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Energy balance methods currently used to estimate the natural ventilation 

rate of greenhouses ( am ) assume that the input energy to the greenhouse 

is the transmitted solar radiation. An average value for the cover 

transmittance ( c ) is usually used to estimate this energy. However, this 

estimate includes a large error due to the spatial variation of c  in the 

greenhouse. These methods also give negative values of am at low solar 

radiation levels (e.g. in the morning and afternoon).    

     The purpose of this study was to develop a simplified energy balance 

model to estimate the value of am precisely. In this model, all modes of 

energy were treated at the outer surface of the cover to avoid the error 

caused by using an average value of c . Required environmental 

parameters to be used in the model were measured inside and outside a 

single-span glass-covered greenhouse with a floor area of 26 m
2
 located 

in the Tokyo area, Japan during four sunny days (Sept. 29 to Oct. 2., 

2005) The greenhouse was naturally ventilated using two roof ventilators 

(0.6 m   5 m). Diurnal variations of am  were estimated and compared 

with the results of other models and showed the necessity of applying the 

present model. The estimated value of am was in the range between 0.11 

kg s
-1

 and 2.25 kg s
-1 

and these results were in accordance with those 

measured and reported in the literature. The results also confirmed that 

outside wind at a speed less than 2.5 m s
-1

 has no significant effect on the 

value of am  and the value of am resulting from the greenhouse thermal 

balance depends mainly on temperature difference of air between inside 

and outside the greenhouse ( T ). A linear correlation between am  and 

T  was provided that can be used to estimate the required ventilation 

rate to maintain the air temperature in the greenhouse at a desired level.  
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NOMENCLATURES 

Alphabetic symbols 

Ac: surface area of the greenhouse cover (m
2
) 

Af: surface area of the greenhouse floor (m
2
)  

Cd: discharge coefficient of the vent (-) 

Cpa: specific heat of air at constant pressure (J kg
-1

 
o
C

-1
) 

Cw: wind effect coefficient (-) 

d: greenhouse cover thickness (m) 

Ff-j: view factor from the floor surface to the surface j  (-) 

Fj-f: view factor from the surface j to the floor surface (-) 

fd: ratio of diffuse to global (direct + diffuse) solar radiation (-) 

g: acceleration of gravity (m s
-2

) 

H: vertical height of the vent opening (cord joining the two extremities of the vent 

     when it is open and close) (m) 

hc-o: convective heat transfer coefficient between the cover surface and the outside 

       ambient air (W m
-2

 
o
C

-1
)  

Ii: specific enthalpy of moist air inside the greenhouse (J kg
-1

) 

Io: specific enthalpy of moist air outside the greenhouse (J kg
-1

)  

j: surface number of the greenhouse cover (1,2,…, 6) 

kf: equivalent thermal conductivity of the greenhouse soil (W m
-1

 
o
C

-1
) 

L: vent length (m) 

 : vent width (m) 

am : ventilation rate (kg s
-1

) 

Na: number of air exchange per hour (h
-1

)  

Nv: number of ventilators 

n: refractive index of the cover material (-) 

Qc-o: convection heat rate between the cover surface and outside ambient (W) 

qo: heat rate conducted into the greenhouse soil surface (W) 

Rn: net thermal radiation exchange between the outer surface of the cover and sky (W) 

rb: ratio of beam irradiance received by a tilted surface to that received by a 

     horizontal surface (-) 

r
2
: coefficient of determination 

Si: global solar radiation flux transmitted into the greenhouse (W m
-2

) 

Sn: net global solar energy crossing the control volume of the greenhouse (W) 

So: global solar radiation flux at the greenhouse outer surface (W m
-2

) 

Tc: cover outer surface temperature (
o
C)  

Tdi: dry bulb temperature inside the greenhouse (
o
C) 

Tdo: dry bulb temperature outside the greenhouse (
o
C) 

Tf: floor surface temperature (
o
C) 

Tsky: equivalent temperature of sky (
o
C) 

Twi: wet bulb temperature inside the greenhouse (
o
C) 

Two: wet bulb temperature outside the greenhouse (
o
C) 

U: overall heat loss coefficient of the greenhouse cover (W m
-2

 
o
C

-1
) 
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V: wind speed outside the greenhouse (m s
-1

) 

Vg: volume of the greenhouse air (m
3
) 

Z: vertical depth under the greenhouse measured from the soil surface (m) 

Greek symbols 

c : net absorptance of the cover to global solar radiation (-)    

 : slope angle of the cover surface (degree) 

s : surface azimuth angle (degree) 

I : specific enthalpy difference between inside and outside the greenhouse (J kg
-1

) 

T : temperature difference between inside and outside the greenhouse (
o
C) 

 : evaporation efficiency (-) 

j : fraction of the transmitted solar radiation from the surface j that transmitted 

       back to outside the greenhouse (-) 

 : solar radiation heating efficiency (-) 

 : incidence angle of direct solar radiation (degree) 

r : angle of refraction (degree) 

z : solar zenith angle (degree) 

 : absorption coefficient of the cover material (m
-1

) 

a : density of moist air (kg m
-3

) 

j,c : net directional reflectance of the cover surface j to direct solar radiation (-) 

j,c : net directional reflectance of the cover surface j to global solar radiation (-)  

̂ : interface reflectance on the cover surface (-) 

f : net reflectance of the floor surface to global solar radiation (-) 

c : average transmittance of the greenhouse cover to global solar radiation (-) 

jc, : net directional transmittance of the cover surface j to direct solar radiation (-) 

j,c : net directional transmittance of the cover surface j to global solar radiation (-) 

̂ : ransmittance due to absorption of solar radiation through the cover thickness (-) 

 : opening angle of vent (degree) 

 : absolute humidity  (kg of water vapor/ kg of dry air)   

 

1. INTRODUCTION 
 
Ventilation of greenhouses plays a major role in providing a suitable environment for 

plant growth. In summer, ventilation is for cooling the greenhouse air, and in winter 

ventilation can remove excess humidity from the greenhouse. Recently, most 

greenhouse ventilation studies have been focusing on the use of natural ventilation to 

reduce electric energy consumption by greenhouses. Although investigation of natural 

ventilation rate in the greenhouses started in the mid 1950s, there is still no adequate 

method to precisely predict the amount of natural ventilation. Based on the survey of 

the previous researches performed in this area, the main methods that have been used 
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to estimate the natural ventilation rate of greenhouses and the problems associated with 

each method can be summarized as follows: 

    (i) Measuring methods (i.e. dynamic tracer gas methods): In such methods, a tracer 

gas such as N2O or CO2 is injected in the greenhouse and the decay rate of the gas 

concentration is measured [1- 4]. These methods can measure the ventilation rates 

during the time of experiments only. However, the ventilation rate changes from time 

to time according to the environmental conditions. Therefore, developing theoretical 

models to estimate the ventilation rate is necessary.  

    (ii) Air dynamic models: In such models, ventilation was assumed to be driven by 

two forces, namely, the wind force and the buoyancy force. The most popular model 

including these driving forces which is widely used for greenhouses with roof vents, is 

given by [5] as: 
5.0

2
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do

dava
22
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THg
C

A
Nm e 

                                                      (1) 

Here am is the ventilation rate of air in kg s
-1

; Ae is the effective opening area of the 

vent (i.e., 2/sin2e  LA , L is the vent length,  is the vent width and   is the 

vent opening angle in degree); a  is the air density in kg m
-3

;   g is the acceleration of 

gravity in m s
-2

; H is the vertical height of the opening in meter; V is the wind speed 

measured at 4 m above the ground level outside the greenhouse in m s
-1

; T is the air 

dry bulb temperature difference between inside and outside (Tdi-Tdo); Tdo is the outside 

dry bulb temperature in degree Kelvin and Nv is the number of roof vents. Value of 

am from Eq. (1) depends on the two dimensionless coefficients, (i.e., the discharge 

coefficient Cd and the wind coefficient Cw). However, these coefficients are usually 

determined by in situ measurements and differ from greenhouse to greenhouse, and 

depend on the design configuration of the vents, greenhouse location, orientation and 

environmental conditions. Several values for Cw in the range between 0.006 and 0.28 

and for Cd between 0.4 and 0.848 are reported in the literature [5-7]. Estimation of 

am using Eq. (1) requires values of Cd and Cw to be determined carefully for the 

greenhouse under consideration because any inappropriate choice for the values of 

these coefficients results in a large error in the value of am . 

    (iii) Energy balance models: In such models, sensible heat balances are applied to 

the greenhouse air. In the 1980s, a simple design formula was suggested to estimate am  

based on the fundamental heat balance of the greenhouse [8]. Assuming the air is 

completely mixed, this formula is given by [8] as:  

   
I

TUAAS
m



 cfco

a


  ,      )0.0( I                                                                  (2) 

This equation has been modified, based on the sensible heat balance of the greenhouse 

air, to be the ASAE standard design formula and reported in [9] in the form: 

TC
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                                                                                    (3) 
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where So is the global solar radiation flux on a horizontal surface outside the 

greenhouse in W m
-2

; c  is the average transmittance of the greenhouse cover to solar 

radiation; Af and Ac is the surface area of the greenhouse floor and cover; U is the 

overall heat loss coefficient of the cover in W m
-2

 C
-1

; I is the moist air specific 

enthalpy difference  between inside and outside the greenhouse (Ii-Io) in J kg
-1 

of dry 

air; Cpa is the specific heat of air at constant pressure and  is an “evaporation 

coefficient”, which estimates the fraction of total solar radiation load taken up by 

evaporation in the greenhouse. No details are given in the literature for the proper 

selection of  , and standard examples often use  = 0.5 [9]. The term c)1(  in Eq. 

(3) is also defined as the solar radiation heating factor , (i.e. the fraction of So that 

was converted to sensible heat and used to warm up the greenhouse air). Several values 

of  are reported in the range between 0.3 and 0.7 [10, 11]. Determination of  as well 

as  value is quite difficult, especially if the greenhouse includes a crop canopy and 

associated with an evaporative cooling in summer. Limitations of using Eq. (2) as 

reported in [8] are: So > 230 W m
-2

; I  > 8.368 kJ kg
-1

 and the time interval should be 

higher than 20 min.  In summer, values of I and T in Eq. (2) and Eq. (3) are always 

positive during the daytime, even though, these equations resulted in negative values 

of am in the morning and afternoon (at low solar radiation levels). 

    In addition to Eq. (1) and Eq. (2), several previous studies estimated the natural 

ventilation rate of greenhouses by using energy balance methods. All of these studies 

assumed that solar radiation transmitted into the greenhouse was the only input energy 

and used an average value of the cover transmittance ( c ). However, c depends on 

the spatial location within the greenhouse and on the altitude of the greenhouse. The 

maximum longitudinal cross sectional variation of c over the floor surface in a venlo-

type N-S glasshouse (4 mm thick of cover) was measured by [12] at the location 52
o
 

20
’
 N to be 0.4. Maximum spatial variation of c was measured by [13] in a scale 

model of a glasshouse (4 mm thick of cover) at the location 37
o
 58

’
 N to be 0.8. 

Accordingly, using an average value of c  will cause a large error in the estimation of 

the transmitted solar radiation into the greenhouse and in the estimation of am as well. 

This error is expected to be high in small greenhouses because the cover to floor 

surface area ratio is usually high (e.g., 3~5), and unfortunately most of the ventilation 

studies using an energy balance method or any other method were based on small 

greenhouses (i.e. experimental greenhouses).  

    The objectives of this study were to: (i) develop a simplified energy balance model 

that can be used to estimate the natural ventilation of greenhouses precisely, and (ii) 

check the validity of the model by comparing its results with results of other theoretical 

models and with results of experimental measurements reported in the literature. In this 

model, uncertain parameters and assumptions those may cause errors, such as the 

thermal inertia of the greenhouse soil and using an average value of c  were excluded. 

Therefore, the energy balance was applied to a control volume for the greenhouse 

suggested to be between the outer surface of the cover and the floor surface.  
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Fig. 1 Schematic diagram of the greenhouse and its control volume (cv), and the 

different modes of energy exchange.  

 

 

2. THE MODEL DESCRIPTION 
 

The greenhouse used in this study (Fig. 1) is a single-span; its frame was constructed 

from aluminum bars and covered with a glass sheet, 4 mm thick. The greenhouse was 

considered as a thermodynamic system, enclosed by a control volume (cv). The 

different modes of energy crossing the boundary of the system (i.e. the cv) are 

illustrated in Fig. 1. During the daytime, the cover surfaces (i.e. surface 1 to surface 6) 

were found to have almost the same temperature because the cover absorptance is not 

strongly affected by either the incident angle of solar radiation or the surface 

orientation [14]. Therefore, measuring Tc of one or two surfaces is sufficient to 

represent the temperature of the whole cover surfaces. Energy balance was applied to 

the cv under the un-steady state condition assuming: (i) The moist air inside and 

outside the greenhouse is well mixed and characterized by average dry and wet bulb 

temperatures (Tdi, Twi, Tdo, Two) and average thermo-physical properties. (ii) The cover 

and floor are gray surfaces in terms of long wave radiation and characterized by an 

equivalent temperatures (Tc and Tf). (iii) The cover is opaque to incident thermal 

radiation and reflects the thermal radiation diffusively and the floor surface reflects 

solar and thermal radiation diffusively. (iv) Parameters in the upcoming analysis are 

time dependent. To simplify the expressions, the functional relationship of time t is 

omitted from all the symbols hereafter. Energy terms are crossing the cv of the system 

(Fig. 1), in and out, are: sensible and latent heat associated with the ventilation process 

( aomI  and aimI  ); solar radiation (Sn); convection exchange between the outer surface 

of the cover and the outside ambient air (Qc-o); thermal radiation exchange between the 

outer surface of cover and sky (Rn); and the conducted heat into the greenhouse soil 

(qo). Determinations of these terms are as follows: 
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2.1. Solar Radiation 
 

The different surfaces of the greenhouse cover were designated with the numbers 1 to 6 

(Fig. 1), and all the surfaces were supposed to be facing outward. The slope and 

azimuth angles of these surfaces ( ), o

s

o   are determined. The total solar irradiance 

received by a tilted surface j, St,j (j=1,2,..6) is given by [15] as: 

jj SSSS )( tgr,td,tb,t,                                                                                              (4) 

where Sb,t is the beam irradiance; Sd,t is the sky diffuse irradiance and Sgr,t is the global 

irradiance which is received by the tilted surface j from that reflected from the ground 

outside the greenhouse. Assuming the sky diffuse irradiance is anisotropic, Eq. (4) can 

be rewritten in the form [15] 
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                                                                      (6) 

where rb is the ratio of beam irradiance received by a tilted surface j to that received by 

a horizontal surface; fd is the ratio of diffuse to global solar radiation. Variation of fd  

with time of sunny days in the Tokyo area (139.46
o
 E, longitude and 35.41

o
N, latitude), 

Japan are reported in [16] and value of fd was taken to be 0.15 on average;   and z  

are the incident and azimuth angles of the solar beam on the surface j; So is the outside 

global solar radiation received by a horizontal surface; and gr is the reflectance of the 

ground to beam solar radiation and was taken to be 0.2 with no snow on the vegetated 

ground [15]. Values of   and z can be estimated at any time of the day using the well 

known relations reported in [15]. The net solar energy entering the cv at the outside of 

the cover surfaces (Fig. 1) as a function of time, or   as well, can be estimated as: 





6

1

c,t,n )1(
j

jjjj SAS                                                                                       (7) 

where jc,  is the net reflectance at the outside surface of the cover surface j in relation 

to the global solar radiation and Aj is the area of the surface j. The transmitted solar 

radiation from each surface j is assumed to be suffering multiple diffusive reflections 

between the cover and floor surfaces; a fraction of which is transmitted back to the 

outside ( j ). The diffuse solar radiation inside and outside the greenhouse was treated 

as direct beam incident on the inner surface of the cover at an incidence angle  of 60
o
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[15]. For each surface j of a greenhouse without crop canopy, the value of 
j can be 

estimated as: 

    
FF

FF

jjj,

jjj,j,
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                                                                                     (8)                                                                   

where 
j,c̀ and 

jc,̀ are the net transmittance and reflectance of the cover surface j to 

direct solar radiation estimated at   of 60
o
; Ff-j and Fj-f are the view factors between 

the floor and the surface j and between the surface j and the floor, respectively and jc,  

is the net transmittance of the cover surface j in relation to the global solar radiation. 

The fraction of solar radiation that is transmitted backward to outside the greenhouse 

from the cover surfaces was estimated to be in the range from 0.05 to 0.07 [17]. 

Therefore, values of Ff-j and Fj-f can be assumed to equal one without jeopardizing the 

accuracy of solution. The floor reflectance to the global solar radiation f was taken to 

be 0.2 [18]. Values of jc, and j,c can be estimated from [16] as: 

jjj ff ,cd,cd,c )1(`         and         jjj ff ,cd,cd,c )1(`                       (9)  

In Eq. (9), j,c and j,c are the net directional tansmittance and reflectance of the cover 

surface j in relation to the direct solar radiation, respectively. The radiative properties 

of the glass cover (values of j,c and j,c ) at a specified incidence angle   are given, 

respectively by [16]:  

 
2

2
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                                                                                                        (10) 

 jj ,c,c  ̂1ˆ                                                                                                       (11) 

      In Eqs. (10) and (11), the directional transmittance due to absorption (̂ ) and the 

interface reflectance ( ̂ ) of a cover sheet having a thickness d and an absorption 

coefficient  are given by: 
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The angle of refraction ( r ) of a solar beam passing through the cover sheet related to 

the refractive index (n) of the cover material is defined by: 

 n/sinsin 1

r                                                                                                      (13) 

Values of n and   were taken to be 1.526 and 0.3 cm
-1

, respectively [15] 
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2.2. Thermal Radiation Exchange 
    For single-span greenhouses (e. g. Fig. 1) the view factor between the outer surface 

of the cover and the sky dome is assumed to be equal to one. The net thermal radiation 

exchange between the outer surface of the cover having an emittance c and an average 

temperature Tc and the assumed black sky dome at an equivalent temperature Tsky is 

given by [15] as: 

 4

sky

4

cccn TTAR                                                                                                (14) 

with Tsky is in Kelvin and is given by [19] as: 
5.1

dosky )(0559.0 TT                                                                                                   (15)   

where Tdo is the outside dry bulb temperature in Kelvin. 

 

2.3. Convection Exchange  
    The convective heat exchange between the outer surfaces of the cover and the 

outside ambient air Qc-o can be estimated using Newton’s law of cooling with a 

convective heat transfer coefficient hc-o reported in [19] for the forced convection 

condition over buildings as: 

Qc-o= Ac hc-o (Tc-Tdo),         ,
6.8

,5max
0.4

c

6.0

oc 














L

V
h          3

gc VL                    (16) 

where V is the wind speed outside the greenhouse and Vg is the greenhouse volume. 

 

2.4. Conduction Exchange 
    The nature of heat conduction in the greenhouse soil is quite complex, it depends on 

the soil composition, the soil thermo-physical properties and the soil water contents. 

For simplicity, the floor soil was assumed to behave as a homogeneous layer having a 

thickness z, an equivalent thermal conductivity kf, an upper surface temperature Tf and 

a lower constant subsoil temperature T (i.e. unaffected by the daily variation of Tf). 

The heat flux qo crossing the cv downward and conducted into the floor soil, assuming 

quasi-steady state conditions at small time intervals (dt = 5 s), can be approximated as 

[17]:  

 
z

TTAk
q 

 fff
o                                                                                                  (17) 

where Af is the floor surface area. Values of kf, z and T were taken to be 2.0 W m
-1

 C
-1

, 

0.5 m, and 20 C, respectively [18].  

 

2.5. Energy Balance 
    Energy balance was applied to the cv of the greenhouse (Fig. 1) under the un-steady 

state condition according to the following equation: 

cvdt

dT
mCImqQRImS 








  piaoocnoan )()(                                          (18) 

The energy terms on the left hand side of Eq. (18) are as follows: Sn can be estimated 

from Eq. (7) by measuring So on a horizontal plane outside the greenhouse; Rn and Qc-o 
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can be estimated from Eq. (13) and Eq. (15), respectively, by measuring Tc and Tdo; qo 

can be estimated from Eq. (17) by measuring Tf; and the specific enthalpy of the moist 

air, in kJ kg
-1

, inside and outside the greenhouse (Ii and Io) can be approximated as a 

function of the dry bulb temperature and absolute humidity   from [17] as: 

),84.12501()026.0007.1( TTI     T in 
o
C                                                 (19) 

    The right hand side of Eq. (18) is the rate of stored energy of the masses enclosed in 

the cv, in which the mass m, the specific heat Cp and the change of temperature history 

(i.e. dT /dt) were counted for the glass cover, the aluminum frame, (assuming its 

temperature is the same as Tc ), and the greenhouse air. The unknown in Eq. (18) is the 

ventilation rate of air ( am ), which can be determined by solving this equation at each 

time interval. Once the value of am is determined, the number of greenhouse air 

changes per hour (Na) can be determined as: 

)/(3600 agaa VmN                                                                                             (20) 

where a is the density of moist air in the greenhouse. 

 

3. EXPERIMENTAL MEASUREMENTS 
 

    An experiment to measure the required environmental parameters to be used in 

solving Eq. (17) was conducted in a 26 m
2
 glass-covered greenhouse without crop 

canopy (Fig. 1). The greenhouse was oriented in a N-S direction on the Matsudo 

campus, Chiba University (Tokyo area, Japan, 139.46
o
 E, longitude and 35.41

o
 N, 

latitude). The greenhouse was naturally ventilated using two roof openings (0.6 m x 5 

m), which were automatically opened for Tdi  28 
o
C. The floor soil was covered with 

a black PVC plastic sheet to prevent the evaporation from the soil into the greenhouse 

air. The measurements were carried out on four sunny days (Sept. 29 to Oct 2, 2005) 

from 5:00 to 17:00. Measured parameters were: (i) the dry and wet bulb temperatures 

inside and outside the greenhouse (Tdi, Twi, and Tdo, Two) using aspirated psychrometers, 

(ii) the outside wind speed (V) using PGWS-100 wind sonic anemometer (accuracy of 

,s m 12/%2 1  Gill England) measured at 4 m above the ground level outside the 

greenhouse, (iii) the downward solar radiation flux outside and inside the greenhouse 

(So and Si) using an MS-100 solarmeters (accuracy of %,5  EKO-Instruments 

Trading Co. Ltd., Japan), (iv) the cover surface temperature (Tc) using two 

thermocouple junctions (copper constantan type-T) of 0.3 mm in diameter were 

smoothly attached to the outside of the cover surfaces 1 and 5 and the average value of 

Tc was obtained and (v) the floor surface temperature (Tf) using four thermocouple 

junctions (0.3 mm in diameter) smoothly attached to the floor surface at different 

locations. To avoid the shading effect of the aluminum frame on the floor junctions, the 

highest value of Tf was considered. The measuring technique for Tc and Tf was reported 

in [14], in which, the thermocouple junctions on the cover and floor surfaces were kept 

exposed to radiation and all were calibrated before use. The effect of radiation on these 

junctions was excluded by using a correction factor; however, the effect of the air 

current (V < 5 m s
-1

) on the junction measurements can be neglected [14]. The 
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correction factor gives the temperature difference, in 
o
C that should be subtracted from 

the measured values of Tc and Tf and is given by [14] as:  

 SeT 0024.00.111.522.0  ,   r
2
 = 0.94                                                          (21) 

where S is the incident solar radiation flux on a horizontal plane at the junction level. 

The parameters were measured at 5-s intervals and recorded in a data logger (CR23X 

Micrologger, Campbell Scientific, Inc.). The average value of the cover transmittance 

( c ) was estimated to be 0.7 during the period of the experiment.  

 

4. RESULTS AND DISCUSSION 
 

4.1 The Greenhouse Environment  
 
    The average values of the parameters required for solving Eq. (18) for every 30 min 

are illustrated in Fig. 2 and Fig. 3. Figure 2 shows the time courses of Tdi, Tdo, Tc and Tf. 

Values of Tf are the highest because the greenhouse was without crop canopy under a 

sunny weather. Values of Tc are relatively lower than Tdi because the measurements 

were carried out in a mild season. However, in hot summer seasons, Tc is always 

higher than Tdi due to the solar radiation absorbed by the cover material. In Fig. 3, the 

solar radiation flux outside the greenhouse (So) and inside and outside relative humidity 

(RHi and RHo) are illustrated. Values of RHi and RHo were estimated from the 

measured values of Tdi, Twi, Tdo and Two and using the well known psychrometric 

relations. Figure 3 shows high RHi in the morning and afternoon when the vents were 

closed and the Tdi was low.  
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Fig. 2 Time courses of the measured values of the dry bulb temperatures outside and 

inside the greenhouse (Tdo, Tdi), the cover surface temperature (Tc) and the floor surface 

temperature (Tf).    
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Fig. 3 Time courses of the solar radiation flux measured outside the greenhouse (So) 

and the relative humidity estimated inside and outside the greenhouse (RHi, RHo).  

 

4.2 Energy Exchange with the CV of the Greenhouse 
 
    The rates of energy gained and lost by the greenhouse system (i.e. input and output 

energy crossing the cv in Fig. 1) are illustrated in Fig. 4 and Fig. 5, respectively. Figure 

4 illustrates the time courses of the net input solar energy to the greenhouse cv 

estimated using two methods: (i) The present model, i.e., the net solar radiation flux 

crossing the cv (Sn) estimated using Eq. (7) per unit area of floor, and (ii) using the 

measured average values of c , i.e., Si  (Si = 0.7 oS ). If the absorbed portion by the 

glass cover (assuming c = 0.15 for 4 mm thick glass sheet) was subtracted from Sn, 

one can recognize the difference between the transmitted solar radiation in each case. 

Accordingly, assuming an average value for c  would result in a large error in the 

estimation of the transmitted solar radiation as well as the energy balance of the 

greenhouses. In the present model, use of c was avoided by treating the solar radiation 

at the outside of the cover surfaces. However, the directional transmittance of each 

cover surface ( jc, ) was considered only to estimate the fraction of solar radiation 

losses from each surface to outside the greenhouse, j .  
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Fig. 4 Time courses of the net solar radiation flux estimated by using the present model 

(Sn), and the transmitted solar radiation flux into the greenhouse (Si), estimated by 

using an average value of c . 

 

        Figure 5 shows the time courses of the energies are crossing the cv. These 

energies are: heat conduction to or from the soil, (qo) per unit area of floor; heat 

convection at the outer surface of the cover, (Qc-o) per unit area of cover; and the net 

thermal radiation exchange between the outer surface of the cover and the sky, (Rn) per 

unit area of cover. In the early morning both the conductive and the convective heat (qo 

and Qc-o) are input to the cv. Because, at that time the soil releases heat into the 

greenhouse air and the cover temperature Tc is lower than Tdo. However, under daytime 

conditions, the greenhouse cover always loses thermal radiation to the cold sky dome. 
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Fig. 5 Time courses of energies crossing the cv those are: soil conduction (qo), 

convection at the outer surface of the cover (Qc-o) and the net thermal radiation 

exchanges between the outer surface of the cover and sky (Rn). 
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4.3 Estimating the Ventilation Rate    
    
  Previous studies had concluded that for wind speeds (V) greater than 2 m s

-1
, the 

natural ventilation is mainly driven by the wind effect, and the buoyancy effect can be 

neglected. The effects of wind speed and the design configuration of vents opening on 

the natural ventilation have been examined by many studies. However, at low wind 

speeds such as in the present study (V was from 0 m s
-1

 to 2.5 m s
-1

), the daily 

behaviors of the natural ventilation as affected by the environment inside and outside 

the greenhouses received little attention in the previous studies.  At low wind speeds, 

natural ventilation is driven by the combined wind and buoyancy effects and the one 

estimated based on the greenhouse thermal balance (as in the present study) strongly 

affected by the enthalpy difference I between inside and outside the greenhouse. The 

enthalpy difference I  depends on the combined T  and the absolute humidity 

difference. Figure 6(a) illustrates the time courses of the ventilation rate ( am ) and I  

during the period of measurements when the ventilators are open. Figure 6(a) shows 

that the variations of am are inversely related to the variations of I  (see Eq. 2) when 

the wind speed is low. Among the days of measurements, the value of am was in the 

range between 0.12 kg s
-1

 and 2.25 kg s
-1

. The high values of I on Sept. 30 are mainly 

due to the high relative humidity of the greenhouse air on that day (Fig. 3). The number 

of greenhouse air changes per hour (Na) is sometimes used, as a general unit, to express 

the ventilation rate. In Fig. 6(b), the time course of the value of Na corresponding to the 

value of am is illustrated. The value of Na was in the range between 5 h
-1

 and 58 h
-1

. 

These values are in the same order of magnitude of the values reported in [20], which 

were in the range between 20 h
-1

 and 60 h
-1

,
 
for a single-span greenhouse with roof and 

side wall ventilators and V was less than 4 m s
-1

. 
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Fig. 6 Time courses of: (a) the natural ventilation rate ( am ) and the enthalpy difference 

of air between inside and outside the greenhouse ( I ), and (b) the number of the 

greenhouse air exchanges (Na) per hour.  

 
 
4.4 The Present Model and Other Models 

  

   During the periods when the ventilators are opened, the values of am  estimated using 

the present model were compared with those estimated using Eq. (2) (i.e. the 

fundamental heat balance), and Eq. (1) (i.e. air dynamic model). The results are 

illustrated in Fig. 7(a)-(d) for the four days, respectively. Two extreme values for Cw 

(i.e. 0.006 and 0.28) were considered to be used in Eq. (1) and the value of Cd was 

estimated according to [5] as a function of the vent opening angle   (Cd = 

0.64+0.001 ) and was kept constant. Three conclusions can be drawn from the data 

shown in Fig. 7(a)-(d):  
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Fig. 7 Time courses of the natural ventilation rate ( am ) estimated by using the present 

model; the fundamental heat balance (Eq. (2)); and the air dynamic model (Eq. (1)).  

 

(i) Results of the three models (i.e. values of am ) sometimes show reasonable 

agreement with each other (Fig. 7(b)) and sometimes show a large disagreement (Fig. 

7(d)) depending on the environmental conditions inside and outside the greenhouse.  
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(ii) The value of am from Eq. (1) strongly depends on the value of Cw (Fig. 7(c) and 

(d)). Therefore, using this equation to estimate am requires an in situ determination of 

the model parameters (i.e. Cw and Cd) for the greenhouse under consideration.  

(iii) Values of am from Eq. (2) are zero or negative at low solar radiation levels (e.g. So 

< 190 W m
-2

 in Fig. 7(b) and (d). The negative values of am are attributed to the fact 

that in the late afternoon the warm air in the greenhouse (i.e. I  > 0) is cooling down 

and the heat loss from the greenhouse is higher than the input solar energy to the 

greenhouse. In the present model, this problem was avoided by: (i) applying the heat 

balance in the unsteady state condition, (ii) dealing with the energy terms at the outer 

surface of the cover, and (iii) excluding the effect of thermal inertia of the greenhouse 

soil (i.e. source of error due to several uncertain parameters and assumptions usually 

used to estimate this term) by selecting the cv over the floor surface. 

 

4.5 The Present Model and Experimental Measurements       
     The rate of ventilation depends on the design configuration of the greenhouse and 

its ventilators and on the environmental conditions inside and outside the greenhouse 

(i.e. temperatures, humidity, wind speed and wind direction). Therefore, it was not 

possible to directly compare the results of the present model with those measured in 

different greenhouses under different conditions. The main purpose of this section is to 

present the results of the present model beside other measured results in a reasonable 

way to show the order of magnitude. The hourly average values of am were calculated 

per unit area of vent opening from Sept. 29 to Oct. 2 and plotted in Fig. 8 against the 

wind speed (V) outside the greenhouse.  
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Fig. 8 Hourly average of the ventilation rate ( am ), per unit area of vent opening, 

estimated by using the present model in comparison with the measured values of Ref. 

[4] as affected by the wind speed (V) outside the greenhouse. 
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      In this figure, values of am  (per unit area of vent opening) measured by using the 

decay tracer N2O gas technique [4] are also presented. The measurements in Ref. [4] 

were carried out with opening two types of ventilators. It was roof and both roof and 

side walls ventilators in a multi-span greenhouse. At low speeds, the outside wind did 

not significantly affect either the estimated or the measured values of am (Fig. 8). The 

measured values of am of Ref. [4] are lower than those estimated using the present 

model because the greenhouse used in the present study was small (Af = 26 m
2
), with 

two roof ventilators compared with the large greenhouse of Ref. [4] (Af = 882 m
2
) that 

had one roof ventilator per span.  Moreover, the two side wall ventilators in the large 

greenhouse of Ref. [4] did not significantly enhance the ventilation rate. Also the 

environmental conditions inside and outside the greenhouses are different between the 

present study and Ref. [4].  

 

4.6 Parameters Affecting the Ventilation Rate 
     The main parameters affecting the natural ventilation rate are the outside wind 

speed (V) and the temperature difference between inside and outside T . Hourly 

averages of the am values were calculated, per unit area of floor, when the ventilators 

are opened during the four days. These values are plotted in Fig. 9 against the 

measured values of V and in Fig. 10 against the measured values of T . Winds with 

speeds less than 2.5 m s
-1

 have no significant effect on the value of am (Fig. 9); 

whereas value of am estimated based on the greenhouse thermal balance is strongly 

affected by T  (Fig. 10) in an inverse relation. Eq.(2) shows the inverse relation 

between am  and I as well as T . 

 

Fig. 9 Hourly average of the ventilation rate ( am ) estimated for the unit area of floor 

by using the present model as affected by the wind speed (V) outside the greenhouse. 
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The regression line for the data in Fig. 10 is given by: 

)(1035.70993.0 3

a Tm                                                                                 (22) 

with value for the coefficient of determination (r
2
) of 0.77. 

This correlation can be used to estimate the required ventilation rate to maintain the air 

in a single-span greenhouse at a certain temperature stipulating that the outside wind 

speed is less than 2.5 m s
-1

. In summer seasons, Tdi is always higher than Tdo, however, 

an outside air at a rate of about 0.1 kg s
-1

 is required (per unit area of greenhouse floor) 

for ventilating the greenhouse to maintain Tdi equal to Tdo. On the other hand, closing 

the greenhouse openings ( am = 0) increases Tdi to about 13.5 
o
C higher than Tdo.   

 

Fig. 10 Hourly average of the ventilation rate ( am ) estimated for the unit area of floor 

by using the present model as affected by the difference between the inside and outside 

dry bulb temperature ( T ).  

 

5. CONCLUSIONS 
    The physical model presented in this study was based on a simple energy balance 

applied to a control volume containing the greenhouse. This model can be used to 

predict the natural ventilation rate of any greenhouse having: any transparent (in term 

of solar radiation) covering material, and any shape and size at any location. The model 

is capable of predicting the natural ventilation rate precisely because the uncertain 

parameters that cause errors were avoided. The simulated results using the present 

model showed a reasonable accordance with those measured and reported in the 

literature. The wind outside the greenhouse at a speed less than 2.5 m s
-1

 has no 

significant effect on the natural ventilation rate. The natural ventilation rate estimated 
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based on the greenhouse thermal balance (e.g. the present model) strongly depends on  

the difference between the inside and outside air-dry bulb temperature ( T ). 

Therefore, a linear correlation was provided (r
2 
= 0.77) that can be used to estimate the 

natural ventilation rate of greenhouses as a function of T at low wind speed 

conditions.      
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 نموذج اتزان حراري لحساب التهوية الطبيعية في الصّوب الزراعية
 

 فرر تفترر ط قرر ت انتررحاا ا ارر ا د ا حاررت لحس ا  عرر   اارر   حطررلي ا ت  عررس ا ق عطعررس      
 حاررر  ا ذ فررر    ررر  أا ا ق قرررس ا لا لرررس  لصّرر  س عررر  ا  رررط   ا  )am (ا صّرر   ا ح اةعرررس

(  تقررلع  عرر ط ا ق قررس    ررا  τcلا ل رر و  ةرر ل  حرر  تاررت لم قعّحررن حت اررقس  ذف  عررس ا  قرر     
( لا ي ا صر  س  حلري  τcع ا ا تقلع  عات ى ةل   قأ   ع   ا   ا ت حعع ا ف اغ   قعم   
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حذ فاررس  ع ررط    فرر  ( ةذررل ا حاررت ع   ا amعرر ط ا قرر ت تطقرر  أعارر  قعحرر  ارر   س  ررر   
 ا ص  ح  ا حا  ( 

  amا   ط حا ع ط ا ل ااس   ا ناتذ  ق ذح  ج اتحاا ا ا د ح اق عارت لم  اار     
 لقس    ف  ع ا ا ذح  ج و  ي أذح ق ا ق قرس تحر  حط  هت ر  ةلر  ا ارقا ا  ر  ه    قر   

   τc اقس  ر ا صّ  س  تف لى ا  قأ ا ذ تج حا افت اط قعحس حت
نات لام  ع ا ا ذح  ج تم قع ا   لا ي     ج صّ  س حه هعس  سا حت ع ا  ا حذ  عس ا لاحح 

 62فررر  حذققرررس ق  عررر     ع  ررر ا  رررلاي أ  طرررس أعررر م ح حارررس حرررا   6م 62حاررر اس ا ارررعت  
م  تم ت  عس ا ص  س ق عطعً    ات لام فتات  ت  عرس     قر    6002أ ت     6ا تح       

 حق  ذتن  ذت ئج ذح  ج أ  ى ف  ل اا    amم(  تم اا   ا ت ع  ا ع ح   قعحس  x2م 2 
  ذ  ف  ا حرلى  amا  قس   عذ  ا حق  ذس أعحعس تق عت ا ذح  ج ا ا      ا قعم ا حقل    ر 

تررم قع ار   فرر  ل اارر    هرمث   عرر ط ا ذتر ئج حتق  قررس حرع تلرر  ا تر   6162  رر   0100حرا 
 ةحلعس ا  قس 

مث   ررعل   رر  تررألع   612أ ررل  ا ذترر ئج أعاررً  أا ا  عرر ح  رر  ج ا صرر  س  ارر ةس أقرري حررا  
ا حاا  س حا انتحاا ا ار ا د  لصر  ن تطتحرل أا ار   am أا قعحس  am ااا ةل  قعحس 

(       رر ا  تررم ااررتذ  ق ΔTعا لا رري   رر  ج ا صرر  س  ةلرر  فرر ت ل هرر   ارر ا   ا  رر ا   رر
 لافرر    س اعرر  عح را أا تاررت لم  اارر   ا ت  عررس ا لاححررam     ΔTةلاقرس  قعررس  ررعا 

 ةل  ل هس ا ا ا   لا ي ا ص  س ةذل ا حات ى ا حقل   
  
  


	Journal of Engineering Sciences, Assiut University, Vol. 35, No. 1, pp. 71-92, January 2007
	ENERGY BALANCE MODEL FOR NATURAL VENTILATION
	OF GREENHOUSES
	Energy balance methods currently used to estimate the natural ventilation rate of greenhouses () assume that the input energy to the greenhouse is the transmitted solar radiation. An average value for the cover transmittance () is usually used to esti...
	NOMENCLATURES
	Alphabetic symbols
	1. INTRODUCTION
	2. THE MODEL DESCRIPTION
	2.2. Thermal Radiation Exchange
	2.3. Convection Exchange
	2.4. Conduction Exchange
	2.5. Energy Balance
	3. EXPERIMENTAL MEASUREMENTS
	4. RESULTS AND DISCUSSION
	4.1 The Greenhouse Environment
	4.2 Energy Exchange with the CV of the Greenhouse
	4.3 Estimating the Ventilation Rate
	4.4 The Present Model and Other Models
	4.5 The Present Model and Experimental Measurements
	4.6 Parameters Affecting the Ventilation Rate
	5. CONCLUSIONS
	REFERENCES


