenhouse is giving the ability for out of sea-

son growing. The operation of greenhouses is because of

the greenhouse effect. The short wavelengths of solar irra-

diation can pass through a transparent roof and is

absorbed by the objects on the inside of greenhouse. The

heated objects will re-radiate longer wavelengths that can-

not pass through the transparent roof. The temperature

will increase due to the accumulation of heat in this pro-

cess. Higher CO2 concentration level can stimulate this

phenomena because carbon dioxide is fairly good infrared

radiation absorbent, so capturing the heat in the green-

house [4–7].

One of the best ways to provide good conditions for crops

is the development of accurate greenhouse models for inside

environment control and prediction. The role of each variable

influencing the indoor environment of a greenhouse is a

dynamic procedure [8]. The dynamic behavior of greenhouse

climate is a combination of physical processes involving

energy (radiation and heat) and mass transfer (water vapor

fluxes and CO2 concentration) taking place in the greenhouse

and goes to the outside environment. These processes rely on

the outside weather, greenhouse structure, type and state of

the crop and system controlling [9].

The main aim of this paper is to review the develop-

ments in solar thermal simulation with and without crop

and also the application of solar thermal energy in com-

mercial and solar greenhouses. Also, a simple summary of

the earlier work on greenhouse heat and mass transfer

analysis was presented. The structure of the paper is as fol-

lows: The first section includes the introductory part; Sec-

tion 2 describes the researches (results of modeling and

experimental validation) in the greenhouse (1978–2000 and

2001–2017); Some mathematical models about heat and

mass transfer (energy, CO2 and water vapor) in a green-

house are investigated in third section and the last section

is concludes.
experimental studies on greenhouse environment

2.1. Literature review (1978–2000)

In greenhouse simulation, the whole structure of greenhouse

can be considered as solar collectors and its performance

described in a similar way by use of a single energy balance

equation that the main parameters involved are a solar effi-

ciency factor and an overall energy loss coefficient [10–12].

Kindelam [13], presented a dynamic model of greenhouse

based on primary boundary conditions and used the capacity

of soil for heat storage. The system divided into 4 sections

include: soil, plant, internal air and greenhouse covering.

Then, the heat and mass balance between main elements,

calculated. The results showed a significant effect between

the inside humidity with outside temperature and solar radi-

ation. Humidity can increase during the night with increasing

external temperature and lost the solar radiation. Also both

the inside temperature and humidity can decrease during

the day and night when the ventilation system is working.

At night, with working the heating system, the air tempera-

ture increased and the relative humidity decreased. Arinze

et al. [14], presented a mathematical model for estimate both

of temperature and humidity in a solar greenhouse. They

developed a mathematical model based on active passive

forms of thermal storage. They applied arch shutter thermal

insulation between the double layered inflated transpired

plastic covers at night to decrease heat losses. The results

showed a high degree of correlation between modeling and

experimental validation. The developed model can predict

the greenhouse energy consumption. The time steps up to

900 s made some problems in simulation. So, they concluded

good accuracy should be between 300 s and 600 s. In another

study, energy and mass transfer in a typical winter green-

house was analysis by Tiwari [15]. Effects of various parame-

ters such as ventilation (infiltration), relative humidity and

movable insulation, incorporated in the analysis. The results

showed that plant and room temperature, can increase up to

about 3–5 �C by using the thermal screen. The concrete north

wall can increase greenhouse air temperature and reduces

the heat losses at night. Willits et al. [16], applied a computer

model to describe a greenhouse with a thermally coupled

energy store. The model consisted of a 6.7 � 12.2 m green-

house with a 3.0 � 10.0 � 1.8 m rock-bed attached via insu-

lated ducts. Some tools were made to circulate air from the

greenhouse through the rock-bed and back whenever heating

or cooling were required. When the capacity of the bed was

reached, heating and cooling were accomplished in the nor-

mal manner. This system was based on two models, one for

the greenhouse and one for the rock-bed. Experimental vali-

dation was done for three separate days comparing observed

data with predicted results. Fossil fuel consumption was pre-

dicted to 8.3% and solar energy storage and recovery to 10.6%

and 9.6%, respectively. Mean differences between predicted

and experimental data for inside temperature and relative

humidity and also rock-bed temperature were 0.4 �C, 4.0%,

and 0.4 �C, respectively. A sensitivity analysis conducted by

changing the level of moisture evaporation through the
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rock-bed, the rate of air infiltration within the greenhouse,

the outside convection coefficients of the greenhouse cover

and the rate of input moisture to the system from the plants

(evaporation). The results showed that only greenhouse rela-

tive humidity was greatly affected by the evaporation rate

within the rock-bed, but that relative humidity and rock-bed

temperature were very sensitive to ventilation rates and out-

side convection coefficients. Rock-bed temperature and total

energy storage was slightly sensitive to the rate of input mois-

ture from the plants. Inside temperature was insensitive to

changing all of the factors. A mathematical model for a win-

ter greenhouse at Jammu and Kashmir in India was developed

by Tiwari and Dhiman [17]. In that area, the outdoor air tem-

perature in winter season decrease to �30 �C and goes up to a

maximum of about 25 �C in summer. In that place, use of

greenhouse is very essential, because transport of vegetables

and some articles is very difficult. In that place, greenhouse is

possible because solar radiation is adequate in the year.

Numerical calculations showed that a glass wall on the south

side and an insulated wall and roof on the north side can pre-

serve enough energy, decrease the heat loss and increase the

inside air at winter nights.

Calibrate a greenhouse model of moderate complexity

(can be used as a tool in simulation and optimization studies),

related to energy conservation in greenhouse was done by

Seginer et al. [18]. They developed 6 element linearized steady

state model of a double cover for a greenhouse without a crop

and used to evaluate four convective heat transfer coeffi-

cients, two radiation transmissivities, one radiative shape

factor and a heat flux. They used a small (20 m2 floor area)

greenhouse frame consecutively with 4 different polyethylene

covers. There were the four combinations of regular and high

emissivity polyethylene sheets on the one hand, and single

and double layer (inflated) covers on the other. Various heat

fluxes and temperatures were measured. Further, they ana-

lyzed the data obtained for the 4 covers simultaneously

assuming the radiative and convective coefficients indepen-

dent of each other and the same value of local coefficients

for all covers. The inside and outside convective transfer coef-

ficients were assumed to be same for all covers. The results

showed that a double layer cover is more effective than a sin-

gle layer cover in maintaining inside temperature and the

sheets with higher absorptivity were more suitable than the

regular ones for keep the thermal fluxes.

Silva et al. [19] offered a model which yielded the net ther-

mal radiation at the ground of a single span greenhouse fitted

with thermal screens, in terms of the outside radiative envi-

ronment, the properties of the cladding and screening sur-

faces and the temperatures of ground, screen and covering.

Radiation was assumed to be diffusively emitted, transmitted

and reflected, both by the cladding and the screen surfaces.

The importance of geometry and temperature of screen sur-

face and the radiometric properties of the screen in determin-

ing the radiative and environment inside were indicated by

them. On the basis of this model, the outside radiation fluxes,

temperature of the ground, screen and cover data on the ther-

mal radiation inside the greenhouse can be determined in

clear and over cast night sky conditions. These results were

found to be in fairly good agreement with the measured net

thermal radiation at ground level inside the greenhouse.
A simplemethod to calculate and analyze the heat flows of

a greenhouse wall by combining steady-state heat balance

calculations and a simulation model of the airflow near the

wall and the adjacent heating system, was developed by

Vollebregt [20]. Heat exchanges by radiation between the wall,

heating pipes and also interior and exterior of the greenhouse

were taken into account by deriving radiation absorption fac-

tors from the geometry and optical properties of the surfaces.

Convective heat transfer coefficients at the wall were deter-

mined with an airflow simulation program. The model accu-

racy was validated by comparing simulation results of

detailed problemswith data from literature. The local convec-

tive heat transfer coefficient at the inner side of the wall of a

standard Venlo-type greenhouse appears to vary between 4

and 9 Wm2 K�1 and is on average 6.7 Wm2 K�1 under Dutch

design conditions. The analysis showed that about 20% of

the heat released by the heating pipes near the wall is radi-

ated towards and absorbed by the wall and about 30% of the

total heat loss through the wall is compensated by radiative

exchange from the greenhouse interior. Predictions of the ver-

tical temperature distribution of a greenhousewall in practice

were within 1–2 K. In a similar work, a model was developed

by Teitel and Tanny [21], which described the variation of

temperature and humidity ratio difference in a naturally ven-

tilated greenhouse. The model provides a supplementary tool

for identifying greenhouse ventilation parameters. The model

was validated with a four-span greenhouse with a floor area

of about 960 m2 and with gutters oriented north–south. The

greenhouse was located in the south of Israel (31.28�N,

34.38�W and 75 m) with pepper (height of about 2.8 m). The

results showed that the effects of the ventilation (i.e. the

reductions in the temperature and humidity ratio within the

greenhouse) will increase with the height of the window

opening and the wind speed. Also this parameter was

decreased with the solar radiation level. Under the operating

conditions, steady-state temperature and humidity ratio were

reached at about t = 3–4 (2300–3070 s). The non- dimensional

steady-state temperature and humidity ratio differences were

always lower than 0.35 and 0.7, respectively. The window

opening height may have a significant effect on the psycho-

metric process which the air within the greenhouse under-

goes. Table 1 shows some representative experimental

studies about heating system in greenhouse under various

cover materials (Polyethylene, Glass, Filon and Polycarbonate)

at different locations around the world.

A semi one-dimensional climate model was used to inves-

tigate the relative importance of the constructional parame-

ters that influence the solar energy collecting efficiency of

greenhouses under Western European conditions by Pieters

and Deltour [22]. All the investigated parameters were the

transmittance of the greenhouse frame, the radiometric prop-

erties of the greenhouse cladding and the floor as well as the

type of condensation (as a film or as drops). Their effects on

the auxiliary heating requirements and the several solar

energy fluxes in the greenhouse were simulated for a year-

round tomato crop. The results pointed out that greenhouses

catch about two thirds of the solar radiation available. This

rather poor efficiency is due to the fact that greenhouses

are fixed constructions, so their efficiency highly depends

on their position and geometry, which are mainly determined



Table 1 – Performance of some thermal storage materials and techniques on heating and energy lost in conventional and solar greenhouses.

References and location Technology Cladding material and crop Results

[23] Phase change materials Rose- Glass 51% heating needs of greenhouse
[24] Phase change materials Fiberglass 2 �C increase in inside air temperature
[25] Phase change materials Fiberglass 5 �C increase in inside air temperature
[26] Phase change materials Glass 22% heating needs of greenhouse
[27] Phase change materials Flowers- Glass 8 �C increase in inside air temperature
[28] Phase change materials Lettuce- Fiberglass 7–8 �C increase in inside air temperature
[29] Phase change materials Double PE 40.4% heating needs of greenhouse
[30] Water storage systems-Water tanks Flowers-PE 11 �C increase in inside air temperature
[31] Water storage systems-Water Barrels Tomatoes and melons- Glass 4 �C increase in inside air temperature
[32] Water storage systems-Water tanks Plants- Double glass 3 �C increase in inside air temperature
[33] Water storage systems-Water tanks Flowers-PE 2–3 �C increase in inside air temperature
[34] Water storage systems-Water tanks Vegetables-Filon 13 �C increase in inside air temperature
[35] Water storage systems-Water tanks Vegetables-Glass 2 �C increase in inside air temperature
[36] Water storage systems-Ground tube Roses- PE 2.5–4 �C increase in inside air temperature
[37] Water storage systems-Water tanks Cucumber- Polycarbonate 2–10 �C increase in inside air temperature
[38] Water storage systems-Ground tubes Flowers-PE 2–4 �C increase in inside air temperature
[39] Water storage systems-Water barrels Capsicum- PE 5–6 �C increase in inside air temperature
[40] Water storage systems-Water tank Vegetables- PE 3–4 �C increase in inside air temperature
[41] Water storage systems-Water tank Cucumber- PE 8–10 �C increase in inside air temperature
[42] Water storage systems-Water tank Capsicum-PE 4–6 �C increase in inside air temperature
[43] Water storage systems-Water tank Melons- Glass 4–5 �C increase in inside air temperature
[44] Rock bed system, Gravel Tomatoes- PE 76% heating needs of greenhouse
[45] Rock bed system, Gravel Tomatoes- PE 40% heating needs of greenhouse
[46] Rock bed system, Bricks PE 53% heating needs of greenhouse
[34] Rock bed system, Pebble Glass 23% heating needs of greenhouse
[34] Rock bed system, Gravel Glass 10–20 �C increase in inside air temperature
[47] Rock bed system, Gravel PE 4–6 �C increase in inside air temperature
[48] Rock bed system, Gravel Double PE 13 �C increase in inside air temperature
[34] Rock bed system, Gravel Flowers-Double glass 20% heating needs of greenhouse
[49] Rock bed system, Gravel Glass 5 �C increase in inside air temperature
[50] Rock bed system, Volcanic – 18.9% heating needs of greenhouse
[15] Phase change materials Tomatoes-Polycarbonate 30% heating needs of greenhouse
[51] Phase change materials Pot plants-Glass –
[34] Phase change materials Glass –
[52] Phase change materials Rose-Glass 75% heating needs of greenhouse
[34] Earth-to-air heat exchanger system Plants- Double PE 62% heating needs of greenhouse
[53] Earth-to-air heat exchanger system Glass 28% heating needs of greenhouse
[54] Earth-to-air heat exchanger system PE 3 �C increase in inside air temperature
[55] Earth-to-air heat exchanger system Glass 4 �C increase in inside air temperature
[56] Earth-to-air heat exchanger system PE 5 �C increase in inside air temperature
[57] Earth-to-air heat exchanger system Glass 35% heating needs of greenhouse
[58] Earth-to-air heat exchanger system Glass 4 �C increase in inside air temperature
[59] Earth-to-air heat exchanger system Lettuce, Tomatoes- Polycarbonate 7–9�C increase in inside air temperature

(continued on next page)
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by horticultural constraints. Most of the solar energy entering

the greenhouse was found to be absorbed by the vegetation.

Auxiliary heating requirements were hardly influence by

changes of the frame or cladding transmittances, although

the transmittance reduction caused by condensation as

hemispherical drops caused a 2.8% increase of the energy

demand. The floor characteristics had an impact on the

greenhouse energy demand and on the amount of solar

energy available to the canopy, only for small plants and on

an almost uncovered floor.

2.2. Literature review (2001–2017)

Gupta and Chandra [72], developed a mathematical model to

study the effect of various energy conservation measures to

arrive at a set of design features for a greenhouse in Indian.

The model was used to study the effects of different shapes,

orientation and various energy conservation measures (such

as north wall insulation, double wall glazing and night cur-

tains), on the heating requirements of a 12 m � 200 m green-

house located in Delhi under the environmental conditions of

a cold sunny day. Results showed:

1. A Gothic arch shaped greenhouse required 2.6% and 4.2%

less heating as compared to Gable and Quonset shapes,

respectively.

2. An east–west oriented Gothic arch greenhouse required 2%

less heating as compared to a greenhouse of the same size

oriented north–south.

3. North wall insulation of a Gothic arch greenhouse could

reduce the structure’s heating requirements in east–west

orientation by 30% as compared to about 5% in north–

south orientation.

4. The use of night curtain with high thermal reflectivity

below the greenhouse cover, reduced the night time heat-

ing requirements by 70.8%. The daily heating requirement

was reduced by 60.6%.

5. The effect of replacing the single cover on the southern

side with air inflated double wall glazing was a reduction

in the heating requirement of the gothic greenhouse about

23%.

Bargach et al. [73] presented an experimental investigation

of two different types of solar systems used for heating agri-

cultural greenhouses. The first system employed solar flat

plate collectors, installed outside a polyethylene covered

greenhouse. The second system, based on the selective

absorption of solar energy by a heat transfer fluid (blue of

methylene), employed polyethylene alveolar transparent plan

collectors, installed inside a glass covered greenhouse (Fig. 1).

Experiments on both systems were simultaneously con-

ducted, over several days. A comparative study of the perfor-

mance of both systems was carried on the experimental

results achieved in the plastic greenhouse heated by the first

system, and on the simulated results obtained for the same

greenhouse, but heated by the second system.

Chen and Liu [74] studied the heat transfer and air flow in

passive solar heating roomwith greenhouse and heat storage.

Thermal insulation of solar heating room had significant

effects on temperature distribution and airflow in the heating



Fig. 1 – (a) Schematic of the greenhouse heating system using solar flat plate collectors; (b) agricultural greenhouse heated by

the selective collectors [73].
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chamber of this solar system. Heat transfer and air flow in a

rock bed (which was used as solar absorber and storage layer),

were also studied. Results showed that:

i. If porosity is kept within certain range, increasing the

rock size can increase the capability of thermal storage

and heating effects.

ii. The results of increasing the porosity of thermal stor-

age materials caused an increasing the bed tempera-

ture and decreasing the rock mass.

iii. The specific heat capacity and thermal conductivity

had a remarkable effect on the average temperature

of rock bed. All these factors should be considerate

when someone want to design a solar heating system.

Effect of vertical and inclined reflecting north wall on dis-

tribution of solar radiation on the floor of greenhouse has

been studied for 5 different locations in India [75] .These loca-

tions were: Chennai (13�N), Kolkotta (22.53�N), Jodhpur (26.30�
N), Delhi (28.58�N) and Srinagar (34.08�N). Even span green-

house (6 m � 4 m � 3 m) has been considered for this study.

Results indicated that reflecting surface on north side consid-

erably increased the available solar radiation for thermal
heating of greenhouse. Also concluded that even an inclined

reflecting surface cannot reduce loss of solar radiation to

zero, some solar radiation losses will always occur. Availabil-

ity of total solar radiation and reflected solar radiation on

floor of the greenhouse decreased with increase in the lati-

tude of the place. Finally, proposed model could also be used

to determine the distribution of solar radiation for any other

place and shape of the greenhouse.

A seasonal thermal energy storage using paraffin wax as a

Phase Change Material (PCM) with the latent heat storage

technique was developed to heat the greenhouse of 180 m2

floor area [29]. The system consisted mainly of five units: (1)

flat plate solar air collectors (as heat collection unit), (2) latent

heat storage (LHS) unit, (3) experimental greenhouse, (4) heat

transfer unit and (5) data acquisition unit (Fig. 2).

The external heat collection unit consisted of 27 m2 of

south facing solar air heaters mounted at a 55� tilt angle.

The diameter and the total volume of the steel tank used as

the latent heat storage unit were 1.7 m and 11.6 m3, respec-

tively. The LHS unit was filled with 6000 kg of paraffin, equiv-

alent to 33.33 kg of PCM per square meter of the greenhouse

ground surface area. Energy and exergy analyses were applied

in order to evaluate the system efficiency. The rate of heat



Fig. 2 – The arrangement of the heat storage and greenhouse heating system [29].
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transferred in the LHS unit ranged from 1.22 to 2.63 kW,

whereas the rate of heat stored in the LHS unit was in the

range of 0.65–2.1 kW. The average daily rate of thermal exergy

transferred and stored in the LHS unit were 111.2 and 79.9 W,

respectively. During the experimental period, the authors

found that the average net energy and exergy efficiencies

were 40.4 and 4.2%, respectively.
Fig. 3 – Front view of the greenhouse with
A thermal model for greenhouse heating by using different

combinations of inner thermal curtain, an earth–air heat

exchanger and geothermal heating system has been devel-

oped [76]. The analysis incorporated the study of thermal per-

formance of three-zone greenhouse. The calculations have

been made for a typical production greenhouse in southern

part of Argentina. The thermal performance of a greenhouse
the solar still integrated in its frame [9].



Fig. 4 – Front view of PV integrated greenhouse [80].

I n f o r m a t i o n P r o c e s s i n g i n A g r i c u l t u r e 5 ( 2 0 1 8 ) 8 3 –1 1 3 91
having thermal curtain and an earth–air heat exchanger has

been compared with a greenhouse having thermal curtain

and geothermal energy. Results showed that the temperature

fluctuations in the vicinity of plants were comparable in the

two cases. Results indicated that an earth–air heat exchanger

can be an alternative source for heating of greenhouse when

geothermal energy is not available. It has also been observed

that the increase in temperature of zone I is more for the

greenhouse with geothermal than the greenhouse with an

earth–air heat exchanger.

In another study, Kumar et al. [77], applied the concept of

artificial neural network and goal oriented design to propose a

computer software tool that can help the designer to evaluate

any aspect of earth-to-air heat exchanger and behavior of the

final configuration. That study focused mostly on those

aspects related to the passive heating or cooling performance

of the building. Two models developed for this purpose,

namely deterministic and intelligent. The deterministic

model developed by analyzing simultaneously coupled heat

and mass transfer in ground whereas the intelligent model

was a development of data driven artificial neural network

model. Six variables (which affected the thermal performance

of the earth-to-air heat exchangers) were considerate. The

effective variables included: length, humidity, ambient air

temperature, ground surface temperature, ground tempera-

ture at burial depth and air mass flow rate. Furthermore, a

sensitivity analysis was carried out in order to evaluate the

impact of various factors involved in the energy balance

equation at the burial depth. The model validated against

experimental data sets. Results showed that the developed

algorithm was suitable for the calculation of the outlet air

temperature and the heating and cooling potential of the

earth-to-air heat exchanger system. The Intelligent model

predicted earth-to-air heat exchanger outlet air temperature

with an accuracy of ±2.6%, whereas, the deterministic model

showed an accuracy of ±5.3%. In another study, underground

aquifer water was used for thermal control (heating as well as

cooling) of a greenhouse in which chilli and capsicum were

grown [78,79]. Year round performance of the designed sys-

tem was experimentally evaluated and presented. The
designed system utilized the constant temperature aquifer

water available on the ground surface at around 24 �C (year

round) in the agricultural field through deep tube well used

for irrigation purposes for heating a greenhouse in winter

nights and cooling in summer days. Experimental perfor-

mance of the designed system was done during a full winter

as well as for summer conditions. To enhance the efficiency of

the system and improve relative humidity during extreme

summer conditions, a simple evaporative cooling process

was added to the same designed system. The experimental

results showed that the average greenhouse room air temper-

ature was maintained 7–9 �C above ambient during winter

nights and 6–7 �C below ambient in summer days besides

decreasing the daily temperature fluctuations inside the

greenhouse. Improvement in the average relative humidity

during extreme summer conditions was also observed.

The performance of a solar still integrated in a greenhouse

was studied for Mediterranean climatic conditions in south-

eastern Spain [9]. The desalination module was equipped

with 28 water basins located at the top of an experimental

greenhouse (Fig. 3). The inner surface of the roof was used

as a condensation surface and the fresh water produced

was collected in a storage tank. Fresh water production and

hourly variation of the distillate were evaluated. The follow-

ing results conducted:

1. Installing the solar still showed the reduction of the solar

radiation and PAR (Photosynthetically Active Radiation)

inside the greenhouse (about 52%).

2. The thermal inertia of the greenhouse environment was

greater than that of the still cavity. So, temperatures in

crop area stayed below the proper limits for most horticul-

tural crops.

3. The solar still integrated in a greenhouse roof did not pro-

duce a considerable amounts of fresh water compared to

conventional solar stills. This is because it was necessary

to use transparent basins to transmit the maximum solar

radiation to the crop area. Thus, the absorption of radia-

tion was reduced and the increase in temperature of the

water was less and slower.



Fig. 5 – View of selected greenhouse shapes in E-W orientation [83].
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4. The maximum production of the distillate took place in

conditions of saturated air in the solar still.

Nayak and Tiwari [80] developed energy and exergy analy-

sis for prediction the performance of a photovoltaic/thermal

(PV/T) collector integrated with a greenhouse (Fig. 4). The

analysis was based on quasi-steady state condition. Experi-

ments were conducted extensively during period from June

2006 to May 2007 (for annual performance). Numerical com-

putation carried out for a typical day only for validation.

Results showed that the theoretical value of solar cell, tedlar

back surface and greenhouse room air temperatures was

approximately equivalent to the experimental values. Pre-
dicted and measured values of solar cell, tedlar back surface

and greenhouse air temperatures verified in terms of root

mean square of percent deviation (7.05–17.58%) as well as cor-

relation coefficient (0.95–0.97) and both of them, exhibited fair

agreement. Exergy analysis calculations of the PV/T inte-

grated greenhouse system showed an exergy efficiency level

of approximately 4%.

Najjar and Hasan [81] used phase change material to

reduce the inside temperature of a greenhouse. A mathemat-

ical model developed for the storage material and greenhouse

environment. The effect of different parameters on the inside

greenhouse temperature investigated. The results showed

that the temperature fluctuation between maximum and
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minimum values during 24 h can be reduced by 3–5 �C by

using the PCM storage. This can be improved further by

enhancing the heat transfer between the PCM storage and

the air inside the greenhouse.

Upper space inside an east–west oriented greenhouse

(where the micro-climate is under control) was optimized

for producing maximum number of nursery plants by devel-

oping a Multi-Rack Tray System (MRTS) [82]. The MRTS was

designed in such a way that the vertical distance between

the two consecutive trays and width of the tray was opti-

mized for different months of the year at different latitudes

so that the shadow of the upper tray did not fall on the lower

one. The number of stacks in a greenhouse of fixed height

(say 4 m) was a direct function of themaximum altitude angle

of the sun at noon at particular latitude. It was observed that

at 10�N and 20�N latitudes as remains greater than 45� (H/W >

1) even during the winter months. It means not more than

two stacks are possible inside a 4 m high greenhouse during

December and January. The computations showed that at

30�N, 40�N and 50�N latitude, the number of stacks inside a

greenhouse during the winter months of December and Jan-

uary could be 5, 7 and 12, respectively. A transient thermal

model coupled with MRTS was also developed to predict the

soil, plant and air temperature inside the greenhouse. It was

observed that the predicted and measured values were in

close agreement. It was also observed that due to the

increased mass of soil (in the trays) inside the greenhouse

and due to reduced conduction losses to the ground beneath,

MRTS also acted as a soil heat storage system before germina-

tion of the plants which stored heat during the sun-shine

hours and released the same during the off-shine hours and

resulted in 5–2 �C higher inside air temperature till the early

night hours as compared to ambient air temperature. Sethi

[83], studied five most commonly used single span shapes

of greenhouses included: even-span, uneven-span, vinery,

modified arch and quonset type (Fig. 5) to find the best shape

and orientation. The length, width and height (at the center)

were same for all the selected shapes. A mathematical model

for computing total transmitted solar radiation (beam, dif-

fused and ground reflected) at each hour, for each month

and at any latitude for the selected geometry greenhouses

(through each wall, inclined surfaces and roofs) was devel-

oped for both east-west and north-south orientation. Com-

puted transmitted solar radiation introduced in a transient

thermal model developed to compute hourly inside air tem-

perature for each shape and orientation. Experimental valida-

tion of both the models was carried out for the measured total

solar radiation and inside air temperature for an east-west

orientation, even-span greenhouse (for a typical day in sum-

mer) at Ludhiana (31�N-77�E) Punjab, India. During the exper-

imentation, capsicum crop was grown inside the greenhouse.

The predicted and measured values were in close agreement.

Results showed that uneven-span shape greenhouse, receives

the maximum and quonset shape receives the minimum

solar radiation during each month of the year at all latitudes.

East-west orientation was the best suited for year round

greenhouse applications at all latitudes as this orientation

receives greater total radiation in winter and less in summer

except near the equator. Results also showed that inside

air temperature rise depends upon the shape of the green-
house and this variation from uneven-span shape to quonset

shape is 4.6 �C (maximum) and 3.5 �C (daily average) at 31�N
latitude.

In a similar study, Çakır and S�ahin [84] developed a math-

ematical model to select the optimum type of greenhouse

according to sizing, position and location. Even-span,

uneven-span, vinery, semicircular and elliptic (modified arch)

types of greenhouses have been analyzed. A ‘‘k” value (ratio of

length to width of greenhouse) and greenhouse azimuth

angle (GAA) were described. Seven different floor areas are

assigned for each greenhouse type such as 50 m2, 100 m2,

150 m2, 200 m2, 250 m2, 300 m2 and 400 m2, respectively. For

each floor area, k value was assigned from 1 to 10. Each green-

house was oriented in 90 different angles according to south

facade. Seasonal total solar energy gaining rates was com-

puted individually for all possible greenhouse types, area, k

number and orientation. Then a comprehensive comparison

was made to determine the optimal greenhouse. The results

showed that greenhouses were usable and suitable for using

in cold climate regions to increase the productivity. In addi-

tion, the elliptic type was the optimum one in all analyzed

types of greenhouses for Bayburt conditions (Turkey) for all

floor areas. It was followed by uneven-span, even-span,

semi-circular and vinery type of greenhouses respectively.

Shape and type of the roof were main effective parameters

on solar energy gaining rates of greenhouses.

Tong et al. [89] studied the boundary conditions were

based on hourly measured data for the solar insolation and

the sky, soil (1m below the soil surface) and outside air tem-

peratures, plus other parameters describing the external con-

vection and radiation in a greenhouse. The numerical model

was applied all of the heat transfer mechanisms including

the variable solar insolation, the air infiltration, the heat

capacities of the thick walls and the ground and the natural

convection inside the greenhouse. The temperatures mea-

sured experimentally in an enclosed solar greenhouse with

a 12 m span and 5.5 m ridge height during the winter in

northern Chinawith the south roof coveredwith a thin plastic

film during the daytime and with a thermal blanket added at

night. The large temperature variations in the greenhouse

measured and predicted for the climatic conditions in north-

ern China during three clear days followed by a cloudy day

during the winter. The simulated air and soil temperatures

had the same profile as the measured temperatures with

the average temperature differences between the simulated

and measured air temperatures during the nighttime less

than 1 �C on the clear days and no more than 1.5 �C during

the entire cloudy day.

Sethi et al. [86] modified design of 500 m2 (one kanal) and

250 m2 (half kanal) screen net house that have been presented

particularly suitable for composite climate (where both win-

ters as well as summers are harsh) as a replacement for con-

ventional net house and polyethylene sheet covered

greenhouse design in Indian. To make these designs low cost

and more effective, low tunnels (covered with low density

polyethylene sheet) have been designed and used in winter

over the plant rows to generate localized greenhouse effect

for faster plant growth. By doing so, average daily air temper-

ature under the tunnels was raised about 9–10 �C above the

open field air temperature. So, huge cost of covering the net



Fig. 6 – Different shapes of greenhouse structures [89].
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house or greenhouse during winter with costly polyethylene

sheet could be saved. Similarly, in extreme summer when

the ambient air temperature exceeded 40 �C (during the fruit-

ing stage of the crop) a 50% shade net was used inside the

modified net house at 2.5 m height (instead of using active

cooling system) resulting in 4–6 �C drop in the plant tempera-

ture. Experimental evaluation of the modified net house was

conducted during winter and summer months of year 2007–

2008 (December to June) by growing brinjal crop and com-

pared with conventional net house, polyethylene sheet green-

house and in open field condition. It was observed that due to

the combined effect of low tunnels (in winter) and shade net

(in summer), the micro-climatic parameters like air tempera-

ture, plant temperature, solar radiation and light intensity

remained within desirable range during different stages of

crop growth resulting in 37.6% and 11.5% increase in the yield

of brinjal crop as compared to conventional net house and PE

covered greenhouse yield, respectively. Economic analysis of
the modified net house was also conducted and compared

with the conventional net house and PE covered greenhouse.

It was observed that 500 m2 area modified net house (coupled

with low tunnels and shade net) produces highest yield and

has the highest net present worth and the lowest payback

period as compared to the conventional net house and PE cov-

ered greenhouse.

Ganguly and Ghosh [87] discussed the modeling aspects of

a floriculture greenhouse for operation in typical Indian cli-

mate under natural ventilation. Combined ridge and sidewall

ventilation was considered in the model. The model validated

against the test results of an experimental greenhouse. Para-

metric analysis was also done to understand the effects of

variations in parameters such as wind speed, solar radiation

intensity and effective greenhouse height. The study revealed

that the performance of a greenhouse under natural ventila-

tion was influenced considerably by parameters such as

intensity of solar radiation, effective distance between the



Fig. 7 – Isometric view of an even span greenhouse integrated with photovoltaic and earth air heat exchanger arrangement

[90].

Fig. 8 – Schematic diagram showing the conversion of solar and thermal radiation into sensible and latent heat in the

greenhouse at LAI of 3 in a hot sunny summer day [94].

I n f o r m a t i o n P r o c e s s i n g i n A g r i c u l t u r e 5 ( 2 0 1 8 ) 8 3 –1 1 3 95
side and the roof vents and free wind speed. This generic

model could be used to predict the performance of any green-

house provided the ambient conditions and the geometrical

data of the greenhouse. Benli and Durmus [88] made an

attempt to develop a Ground-Source Heat Pump-Phase

Change Material (GSHP-PCM) latent heat storage system to

use natural energy for controlling the thermal environment
of the greenhouse. The performance coefficient of the heat

pump (COPHP) and the energy capacity of the PCM during

the charge–discharge phases were determined. Based on the

measurements made in the heating mode from 1 September

2005 to 30 April 2006 in Elazıg, Turkey, the average heating

COPHP of the GSHP unit and the overall performance coeffi-

cient of the system COPsys were obtained in the range of



Fig. 9 – Schematic of experimental set up of the underground air tunnel system [96].
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2.3–3.8 and 2–3.5, respectively. These results showed that the

utilization of a GSHP-PCM system is a suitable approach for

greenhouse heating in this district. Singh and Tiwari [89] eval-

uated the five typical shape of the greenhouse for energy con-

servation in winter months for a composite climate (Fig. 6).

Numerical computation carried out for the climatic condition

of Delhi, India. The evaluation of the shape of the greenhouse

developed for a floor area. Additional energy required from

other fuels to maintain the necessary temperature also was

considered. Results showed that a standard peak uneven

span is suitable for minimum use of liquefied petroleum gas

for a given favorable plant temperature.

Nayak and Tiwari [90] presented a study to evaluate the

annual thermal and exergy performance of a PV/T and Earth

Air Heat Exchanger (EAHE) system, integrated with a green-

house (Fig. 7), located at Delhi, India, for different climatic

conditions of Srinagar, Mumbai, Jodhpur, New Delhi and Ban-

galore. A comparison was made of various energy metrics,

such as Energy Payback Time (EPBT), Electricity Production

Factor (EPF) and Life Cycle Conversion Efficiency (LCCE) of

the system by considering 4 weathers for 5 climatic zones.

The embodied energy and annual energy outputs had been

used for evaluation of the energy metrics. The results showed

that the annual overall thermal energy, annual electrical

energy savings and annual exergy, found to be best for the cli-

matic condition of Jodhpur at 29,156.8 kW h, 1185 kW h and

1366.4 kW h, respectively when compared with other weather

stations covered in the study, due to higher solar intensity

and sunshine hours. The results also indicated that energy

payback time for Jodhpur station was lowest at 16.7 years

and highest for Srinagar station at 21.6 years. EPF factor was

highest for Jodhpur (2.04) and LCCE was highest for Srinagar

station. It was also observed that LCCE increases with

increase in life cycle.

Ozgener and Ozgener [91] reported the energetic perfor-

mance characteristics of an underground air tunnel system

for greenhouse cooling. The data used were obtained from

the measurements made in a system, which was designed

and installed in the Solar Energy Institute of Ege University,

Izmir, Turkey. Ozgener and Ozgener [92] also determined

the optimal design of a closed loop Earth to Air Heat
Exchanger (EAHE) for greenhouse heating by using exergoe-

conomics. The experimental system studied was installed

at the Solar Energy Institute of Ege University, Izmir, Turkey.

The results showed that the losses in blower and heat

exchanger were primarily responsible for exergy destruction

in the system. The values of COP and exergy efficiency were

found 10.51% and 89.25%, respectively, which were deter-

mined to improve the system performance. In a similar

research, Hepbasli [93] presented study deals with model-

ing, analyzing and assessing the performance of green-

house heating systems with EAHE in closed loop mode. In

this regard, an EAHE system considered as an illustrative

example. This system started with the power plant, through

the production of heat (EAHE), via a distribution system, to

the heating system and from there, via the greenhouse air,

across the greenhouse envelope to the outside environ-

ment. Exergy analysis applied to all components of this

EAHE system. The overall energy efficiency value for the

EAHE system studied determined to be 72.10% while the

overall exergy efficiency value calculated to be 19.18% at a

reference state temperature of 0 �C. The exergy efficiency

of the whole EAHE system decreased from 19.18% to

0.77% with the increase in the reference environment tem-

perature from 0 to 18 �C. Al Helal and Abdel Ghany [94]

developed a simple energy balance equations to investigate

efficiency of incident solar radiation (p) and conversion of

solar and thermal radiation into sensible and latent heat

(gandd). They used an evaporatively cooled, planted green-

house with a floor area of 48 m2. The parameters required

for the analysis were measured on a sunny, hot summer

day. The results showed that value of (p) was almost con-

stant (ffi 0:75) whereas the values of gandd strongly

depended on the net radiation over the canopy and could

be represented by exponential decay functions of that. At

a plant density corresponding to a Leaf Area Index (LAI)

of 3 and an integrated incident solar energy of 27.7 MJ m�2-

d�1, the solar and thermal radiation utilized by the green-

house components were 20.7 MJ m�2d�1 and 3.74 MJ

m�2d�1, respectively (Fig. 8). About 71% of the utilized radi-

ation was converted to sensible heat and 29% was con-

verted to latent heat absorbed by the inside air.



Fig. 10 – Some kinds of different greenhouse structure [1].
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Contributions of the floor cover and plant surfaces on the

sensible heat of the inside air were 38.6%, 48.2% and

13.2%, respectively.

In another study, Abdel Ghany and Helal [95] described the

general relations for estimating the amounts of solar energy

absorbed by the greenhouse components and lost to outside

the greenhouse. The relations were taken into consideration

the interrelations as well as the multiple reflections of solar

radiation between these components. Thus, the greenhouse

system was treated as a solar collector having an absorber

plate (i.e., the greenhouse soil) and a cover system consisting

of three semi-transparent parallel layers (i.e., the greenhouse

cover, the humid air, and the plants). Superposition theory

and ray tracing technique were used for the analysis. The pre-

sented relations were applied to an experimental plastic-
covered greenhouse with a floor area of 34 m2. The green-

house, located in Riyadh, Saudi Arabia, was planted with

tomatoes with a leaf area index (LAI) of 3 and was cooled by

awet fan-pad system. Results showed that absorption of solar

radiation by water vapor in the greenhouse was negligible.

The presented relations could estimate the absorbed and lost

energy terms for a greenhouse precisely with a max possible

error of 1.8% on each term if the LAI was less than 1.5. The

error is significantly decreased to less than 0.7% if the LAI in

the greenhouse is increased to 5.

Ozgener and Ozgener [96] investigated and evaluation of A

EAHE system application for determining the optimal design

greenhouse heating in Izmir, Turkey (Fig. 9). The exergy

destructions in the system quantified and illustrated using

tables for a reference temperature of 6 �C. The results



Fig. 11 – (a) External, (b) internal views of greenhouse, (c) a schematic section and dimensions of greenhouse (d) uncovered

greenhouse [100].
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indicated that the exergy destructions in the system occur

primarily as a result of blower and heat exchanger losses.

These average losses accounted for 85% and 4.5%, respec-

tively. The COP and exergy efficiency of the overall system

were investigated to analyze and improve the system perfor-

mance. The average of heating performance coefficient of the

system and exergetic efficiency, determined to be 10.51 and

89.25%, respectively.

Nowadays, closed greenhouse is an innovative concept in

sustainable energy management. The closed greenhouse

can be considered as the largest commercial solar building.

In principle, it is designed to maximize the utilization of solar

energy through seasonal storage. In fully closed greenhouse,

there is not any ventilation window. Therefore, the excess

sensible and latent heat must be removed, and can store

using seasonal or daily thermal storage technology. The avail-

able stored excess heat can be utilized later in order to satisfy

its own heating or cooling demand, also supply heating and

cooling demand in neighboring buildings [1]. Some researches

discussed the situation of this type of greenhouse. A model

has been developed using TRNSYS to evaluate the perfor-

mance of various design scenarios by [97]. The closed green-

house is compared with a conventional greenhouse using a

case study to guide the energy analysis. In the semi-closed

greenhouse, a large part of the available excess heat will be

stored through Thermal Energy Storage (TES) system.
However, ventilation system can still be integrated with TES

in order to use fresh air as a rapid response to indoor climate

control system. The partly closed greenhouse consists of a

fully closed section and a conventional section. The fully

closed section will supply the heating and cooling demand

of the conventional section as well as its own demand

(Fig. 10). They concluded that there is a large difference in

heating demand between the ideal closed and conventional

greenhouse configurations. Also it has concluded that the

greenhouse glazing type and the controlled ventilation ratio,

in case of semi-closed and partly closed greenhouse, have

the major effect on the thermal energy performance of the

system. Also a preliminary thermo-economic study has been

assessed in order to investigate the cost feasibility of various

closed greenhouse configurations such as ideal closed, semi

closed and partly closed conditions. It was found that the

design load has the main impact on the payback period. In

the case of the base load being chosen as the design load,

the payback period for the ideal closed greenhouse might be

reduced to half. In another study [2], they developed a theo-

retical model to carry out the energy analysis for closed

greenhouse. Results showed that closed greenhouse has the

potential of becoming cost effective. The major investment

for the closed greenhouse concept could be paid within 7–8

years with the savings in auxiliary fossil fuel. However, the

payback time may be reduced to 5 years if the base load is
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chosen as the design load instead of the peak load. In this

case, a short-term TES needs to be added in order to cover

the hourly peak loads.

In a similar study, energy analysis and thermo-economic

assessment of the closed greenhouse as a large commercial

building was reviewed [97]. Results showed that in the closed

greenhouse concept, the operating cost is shifted from the

fossil fuel to the electrical cost due to the heat pump and

other electrically driven devices. The electricity consumption

in a closed greenhouse in case of using Borehole Thermal

Energy Storage (BTES) as seasonal thermal storage system

was 5 kW h m�2 and this amount will be increased to 19

kW hm�2 by considering short term (daily) thermal storage

beside the seasonal storage system. On the other hand, 44 L

m�2 oil (equal to 438 kW h m�2), could be saved due to closed

greenhouse concept.

A simple model was developed by [98], to predict the per-

formance of greenhouse that is heated with a heat-pipe sys-

tem. The model validated with experimental data and it

found to be in close agreement. The simulation could pro-

vide estimations of the influence of the maximum height,

the heating power required in cold weather and the heat

losses from the greenhouse. Some of the highlights are

noted below:

i. Air temperatures varied with time along the E–W

orientation.

ii. The soil temperature varied with depth, where the tem-

perature at 80 cm depth seems to be constant, while

temperature varied considerably at 5 cm soil layer.

iii. The maximum heat loss from the greenhouse occurred

through the lighting surface, accounting for approxi-

mately 90% of the total heat loss.

Kıyan et al. [99] developed a mathematical model to

investigate the thermal behavior of a greenhouse heated by

a hybrid solar collector system. This hybrid system con-

tained an evacuated tube solar heat collector unit, an auxil-

iary fossil fuel heating unit, a hot water storage unit, control

and piping units. A Matlab/Simulink based model and soft-

ware has been developed to predict the storage water tem-

perature, greenhouse indoor temperature and the amount

of auxiliary fuel, as a function of various design parameters

of the greenhouse such as location, dimensions and meteo-

rological data of the region. As a case study, a greenhouse

located in Turkey has been simulated based on recent mete-

orological data and aforementioned hybrid system. The

results of simulations performed on an annual basis indi-

cated that revising the existing fossil fuel system with the

proposed hybrid system, is economically feasible for most

cases, however it requires a slightly longer payback period

than expected. On the other hand, by reducing the green-

house gas emissions significantly, it had a considerable pos-

itive environmental impact. The authors concluded that the

developed dynamic simulation method could be further

used for designing heating systems for various solar green-

houses and optimizing the solar collector and thermal stor-

age sizes. In another research, experimental study was

conducted to evaluate the nighttime recovered heat of the
Solar Air Heater with Latent Storage Collector (SAHLSC) in

a greenhouse in Tunisia [100] (Fig. 11).

In this research, a new solar air heater collector using a

packed bed of spherical capsules with latent heat system

was operated and installed inside a greenhouse. This collec-

tor stored solar energy during the daytime and supplied it for

heating at night. As a result of this system, on 23rd of Febru-

ary 2013, the amount of the nighttime recovered heat of this

system attained 30% of the total heating requirements. The

stored heat was equivalent to 56% of the daytime total

excess heat inside the greenhouse. Under best ambient con-

ditions, the outlet temperature for this system was 5–7 �C
higher than the inlet temperature and remained constant

at 20 �C, all the night. This system created a passive dehu-

midification process at night and allowed a relative humidity

from 10 to 17%. In another study by those authors [101], ther-

mal performance of a solar air heater using a packed bed of

spherical capsules with the latent heat storage system in

east-west oriented greenhouse was analyzed and discussed.

The excess heat in the greenhouse was stored in the packed

bed through the diurnal period and extracted at night. An

experimental comparative study was conducted in two

greenhouses installed in the Research and Technologies Cen-

tre of Energy (CRTEn) in Tunisia. Heat balance in different

components of the greenhouse system (cover, canopy, soil,

inside air and packed bed solar collector), has been used to

investigate the impact of the phase change material on the

greenhouse temperature and humidity. Results showed that

the nocturnal temperature inside the greenhouse equipped

by a heating system exceeds the temperature inside the con-

ventional greenhouse by 5 �C. The relative humidity was

found to be of an average 10–20% lower at night time inside

the heated greenhouse. The nighttime recovered heat of the

solar system attained 31% of the total requirements of

heating.

Esen and Yuksel [102] evaluated some various renewable

sources (biogas, solar and ground energy) for heating a green-

house in Elazig, Turkey climate conditions. The greenhouse

(6m � 4 m�2.10 m) heated by mentioned alternative energy

sources was constructed and then required heating load of

the greenhouse was determined. For this purpose, biogas,

solar and a ground source heat pump greenhouse heating

system with horizontal slinky ground heat exchanger was

designed and set up. Experimentswere conducted extensively

during the winter period from November 2009 to March 2010.

During the experiments, 2231.83 L of gas production by biogas

system was provided. The experiments that are required for

the growth of many plants need temperature of 23 �C and

conceivable success has been achieved in reaching this value

by built systems. As a result, different energy sources have

been successfully tested for greenhouse heating and follow-

ing results obtained:

I. In heating process using biogas, there can be the oppor-

tunity to heat greenhouse as well as reactor results in

energy savings.

II. It was seen that the slinky-type heat exchanger occupy-

ing less space in ground can be successfully used for

greenhouse heating.



Fig. 12 – Schematic diagram of the heating system used for the greenhouse in Tunisian [105].
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III. Because during experimental studies the recorded

ground temperature reductions did not exceed to 1 �C,
the Ground Source Heat Pump (GSHP) with slinky (spi-

ral) type heat exchanger was feasible for greenhouse

heating.

IV. The GSHP with slinky (spiral) type heat exchanger, the

biogas system and theirs combination can be used as

a standalone greenhouse heating system.

V. Solar energy system as a standalone solution can be

feasible with high storage temperatures.

Lamnatou and Chemisana [103] reviewed some critical

kinds of greenhouse claddings which are related with sun-

light modifications. The claddings considered include: Fresnel

lenses, Near-infrared (NIR) - and Ultraviolet (UV) - blocking

materials. The authors of the paper applied some representa-

tive studies from the literature and made critical comments

on each cladding category based on some factors such as

the feasibility for practical applications. Results showed that

regarding the presented types of greenhouse covers, they

had potential for further development in a cost-effective

way. Certainly, the penetration of renewable energy sources

technologies was important and should be promoted.

Towards this direction, cost-effective solar energy technolo-

gies, for example Fresnel lenses combined with simple Con-

centrating Thermal (CT) systems can provide advantages

such as temperature/light control of greenhouse interior

space along with production of thermal energy for green-

house energy needs. Coomans et al. [104] investigated semi-

closed systems combining controlled mechanical and natural

ventilation with thermal screens for a greenhouse. Ventilated
greenhouse systems (semi-closed) implemented in the green-

house compartments of two Belgian horticulture research

facilities: the Research Station for Vegetable Production

Sint-Katelijne- Waver (PSKW) and the Research Center Hoog-

straten (PCH). Additionally, two reference compartments

included for comparison of the results. The greenhouses were

part of a long-term monitoring campaign in which detailed

measurements with a high time resolution gathered by a cen-

tral monitoring system. A large amount of data processed and

analyzed, including outdoor and indoor climatic parameters,

system controls and installation measurements. The venti-

lated greenhouses obtained energy savings of 13% and 28%

for PSKW and PCH, respectively, without substantial impact

on crop production or indoor climate conditions when com-

pared to the reference compartments. The amount of heat

recovered by the heat recuperation stage in the ventilation

unit of PCH was 12% of the total heat demand. They con-

cluded that the greenhouse heat demand can be reduced sig-

nificantly by controlled dehumidification with mechanical

ventilation, especially during spring and autumn. Attar et al.

[105] evaluated the performances of a solar water heating sys-

tem used for greenhouses according to Tunisian weather

(Fig. 12). This system was mainly composed of two solar col-

lectors (with a 4 m2 total surface) related to a 200 L storage

tank and a capillary polypropylene heat exchanger integrated

to the greenhouse. During the simulation, all combinations

possible of the two solar collectors (series and parallels)

investigated. The parameters which influenced on the storage

system, like the inlet flow rate, tank volume and collector

area also investigated. The results of simulation showed that,

by increasing the tank volume, the temperature at the
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collector outlet will decrease. In addition, high flow rate min-

imized the phenomenon of stratification and increased the

efficiency of the system. They noticed that decreasing the

exchanger inlet flow rate was good solution to reduce heating

loses.

Xu et al. [106] reported the performance of a demonstrated

2304 m2 solar-heated greenhouse equipped with a seasonal

thermal energy storage system in Shanghai, China. The

energy storage system utilized 4970 m3 of underground soil

to store the heat captured by a 500 m2 solar collector in

non-heating seasons through U-tube heat exchangers. During

heating seasons, thermal energy delivered by the heat

exchange tubes placed on the plants shelves and the bare soil.

The system could operate without a heat pump, which can

save electricity consumption and further enhance the solar

fraction. It was found that in the first operation year, 331.9

GJ energy was charged, and 208.9 GJ energy was later

extracted for greenhouse space heating. No auxiliary heating

equipment was installed so that solar energy covered all the

heating loads directly or indirectly. It was demonstrated that

the systemwas capable of maintaining an interior air temper-

ature that was 13 �C higher than the ambient value when the

latter temperature was �2 �C at night. Electrical Coefficient of

Performance (ECOP) for the first operation year was approxi-

mately 8.7, indicating a better performance than the common

heat pump heating system.

Cossu et al. [107] assessed the climate conditions inside a

greenhouse in which 50% of the roof area was replaced with

photovoltaic (PV) modules, describing the solar radiation dis-

tribution and the variability of temperature and humidity.

The effects of shading from the PV array on crop productivity

(tomato) and also integrating the natural radiation with sup-

plementary lighting powered by PV energy were described.

Experiments were performed inside an east–west oriented

greenhouse (total area of 960 m2), where the south oriented

roofs were completely covered with multi-crystalline silicon

PV modules, with a total rated power of 68 kWp. The PV sys-

tem reduced the availability of solar radiation inside the

greenhouse by 64%, compared to the situation without PV

system (2684 MJ m�2 on yearly basis). The solar radiation dis-

tribution followed a north–south gradient, with more solar

energy on the sidewalls and decreasing towards the center

of the span, except in winter, where it was similar in all plant

rows. The reduction under the plastic and PV covers was

respectively 46% and 82% on yearly basis. Only an 18% reduc-

tion was observed on the plant rows farthest from the PV

cover of the span.

Wang et al. [108] presented a research for reviewing the

changing of volumetric thermal capacity and thermal con-

ductivity of hollow block wall by filling soil and perlite in

the cavities to improve wall thermal performance. The results

showed that filling soil or perlite in the cavities of hollow

blocks was a feasible way of improving the thermal perfor-

mance of north wall of Chinese solar greenhouses. Filling hol-

low blocks with soil increased the thermal capacity of wall

and more heat could be stored. Filling hollow blocks with per-

lite increased the thermal resistance of north wall so less heat

was lost. Then, two layered composite walls (wall HB-2P4S

and HB-4P2S) were designed and their performance was com-

pared. Model simulation and experimental results suggested
that the composite wall with 40 cm of hollow block filled with

soil and 20 cm of hollow block filled with perlite had better

thermal performance than the composite wall that was com-

posed of with 40 cm hollow block filled with perlite and 20 cm

filled with soil. Awani et al. [109], demonstrated the perfor-

mance of a heat pump system assisted by solar and geother-

mal energy under the climatic conditions of Tunisia. The

system was designed and installed in Thermal Process Labo-

ratory; Research and Technology Centre of Energy CRTEn Borj

Cedria. The surface area and the glass greenhouse used in the

experimental model were 14.8 m2 as surface area. Several

experimental data for realizing a numerical model based on

TRNSYS software were preceded. For this point of view a

numerical model was improved using 100 m2 and 229.5 m3

as surface and volume areas. The water-air heat pump was

coupled with a ground heat exchanger (GHE) with 1 m of

depth. The distance between two consecutive tubes is 0.3 m.

The surface area of the solar collector is 8 m2. The authors

indicated that the system had good results in all operating

states. Zhou et al. [110] proposed an approach that stores

solar energy in the daytime and provides heat by earth-tube

at night and then applied to a plastic greenhouse to elevate

the inside air temperature. For this, a one-dimensional

dynamic model was established to assist the design of the

solar energy storage and heating system and to evaluate the

system performance. Using the model developed in Matlab,

the date-hour change patterns of characteristic temperatures

in the plastic greenhouse were obtained, through calculating

the heat gains of various surfaces and heat storage by hour

from solar radiation and solving the unsteady-state heat con-

duction equation in the structure components of the green-

house. The calculated results showed good agreement with

the measured data, indicating that the method was valid

and could be applied to the design of solar energy storage

and heating system as well as the thermal performance anal-

ysis of greenhouses. In another study, a new type of solar

greenhouse with straw block north wall was developed

[111]. The heat transfer characteristics, temperature, heat

absorption, release and loss of its north wall were investi-

gated by theoretical and experimental analyses and the eco-

nomic and environmental evaluations of north walls were

carried out. Results showed that the thermal storage coeffi-

cient of heat storage layer, the total thermal inertia index

and the total thermal resistance of the new type straw block

north wall (ST) were 38.5%, 13.9% and 25.4% higher than that

of porous clay block north wall (CL), respectively and the aver-

age air temperature of Chinese solar greenhouse with STwas

0.7 �C higher than that of Chinese solar greenhouse with CL

on cloudy day. The temperature of heat storage layer as well

as the heat absorption and release of STwere higher than that

of CL. The heat loss of STwas less than that of CL. Compared

to CL, the cost, energy consumption and CO2 emissions of ST

were reduced 26.3%, 81.7% and 29.4%, respectively. The

authors concluded that ST had better thermal properties

and could improve thermal environment of greenhouse.

Besides, it was low-cost and environmentally friendly. Lazaar

et al. [112] presented a research to compared two types of

greenhouse heating system. In this research, two tunnel

greenhouses, with 100 m2 of area, were constructed and

installed in the CRTEn (Research and Technologies Centre of



Table 2 – Review on some researches about modeling and experimental study in solar and conventional greenhouse.

Authors Area of research Modeling Experimental
validation

Results

[115] Using a thermal storage north
wall and an integration of a
ground air collector to maintain
the plant and room air
temperature

U U (1) Significant effect of the thermal storage north wall and the ground air collector on the plant
and room air temperatures.

(2) Decrease in thermal and cooling load with increase of the isothermal mass.
(3) Fair agreement between the experimental and theoretical results without the ground air

collector.
[116] Appling a mathematical model

for experimental validation of
the thermal behavior in the
greenhouse after evaporative
cooling

U U (1) Increase in greenhouse temperature along the length of it due to receiving solar incident
radiation.

(2) Fair agreement between experimental and theatrical values to predict average temperature
in greenhouse.

[117] Developing mathematical model
to study the thermal behavior of
a greenhouse

U U (1) Good agreement between experimental and modeling values with an average coefficient of
correlation of 0.9377 and root mean square of percent deviation of 8.3538.

(2) Obtain the optimum area of the GAC, mass flow rate and heat capacity as 17.55 m2, 200 kg/h
and 20950 kJ/�C, respectively.

[118] Using a thermal model for the
heating of a greenhouse by using
inner thermal curtain and
geothermal warm water

U U (1) Maintain the temperatures of air surrounding the plant mass in the range of 14–20 �C during
winter night.

(2) Fair agreement with experimental and modeling value.

[119] Evaluating the performance of a
solar assisted ground-source
heat pump greenhouse heating
system

U U (1) The exergy efficiency values for the Ground-source heat pumps (GSHP) unit obtained to be
71.8 and 67.7%, respectively.

(2) The highest irreversibility on a system basis occurred in the greenhouse fan-coil unit, fol-
lowed by the compressor, condenser, expansion valve and evaporator.

(3) Monovalent central heating operation (independent of any other heating system) cannot be
met overall heat loss of greenhouse if ambient temperature is very low.

[120] Analyzing of heat and moisture
content transfer in a lean-to
greenhouse

U U (1) The temperature of the air, the soil and the wall in greenhouse is mainly influenced by solar
irradiation

(2) Decrease in the periodic variation range of the soil temperature and the moisture content
with increase in depth.

(3) Increase in the moisture content in the upside of soil bed During night.
[121] Analytical thermal model to

predict microclimatic condition
inside the greenhouse

U ✕ (1) The maximum and minimum temperature reaches in greenhouse 34.11 �C at 13 h and 10.05 �
C at 7 h.

(2) The maximum and minimum floor temperatures inside the greenhouse were 39.23 �C and
10.1 �C at 14 h and 8 h.

(3) Maximum and minimum crop temperatures were 35.43 �C and 9.91 �C at 14 h and 7 h,
respectively.

[122] Appling a thermal model to
investigate the potential of using
the stored thermal energy of the
ground for greenhouse heating
and cooling

U U (1) Temperatures of the greenhouse air, with the experimental parameters of the EAHE on aver-
age 7–8�C were higher in the winter and 5–6�C lower in the summer than those of the same
greenhouse without the EAHE.

(2) The greenhouse air temperatures increased in the winter and decreased in the summer with
increasing pipe length, decreasing pipe diameter, decreasing mass flow rate of flowing air
inside buried pipe and increasing depth of ground up to 4 m.

(3) The predicted and measured values of the greenhouse air temperatures in terms of root
mean square percent deviation and correlation coefficient, exhibited fair agreement.
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Table 2 – Review on some researches about modeling and experimental study in solar and conventional greenhouse.

[123] Developing a simple dynamic
greenhouse climate model by
considering the dynamics of
external weather and crop
parameters to predict
greenhouse air temperature,
water vapor pressure and
canopy temperature

U ✕ (1) The maximum temperature difference o �C in the Sawtooth greenhouse and 4 �C in
the Quonset greenhouse as against am ent condition was observed during winter
season.

(2) In summer season, the maximum differ nces in temperatures in the Sawtooth and
Quonset greenhouses were 4 �C and 6 �C respectively.

(3) Sensitivity analysis of the model parame rs indicated that width of side ventilation,
angle of roof vent and leaf area index infl enced themodel performance in predicting
temperature.

[124] Evaluating the thermal
performance of a north wall
made with phase change
material

U ✕ (1) With an equivalent to 32.4 kg of PCM per quare meter of the greenhouse ground sur-
face area, temperature of plants and insi air were found to be 6–12 �C more at night
time in winter period with less fluctuati .

(2) Relative humidity was found to be on av rage 10–15% lower at night time.
[125] Investigate the energy

performance of some recent
envelope and systems
technologies for reduction of the
energy demand

U U (1) Use of the polycarbonate sheets decrea ed the net heating energy requirement a
greenhouse about 30% without reducing the amount of light that enters the green-
house and activates the photosynthesis

(2) Low-cost solar energy collectors could b made with polypropylene sheets with spe-
cial design for light collection that work ficiently, but the solar system energy input
can cover only a small part of the total ating energy requirements.

[93] Modeling, analyzing and
assessing the performance of
greenhouse heating systems
with earth–pipe–air heat
exchangers

U ✕ (1) Overall energy efficiency value for the EA E system studied determined to be 72.10%
while the overall exergy efficiency value alculated to be 19.18% at a reference state
temperature of 0 �C.

(2) The exergy efficiency of the whole EAHE stem decreased from 19.18% to 0.77% with
the increase in the reference environme t temperature from 0 to 18 �C.
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Fig. 13 – Energy transfer mechanism in a greenhouse [121].

Fig. 14 – Velno greenhouse configuration [126].
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Energy) of Tunisia. The first was equipped with a buried and

suspended heat exchanger and the second one was devoid

of a heating system. Two heating sources were used in order

to increase the nocturnal air temperature under greenhouse:

an Electrical Heating System (EHS) and a Solar Heating Sys-

tem (SHS). The efficiency of the solar collector was deter-

mined and the effectiveness of the evacuated tube solar

collector with a water storage tank was also examined. The
average value of energy efficiencies of the evacuated tube

solar water heater was about 46%. The EHS allowed an

increase of inside air temperature of 4 �C while using the

SHS permitted temperature rise of 2 �C. An economic analysis

showed that the use of a system of 3 evacuated tube solar col-

lectors for greenhouse heating was rentable since the payback

period of the solar systemwas 3 years. In another study, a low

cost Seasonal Solar Soil Heat Storage (SSSHS) system used for



Table 3 – Some basic and important equation to calculate several temperature in Velno greenhouse [126].

Equation Definition

dTa
dt ¼

Qsc�a�Qa�c�Qa�s�Qa�as
qa�cp�a�Va

if csc ¼ 1
Qsc�aþQsc�as�Qa�c�Qa�s�Qas�o�Qas�ri

qa�cp�a�Vaþqas�cp�a�Vas
if csc ¼ 0

( ) Indoor air below the screen temperature

dTas
dt ¼

Qa�asþQsc�as�Qas�ri�Qas�o
qas�cp�a�Vas

if csc ¼ 1
dTa
dt if csc ¼ 0

( )
Indoor air above the screen temperature

dTc
dt ¼ Qrd�cþQa�cþQri�cþQs�c�Qc�a�H2O

�Qc�sc

qc�cp�c�Vc
Crop temperature

dTs
dt ¼ Qrd�sþQa�s�Qs�c�Qs�ri�Qs�s2�Qs�sc

ð0:7qs�cp�sþ0:2qH2O�cp�H2O
þ0:1qa�cp�aÞ�Vs

Soil temperature

dTri
dt ¼ Qrd�riþQas�riþQas�ri�H2o

þQs�riþQsc�ri�Qri�c�Qro�o�Qro�sk

qr�cp�r�Vr
for single glass cover Indoor side of the roof temperature (single layer)‘

dTsc
dt ¼ Qc�scþQs�scþQa�sc�H2O

þQas�sc�H2O
�Qsc�a�Qsc�as�Qsc�ri

qsc�cp�sc�Vsc
Screen temperature

Fig. 15 – Side view of the greenhouse with experimental measuring points: (d) temperature sensors. Dimensions are in

meters [127].

Table 4 – Humidity mass transfer equation in greenhouse [130].

Equation Definition

dCas�H2O

dt ¼
Um�a�as�H2O

�Um�as�ri�H2O
�Um�as�o�H2O

�Um�as�sc�H2O

Vas
if csc ¼ 1

dCa�H2O

dt if csc ¼ 0

( ) The rate of change in water concentration above
the screen

dCa�H2O

dt ¼
Um�c�a�H2O

�Um�a�sc�H2O
�Um�a�as�H2O

Va
if csc ¼ 1

Um�c�a�H2O
�Um�a�sc�H2O

�Um�as�ri�H2O
�Um�as�o�H2O

�Um�as�sc�H2O

VaþVas
if csc ¼ 0

( )
The rate of change in water concentration below
the screen

I n f o r m a t i o n P r o c e s s i n g i n A g r i c u l t u r e 5 ( 2 0 1 8 ) 8 3 –1 1 3 105



Table 5 – Carbon Dioxide mass transfer equation in greenhouse [130].

Equation Definition

dCa�CO2
dt

¼
Um�in�a�CO2

�Um�a�c�CO2�Um�a�as�CO2
Va

if csc ¼ 1
Um�in�a�CO2

�Um�a�c�CO2�Um�as�o�CO2
VaþVas

if csc ¼ 0

( ) Rate of change in CO2 concentration inside the greenhouse
(below the screen)

dCas�CO2
dt

¼
Um�a�as�CO2

�Um�as�o�CO2
Va

if csc ¼ 1
dCa�CO2

dt if csc ¼ 0

( )
Rate of change in CO2 concentration inside the greenhouse
(above the screen)

106 I n f o r m a t i o n P r o c e s s i n g i n A g r i c u l t u r e 5 ( 2 0 1 8 ) 8 3 –1 1 3
greenhouse heating was invented and investigated [113]. With

soil heat storage technology, the solar energy stored in soil

under greenhouse can be utilized to reduce the energy

demand of extreme cold and consecutive overcast weather

in winter. In this system, unlike conventional underground

heat systems, heat pumps are not needed and so the cost is

drastically reduced. After the tests, the system proved that

seasonal thermal energy storage (STES) was feasible and

could partially solve the solar heat demand and supply imbal-

ance problem between summer andwinter. TRNSYS was used

to simulate the process and effect of solar energy collection

and soil heat storage, and the model was calibrated by opera-

tional data in a full season. Energy consumption of the SSSHS

system and conventional solar heating system have been

compared under the same condition: when the indoor air

temperature of the greenhouse was kept above 12 �C through-

out the year, the energy saving in Shanghai was 27.8 kW h/

(m2 typical greenhouse area � year).

Hassan et al. [114] investigated, analytically, the design of a

new stand-alone agriculture Green House (GH) designed to be

a self-sufficient of energy and irrigation requirements. This

design used Transparent Photo Voltaic (TPV) for electrical

power generation and humidification-dehumidification pro-

cess for water production. The paper investigated the effect

of the location of the condenser(s) for the cooling system,

the condenser bypass and fresh air ratios on the internal

micro-climatic conditions of the GH. For the hot climatic con-
Fig. 16 – 2-D diagram and dimensions (th) of the experimental

dimensions are in mm [134].
ditions of Abu Dhabi, UAE, controlling both the condenser

bypass and fresh air ratios could be used to satisfy the

requiredmicro-climate conditions for plant growth, minimize

the power consumption for refrigeration cycle and maximize

the water production. According to the operating conditions,

water production ranges between 8.3 and 13 L/m2 day which

was sufficient for plant needed while the generated electrical

power of the TPV was about 10% of the electrical energy

requirements which indicated the need for additional PV pan-

els to be installed with the GH system.

From the comprehensive above literature, it is conclude

that solar greenhouses were first developed in the 1970 s dur-

ing the oil crises. The first solar greenhousewas built in China

and measured 80 times larger than the biggest glass green-

house in the world. According to botanical experiments in

China, solar greenhouses can be used to successfully grow

warmth-loving plants even in freezing conditions. In most

cases, the southern side of the solar greenhouse is made

entirely of transparent materials such as plastic foil. The ther-

mal mass of the building traps this heat and gently diffuses it

across the plants after sunset. Some gardeners like to roll out

an insulating sheet made of canvas, pressed grass, or straws

across the plastic foil in order to boost the greenhouse’s insu-

lating capacity. This is more common in colder and windier

regions.

Unlike regular greenhouses, solar greenhouses enable gar-

deners to grow out-of-season vegetables and fruits since the
Chinese Solar Greenhouse (CSG) used in simulation (all



Fig. 17 – Greenhouse realistic configurations [135].
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solar greenhouses retain solar heat. Solar greenhouses are

normally oriented towards the south in order to maximize

heat absorption. Economical and sustainable, these types of

greenhouses are also enhanced with fans to maintain an even

temperature, preventing the plants from becoming over-

heated. Their function is primarily to deliver water and store

and harvest plants. According to botanists, solar greenhouses

can last forever, as long as they’re probably cared for.

One of the main problems with the use of solar green-

houses, especially in Third World countries, is investment.

Typically, the construction of these types of greenhouses

requires more investment than conventional greenhouses,

which will later become increasingly depreciated over vari-

able costs. Hence, the use of the private sector with the finan-

cial support of the government can increase using and

development of these types of greenhouse structures, espe-

cially in Iran.

Table 2 shows more summary of some experimental and

modeling study about solar and conventional greenhouse

around the word.

3. Mass and energy balance in greenhouse

3.1. Calculate some basic temperature in greenhouse

The mass and energy balance are the basic conceptual equa-

tions needed to model the various processes in any thermal

system. They state that the amount of changes in stored

energy will be equal to the sum of the energy gained by inter-
nal energy sources (or lost via an internal heat sink) and the

external energy gains, less the losses. In the greenhouse,

internal gains are the artificial light, evapotranspiration and

heat generation by any electrical devices and human activi-

ties, whereas external gain is the solar irradiation. Example

losses are due to conduction through the cover, long and

short wave radiation, evaporation, ventilation systems and

infiltration [121]. Different heat transfer mechanism in green-

house is illustrated in Fig. 13.

A very complete model developed by Van Ooteghem [126],

to simulate 7 important temperatures in Venlo greenhouse in

Netherlands. AVenlo greenhouse is a multi-span greenhouse.

It was assumed that each span has the same layout with

respect to the configuration of the heating and the cooling

net, the thermal screen and its size. Heating systems con-

sisted of a boiler, a condenser and a heat pump. The lower

heating net could be heated with the boiler to a temperature

of 90 �C and with the heat pump to a temperature of about 33

�C. The upper heating net was heated by the condenser to a

temperature of 45 �C. The condenser was heated by the flue

gas of the boiler. The cooling system consisted of a heat

exchanger could be used to cool the greenhouse. The upper

cooling net could be cooled with the heat exchanger to a tem-

perature of about 10 �C. The heat pump and the heat exchan-

ger operated in conjunction with an aquifer. A warm and a

cold water aquifer layer were used to store and retrieve the

surplus solar energy. The warm-water layer had a tempera-

ture of 16 �C and the cold-water layer had a temperature of

10 �C. The warm water was used by the heat pump to heat
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the greenhouse. Also, the cold water was used by the heat

exchanger to cool the greenhouse. This greenhouse had an

internal thermal screen and all of these parameters could

change the conventional greenhouse to solar one. Ventilation

by opening windows could be used to cool the greenhouse

and to lower the humidity. At times of heat demand, the

humidity could be lowered by using ventilation with heat

recovery. The sensible heat that was normally lost during

ventilation through windows was partially recovered by

exchanging the air through a heat exchanger. The greenhouse

configuration is given in Fig. 14.

For calculating the heat and mass transport the following

elements were taken into account: air (above and below the

screen), crop, heating and cooling net pipes, roof, screen

and soil. These elements modeled as lumped parameter mod-

els, which assumed internally homogeneous. The soil divided

into two layers. All temperatures can calculatewith equations

in Table 3. Extensive analyses have been made of the effect of

various components of the solar greenhouse system and of

the uncertainty in weather. So, growers should be aware that

setting tighter humidity bounds increases energy use. It was

found that in the optimally controlled solar greenhouse, fossil

fuels could be seriously reduced (by 52%), while the crop pro-

duction was significantly increased (by 39%), as compared to

an optimally controlled conventional greenhouse without

the solar greenhouse elements.

In another study, a solar air heater system was investi-

gated experimentally for heating an innovative greenhouse

in Baghdad, Iraq (33.3�N, 44.4�E) [127]. The innovative green-

house combined a traditional greenhouse and a bank of solar

air heaters on the roof as one structure. This arrangement did

not affect the required solar radiation inside the greenhouse

for winter heating when compared with a conventional

greenhouse. An energy balance method was used to calculate

the heating load. The soil surface heat gain was considered in

this work and was found to contribute 13–19% of the heating

load required. Six solar air heaters with a single glass cover

and a ‘V’ corrugated absorber plate connected in parallel were

mounted on the greenhouse roof (Fig. 15). Tests were carried

out in the winter season of 2012. The mass flux of air through

the collectors was varied from 0.006 to 0.012 kg s�1 m�2. An

air mass flux of 0.012 kg s�1 m�2 was found to provide about

84% of the daily heat demand to keep the greenhouse inside

air temperature at 18 �C. The summation of stored energy

from this system and a stored free solar heat inside the green-

house could cover all the daily heating demand with an

excess of approximately 46%.

3.2. Humidity and CO2 balance in greenhouse

Humidity is one of the key factors in greenhouse climate. It

usually tends to be high due to crop transpiration. The tran-

spiration of the crop depends on solar radiation, CO2 concen-

tration, greenhouse air temperature and relative humidity.

Crops exposed to high humidity levels have a higher risk of

developing fungal diseases and physiological disorder [128].

The humidity will further more condense on the cold struc-

tures of the greenhouse. The most important one is consti-

tuted by the film covering. The condensation plays two

negative effects:
i. Small droplets on the surface causing a drastic reduc-

tion in the light transmission due to deflection of rays

by the spherical shape of droplets.

ii. Coalescence of small droplets in larger one causing a

rainfall down to the crops, with subsequence damage

because of shocks and burns on leaves and flowers.

Then the control of humidity should be accomplished by

means of effective ventilation of greenhouse. A model to pre-

dict humidity and transpiration directly as a function of the

outside climate, with the particular objectives of developing

optimal control strategies for humidity in greenhouse pre-

sented by Jolliet [129]. It was included the processes of tran-

spiration, condensation, ventilation and humidification or

dehumidification. In that model, inside vapor pressure

directly calculated as a function of the outside condition

and the greenhouse characteristics. It included a linear rela-

tionship for transpiration, which is good approximation of a

more detailed model. Condensation on the cladding is first

calculated for the inside greenhouse air at saturation and

then corrected by a factor to account cladding temperature.

Because of its simplicity, this model also explicitly deter-

mined the water and energy to be added to or extracted from

the greenhouse air, in order to achieve given humidity or tran-

spiration set points. The change in humidity and CO2 concen-

tration are evaluated by means of a mass balance over the all

kinds of greenhouse. The rate of change in CO2 and water

concentration inside the greenhouse is calculated using gen-

eral equations in Table 4 and 5.

CO2 enrichment decreases the oxygen inhibition of photo-

synthesis and increases the net photosynthesis in plants.

This is the basis for increased growth rates caused by CO2

at low as well as at high light levels. Elevated CO2 concentra-

tions also increase the optimal temperature for growth. Pot

plants, cut flowers, vegetables and forest plants show very

positive effects from CO2 enrichment by increased dry weight,

plant height, number of leaves and lateral branching. Plant

quality expressed by growth habit and number of flowers is

often enhanced by CO2 enrichment. The rooting of cuttings

is often stimulated by high CO2 levels. The optimal CO2 con-

centration for growth and yield seems to lie between 700

and 900 lL L�1, and this CO2 level is generally recommended

in greenhouses. CO2 concentrations higher than 1000 lL L�1

might cause growth reductions and leaf injuries and certainly

do increase the loss of CO2 due to leakage from the green-

house [8,131].

Taki et al. [12] compared some mathematical models

(include dynamic and Multiple Linear Regression (MLR)) with

innovative method (Artificial Neural Network) and selected

the best one to predict inside air and roof (Ta and Tri) temper-

ature and energy transfer in a semi-solar greenhouse in Iran.

For this propose, a semi-solar greenhouse was designed and

constructed at the North-West of Iran in Azerbaijan Province.

The environment factors influencing the Ta and Tri were col-

lected as data samples. Then through the relationship

between the factors, the main factors were extracted. Results

showed that the Durbin-Watson statistic for MLR method to

estimate Ta and Tri was 0.04 and 0.06 respectively, so the

authors concluded this method could not predict the output
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parameters correctly. Comparing MLP and dynamic models

showed that the performance of MLP model was better

according to small values of RMSE and MAPE and large value

of EF indices. Also, the minimum value of the TSSE was 16.68

and 30.87 (�C2) for Ta and Tri in ANN implementation. The per-

formance of MLP model to estimate the energy lost and

exchange showed that this method is applicable to estimate

the real data in greenhouse and then predict the energy lost

and exchange. In another study, Taki et al. [132], applied

inside thermal screen to decrease the energy consumption

in an innovative greenhouse structure at the North-West of

Iran in Azerbaijan Province (38�100N and 46�180E with eleva-

tion of 1364 m above the sea level). The inside environment

factors include inside air temperature below screen (Ta),

inside air temperature above screen (Tas), crop temperature

(Tc), inside soil temperature (Ts), cover temperature (Tri) and

thermal screen temperature (Tsc) were collected as the exper-

imental data samples. The dynamic heat transfer model used

to estimate the temperature in six different points of semi-

solar greenhouse with initial values and consider the crop

evapotranspiration. The results showed that dynamic model

can predict the inside temperatures in four different points

(Ta, Tc, Tri, Ts) with MAPE, RMSE and EF about 5–7%, 1–2 �C
and 80–91% for greenhouse without thermal screen and about

3–7%, 0.6–1.8 �C and 89–96% for six different points of green-

house with thermal screen (Ta, Tc, Tri, Ts, Tas, Tsc), respec-

tively. The results of using thermal screen at night (12 h) in

autumn showed that this tool can decrease the need of green-

house to use fossil fuels up to 58% and so decrease the final

cost and air pollution. This movable insulation caused about

15 �C difference between outside and inside air temperature

and also made about 6 �C difference between Ta and Tas.

The experimental results showed that inside thermal screen

can decrease the crop temperature fluctuation at night and

prevent of some diseases. A novel scheme of a desiccant

assisted distributed fan-pad ventilated greenhouse system

has been proposed for the cultivation of varieties of Gerbera

[133]. A thermal model of the proposed system has been

developed to predict the greenhouse temperature and com-

pare the same with a reference model study available in liter-

ature. To regenerate the desiccant materials, solar thermal

energy was used which is harnessed using a number of flat

plate collectors. Study revealed that, while the maximum

temperature inside the conventional greenhouse without

desiccation is about 28.8 �C, the same can be maintained

below 27 �C even during the peak sunshine hours of the sum-

mer season with the proposed system for the place under

consideration (plains of Indian sub-continent). During the

monsoon season (June), the maximum greenhouse tempera-

ture could be restricted within 26.6 �C with the present sys-

tem, while during the same period the temperature of the

conventional fan-pad ventilated greenhouse reached about

28.8 �C. A cumulative cash flow model has also been included

in the study to examine the payback period and the Net Pre-

sent value (NPV) of the proposed system. From the economic

analysis, it was observed that the payback period of the sys-

tem was about 6 years, while the NPV was about $9090

(assuming a service life of 15 years) considering the price of

Gerbera to be $0.15
Computer fluid dynamics (CFD) technique is considered as

a powerful simulation tool to explore the temperature distri-

bution in various buildings, especially for animal houses and

greenhouses in recent years [131,134]. In a research, a real-

scale 2-D computer simulation model was developed with

the finite-volume based commercial software, Fluent�, to

simulate and analyze the temperature distributions caused

only by thermal discharges from the north wall in Chinas

Solar Greenhouse (CSG), governed by two computational

domains, three conservation laws, and also five boundary

conditions with k-e turbulence model [134]. A closed and

empty CSG located in northwest of China was used to deter-

mine the thermal distribution and validate the simulation

model during the night period on January 26 th, 2013

(Fig. 16). Simulated and experimental results showed similar

temperature distributions in CSG. The maximum and average

absolute air temperature differences and mean squared devi-

ation (MSD) were respectively 1.1, 0.8 and 0.1 K comparing

measurement and simulation of inside air temperature and

0.7, 0.2 and 0.7 K for interior wall surface temperature. The

simulation results demonstrated that temperature stratifica-

tion and non-uniformity were more obvious when the north

wall was thinner, suggesting a desirable thickness of north

wall for energy conservation. The expanded polystyrene

boards (EPS) played a more important role in preventing heat

loss compared with perforated bricks (PB) in CSG. When the

material cost was taken into consideration, a comprehensive

evaluation model based on weighted entropy and fuzzy opti-

mization methods was employed to achieve the best north

wall thickness (480 mm PB with 100 or 150 mm EPS) in CSG.

El-Maghlany et al. [135] presented an investigation to calcu-

late the amount of solar energy that can be captured by the

greenhouse surface (Fig. 17). The novelty in this study was

the handling of the greenhouses surface analytically. The

analytical solution was carried out for different elliptic curved

surface aspect ratios, to reach the optimum one for maxi-

mum captured solar energy. The captured solar energy was

calculated from 1 st of November to the end of April (cold

weather season). The study covered a range of ellipse aspect

ratio, Z, from 0.25 to 4.0 and latitude angle / from 24� to

31.2�. Also, the orientation of the greenhouse was studied.

Finally, for the optimum case, the amount of energy capture

and the energy saving cost were obtained. The results showed

that, the captured solar energy per square meter of the green-

house land area reaches its maximum value at aspect ratio

equals 4. The corresponding maximum heating cost savings

equals to 50.971 $/m2/season.

4. Conclusion and recommendations

Commercial greenhouses are used to grow plants in order to

reach better quality and protect them against natural envi-

ronmental effect such as wind or rain. Another benefit is giv-

ing the ability for out of season cultivation. Although a higher

production yield can be obtained in commercial greenhouse,

as compared to free land cultivation, superior energy and

water demand is required for the commercial greenhouse

productions. Moreover, the investment and energy cost are

considerably larger in the commercial greenhouses than any
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other horticultural sector due to the microclimate control sys-

tems in the greenhouse. After labor cost, energy is typically

the largest overhead cost in the production of greenhouse

crops. Therefore energy conservation in the commercial

greenhouse has been emphasized in recent years in order to

sustain cost efficient crop productions. The authors in this

paper tried to have a comprehensive review on the available

worldwide simulation and modeling on agricultural green-

house (solar and conventional) and experimental studies of

agricultural greenhouses and tried to provide the background

to the reader on greenhouse technology as an option for

renewable and sustainable development. So our recommen-

dations are as follows:

1. Proper use of seasonal thermal energy storage via vertical

ground heat exchangers can easily meet the heating

demand of greenhouses in different climatic regions. For

such applications, polyethylene can be a good choice of

insulation material with its low thermal conductivity and

low cost. Polyethylene surrounding the soil can isolate

the uncontrollable heat conduction from heat exchanger

to soil.

2. Solar assisted heat pump systems can meet the heating

and cooling demand of greenhouses in a cost-effective

way. Also, PCMs can be utilized in greenhouse applications

along with solar thermal collectors to enhance the thermal

energy content of the system for reducing the cost of space

heating, which is notably high in extreme climatic regions.

It is recommended to experiment this technology in sunny

countries especially in Iran, because this system can be

very cost effective among other technologies.

3. In some countries especially Iran and some others in Orga-

nization of the Petroleum Exporting Countries (OPEC),

because of lack of carbon tax law, fossil fuel is very

cheaper than other countries and because of high density

of oil, the owners of greenhouse prefer to use fossil fuel to

remove the need of heating energy in winter. By perma-

nent increasing in the cost of conventional energy, major-

ity of governments and farmers becomemore interested to

associate with renewable energy sources (such as solar

energy) to support their business (agricultural green-

houses), which causes a considerable improvement in

the solar greenhouse sector. In Iran after approval the tar-

geted subsidy law, some farmers interested to use solar

energy more than past but it needs some supports from

government and investment by private section.

4. Market conditions for design and construction of solar

greenhouse should be a new business in some countries

such as Iran. The same business model could also be taken

for automatic control solar greenhouse but in this part the

government and central bank also ministry of agriculture

should help farmers by loan and some support laws.

5. Private investments in solar greenhouse design with long

lifetimes and midterm payback periods require stable

economic conditions, clear objectives for the design of

energy policies and the implementation of corresponding

policy instruments. Paving the way towards a sustainable

energy supply will not be successful without these

prerequisites.
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[84] Çakır U, S�ahin E. Using solar greenhouses in cold climates
and evaluating optimum type according to sizing, position
and location: a case study. Comput Electron Agric
2015;117:245–57.

[86] Sethi VP, Dubey RK, Dhath AS. Design and evaluation of
modified screen net house for off-season vegetable raising
in composite climate. Energy Convers Manage
2009;50:3112–28.

[87] Ganguly A, Ghosh S. Model development and experimental
validation of a floriculture greenhouse under natural
ventilation. Energy Build 2009;41:521–7.

[88] Benli H, Durmus A. Evaluation of ground-source heat pump
combined latent heat storage system performance in
greenhouse heating. Energy Build 2009;41:220–8.

[89] Singh RD, Tiwari GN. Energy conservation in the greenhouse
system: a steady state analysis. Energy 2010;35:2367–73.

[90] Nayak S, Tiwari GN. Energy metrics of photovoltaic/thermal
and earth air heat exchanger integrated greenhouse for
different climatic conditions of India. Appl Energy
2010;87:2984–93.

[91] Ozgener O, Ozgener L, Yildiz A. Designing of a photovoltaic
assisted earth to air heat exchanger. Project No. 10GEE007,
Supported by Ege University Research Found; 2010.

[92] Ozgener L, Ozgener O. Energetic performance test of an
underground air tunnel system for greenhouse heating.
Energy 2010;35(10):4079–85.

[93] Hepbasli A. Low exergy modeling and performance analysis
of greenhouses coupled to closed earth-to-air heat
exchangers (EAHEs). Energy Build 2013;64:224–30.

[94] Al Helal IM, Abdel Ghany AM. Energy partition and
conversion of solar and thermal radiation into sensible and
latent heat in a greenhouse under arid conditions. Energy
Build 2011;43:1740–7.

[95] Abdel Ghany AM, Helal IM. Solar energy utilization by a
greenhouse: general relations. Renewable Energy
2011;36:189–96.

[96] Ozgener O, Ozgener L. Determining the optimal design of a
closed loop earth to air heat exchanger for greenhouse
heating by using exergoeconomics. Energy Build
2011;43:960–5.

[97] Vadiee A, Martin V. Energy analysis and thermo-economic
assessment of the closed greenhouse – the largest
commercial solar building. Appl Energy 2012. https://doi.
org/10.1016/j.apenergy.06.051.

[98] Du J, Bansal P, Huang B. Simulation model of a greenhouse
with a heat-pipe heating system. Appl Energy
2012;93:268–76.

[99] Kıyan M, Bingol E, Melikog˘lu M, Albostan A. Modeling and
simulation of a hybrid solar heating system for greenhouse
applications using Matlab/Simulink. Energy Convers
Manage 2013;72:147–55.

[100] Bouadila S, Kooli S, Skouri S, Lazaar M, Farhat A.
Improvement of the greenhouse climate using a solar air
heater with latent storage energy. Energy doi:https://doi.
org/10.1016/j.energy.2013.10.066.

[101] Bouadila S, Lazaar M, Skouri S, Kooli S, Farhat A.
Assessment of the greenhouse climate with a new packed-
bed solar air heater at night, in Tunisia. Renew Sustain
Energy Rev 2014;35:31–41.

[102] Esen M, Yuksel T. Experimental evaluation of using various
renewable energy sources for heating a greenhouse. Energy
Build 2013;65:340–51.

[103] Lamnatou C, Chemisana D. Solar radiation manipulations
and their role in greenhouse claddings: Fresnel lenses, NIR-
and UV-blocking materials. Renew Sustain Energy Rev
2013;18:271–87.

[104] Coomans M, Allaerts K, Wittemans L, Pinxteren D.
Monitoring and energetic performance of two similar semi-

http://refhub.elsevier.com/S2214-3173(17)30062-8/h0310
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0310
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0310
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0315
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0315
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0315
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0335
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0335
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0360
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0360
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0360
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0365
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0365
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0365
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0365
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0370
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0370
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0370
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0375
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0375
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0375
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0375
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0380
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0380
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0380
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0385
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0385
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0385
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0390
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0390
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0395
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0395
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0395
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0400
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0400
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0400
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0405
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0405
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0410
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0410
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0410
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0410
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0415
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0415
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0415
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0420
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0420
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0420
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0420
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0420
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0420
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0430
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0430
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0430
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0430
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0435
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0435
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0435
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0440
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0440
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0440
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0445
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0445
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0450
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0450
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0450
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0450
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0460
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0460
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0460
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0465
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0465
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0465
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0470
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0470
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0470
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0470
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0475
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0475
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0475
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0480
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0480
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0480
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0480
https://doi.org/10.1016/j.apenergy.06.051
https://doi.org/10.1016/j.apenergy.06.051
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0490
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0490
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0490
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0495
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0495
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0495
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0495
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0495
https://doi.org/10.1016/j.energy.2013.10.066
https://doi.org/10.1016/j.energy.2013.10.066
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0505
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0505
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0505
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0505
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0510
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0510
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0510
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0515
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0515
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0515
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0515
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0520
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0520


I n f o r m a t i o n P r o c e s s i n g i n A g r i c u l t u r e 5 ( 2 0 1 8 ) 8 3 –1 1 3 113
closed greenhouse ventilation systems. Energy Convers
Manage 2013;76:128–36.

[105] Attar I, Naili N, Khalifa N, Hazami M, Farahat A. Parametric
and numerical study of a solar system for heating a
greenhouse equipped with a buried exchanger. Energy
Convers Manage 2013;70:163–73.

[106] Xu J, Li Y, Wang RZ, Liu W. Performance investigation of a
solar heating system with underground seasonal energy
storage for greenhouse application. Energy 2014;67:63–73.

[107] Cossu M, Murgia L, Ledda L, Deligios PA, Sirigu A, Chessa F,
et al. Solar radiation distribution inside a greenhouse with
south-oriented photovoltaic roofs and effects on crop
productivity. Appl Energy 2014;133:89–100.

[108] Wang J, Li S, Guo S, Ma C, Wang J, Sun J. Analysis of heat
transfer properties of hollow block wall filled by different
materials in solar greenhouse. Eng Agric Environ Food
2017;10(1):31–8.

[109] Awani S, Kooli S, Guizani A. Numerical and experimental
study of a closed loop for ground heat exchanger coupled
with heat pump system and a solar collector for heating a
glass greenhouse in north of Tunisia. Int J Refrig
2017;76:328–41.

[110] Zhou N, Yu Y, Yi J, Liu R. A study on thermal calculation
method for a plastic greenhouse with solar energy storage
and heating. Sol Energy 2017;142:39–48.

[111] Zhang J, Wang J, Guo S, Wei B, He X, Sun J, et al. Study on
heat transfer characteristics of straw block wall in solar
greenhouse. Energy Build 2017;139:91–100.

[112] Lazaar M, Bouadila S, Kooli S, Farhat A. Comparative study
of conventional and solar heating systems under tunnel
Tunisian greenhouses: thermal performance and economic
analysis. Sol Energy 2015;120:620–35.

[113] Zhang L, Xu P, Mao J, Tang X, Li Z, Shi J. A low cost seasonal
solar soil heat storage system for greenhouse heating:
design and pilot study. Appl Energy 2015;156:213–22.

[114] Hassan GE, Salah AH, Fath H, Elhelw M, Hassan A, Saqr KM.
Optimum operational performance of a new stand-alone
agricultural greenhouse with integrated-TPV solar panels.
Sol Energy 2016;136:303–16.

[115] Singh RD, Tiwari GN. Thermal heating of controlled
environment greenhouse: a transient analysis. Energy
Convers Manage 2000;41:505–22.

[116] Jain D, Tiwari GN. Modeling and optimal design of
evaporative cooling system in controlled environment
greenhouse. Energy Convers Manage 2002;43:2235–50.

[117] Jain D, Tiwari GN. Modeling and optimal design of ground
air collector for heating in controlled environment
greenhouse. Energy Convers Manage 2003;44:1357–72.

[118] Ghosal MK, Tiwari GN. Mathematical modeling for
greenhouse heating by using thermal curtain and
geothermal energy. Sol Energy 2004;76:603–13.

[119] Ozgener O, Hepbasli A. Experimental performance analysis
of a solar assisted ground-source heat pump greenhouse
heating system. Energy Build 2005;37:101–10.
[120] Chen W, Lue W, Lue B. Numerical and experimental analysis
of heat and moisture content transfer in a lean-to
greenhouse. Energy Build 2006;38:99–104.

[121] Kothari S, Panwar NL. Steady state thermal model for
predicting micro-climate inside the greenhouse. Inst Eng
(India) J Agric Eng 2007;88:52–5.

[122] Ghosal MK, Tiwari GN. Modeling and parametric studies for
thermal performance of an earth to air heat exchanger
integrated with a greenhouse. Energy Convers Manage
2006;47:1779–98.

[123] Kumar KS, Jha MK, Tiwari KN, Singh A. Modeling and
evaluation of greenhouse for floriculture in subtropics.
Energy Build 2010;42:1075–83.

[124] Berroug F, Lakhal EK, Omari M, Qarnia H. Thermal
performance of a greenhouse with a phase change material
north wall. Energy Build 2001;43:3027–35.

[125] Fabrizio E. Energy reduction measures in agricultural
greenhouses heating: envelope, systems and solar energy
collection. Energy Build 2012;53:57–63.

[126] Van Ooteghem RJC. Optimal control design for a solar
greenhouse, systems and control. Wageningen University;
2007. p. 2011.

[127] Joudi KA, Farhan A. Greenhouse heating by solar air heaters
on the roof. Renewable Energy 2014;72:406–14.

[128] Bakker JC, Bot GPA, Challa H, Van de Braak NJ. Greenhouse
climate control an integrated approach. Wageningen, The
Netherlands: Wageningen Press; 1995. p. 92–7.

[129] Jolliet O. A model for predicting and optimizing humidity
and transpiration in greenhouse in greenhouse. J Agric Eng
Res 1994;57:23–37.

[130] Van Straten G, Van Willigenburg G, Van Henten E, Van
Oothghem R. Optimal control of greenhouse
cultivation. New York: CRC Press, Taylor and Francis; 2011.
p. 101–5.

[131] Taki M, Ajabshirchi Y, Ranjbar SF, Matloobi M. Application of
Neural Networks and multiple regression models in
greenhouse climate estimation. Agric Eng Int: CIGR J 2016;18
(3):29–43.

[132] Taki M, Ajabshirchi Y, Ranjbar SF, Rohani A, Matloobi M.
Modeling and experimental validation of heat transfer and
energy consumption in an innovative greenhouse structure.
Inform Process Agric 2016;3:157–74.

[133] Banik P, Gangult A. Performance and economic analysis of a
floricultural greenhouse with distributed fan-pad
evaporative cooling coupled with solar desiccation. Sol
Energy 2017;147:439–47.

[134] Zhang X, Wang H, Zou Z, Wang S. CFD and weighted entropy
based simulation and optimisation of Chinese Solar
Greenhouse temperature distribution. Biosys Eng
2016;142:12–26.

[135] El-Maghlany W, Teamah MA, Tanaka H. Optimum design
and orientation of the greenhouses for maximum capture of
solar energy in North Tropical Region. Energy Convers
Manage 2016;105:1096–104.

http://refhub.elsevier.com/S2214-3173(17)30062-8/h0520
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0520
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0525
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0525
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0525
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0525
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0530
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0530
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0530
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0535
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0535
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0535
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0535
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0540
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0540
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0540
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0540
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0545
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0545
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0545
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0545
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0545
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0550
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0550
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0550
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0555
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0555
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0555
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0560
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0560
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0560
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0560
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0565
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0565
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0565
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0570
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0570
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0570
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0570
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0575
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0575
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0575
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0580
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0580
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0580
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0585
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0585
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0585
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0590
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0590
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0590
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0595
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0595
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0595
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0600
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0600
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0600
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0605
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0605
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0605
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0610
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0610
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0610
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0610
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0615
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0615
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0615
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0620
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0620
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0620
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0625
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0625
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0625
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0630
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0630
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0630
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0635
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0635
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0640
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0640
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0640
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0645
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0645
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0645
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0650
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0650
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0650
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0650
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0655
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0655
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0655
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0655
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0660
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0660
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0660
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0660
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0665
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0665
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0665
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0665
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0670
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0670
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0670
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0670
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0675
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0675
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0675
http://refhub.elsevier.com/S2214-3173(17)30062-8/h0675

	Solar thermal simulation and applications in greenhouse
	1 Introduction
	2 Review on mathematical modeling and experimental studies on greenhouse environment
	2.1 Literature review (1978–2000)
	2.2 Literature review (2001–2017)

	3 Mass and energy balance in greenhouse
	3.1 Calculate some basic temperature in greenhouse
	3.2 Humidity and CO2 balance in greenhouse

	4 Conclusion and recommendations
	Acknowledgments
	References


