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Abstract: Growth can be defined as an increment in biomass or an increment in weight or height of the organs of the plant 

influenced by physiological processes.  Many of these processes have their limits genetically determined, but climate and 

irrigation play an important role.  Because of its importance, microclimate has been extensively studied in the modeling as a 

surrounding condition which is imposed by the exterior climate.  The main objective of this work was to develop a temperature 

model based on the energy balance dynamics at two different greenhouse locations - South - eastern Spain and Northern China, 

and the traditional structures of Chinese solar greenhouse and Almería-type multi-span greenhouse were taken into account.  

The final model was developed by combining the external conditions, the actuator influence and the crop growth, where the 

temperature is influenced by soil, crop, cover, actuators, back wall and greenhouse geometry.  The model took into account the 

energy lost by convective and conductive fluxes, as well as the energy supplied by solar radiation and heating systems.  The soil 

and the back wall are the main media for energy storage.  The temperature dynamic was determined by a physical model, which 

considered the energy balance from a holistic point of view - as a sub-model for a customizable interface among the external 

climate, the plant and the greenhouse system.  The influences of different subsystems included in the temperature model were 

analyzed and evaluated.  The results showed a high R2 value of 0.94 for Beijing and 0.95 for Almeria, and the average error was 

low, of which the MAE and RMSE were 0.71 and 1.365 for Almeria and 0.62 and 1.102 for Beijing, respectively.  Thus, the 

model can be considered as a powerful tool for control design purposes in microclimate systems. 
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1  Introduction 

   The greenhouse is a complex with physical, chemical,  
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multiple interactions, which must be controlled to obtain 

the best results for the grower
[1]

.  Crop growth is mainly 

influenced by environmental variables and the amount of 

water and fertilizers supplied by irrigation.  This is the 

main reason why a greenhouse is ideal for cultivation as it 

constitutes a closed environment in which climatic and 

fertigation variables can be controlled to allow optimal 

crop growth and development - the climate and the 

fertigation being two independent systems.  Moreover, 

the greenhouses are exposed to great dynamism, where 

rapid decision making has to be performed based on 

several interdependent factors of an agricultural, 

technological, environmental, legal and economic nature.  

Thus, knowing and understanding these processes make it 

possible to improve crop production and fruit quality
[2]

, 

leading to sustainable development
[3,4]

.  Likewise, 

physical and biological models can also help to 

understand the different processes. 

   Up until now, there has been a lack of physical and 

biological models suitably representing the temporal and 

spatial gradients of the main variables of the greenhouse 

subprocesses.  The development of dynamic system 

models is a complex process that depends on the 

characteristics of the process dynamics under study.  

These models have to be applied to several greenhouse 

structures (many of which are small in size and used for 

research purposes), with different climatic actuators, 

cover materials, structures and crops.  The number of 

equations to be solved depends on the known or 

measured variables; that is, on the boundary conditions
[5]

.  

Most researchers agree in adopting all the greenhouse 

climate disturbances as boundary conditions
[1,6,7]

.  In the 

literatures, the majority of the models are based on steady 

state or are only focused on a particular part of the 

process
[8-12]

.  There were some temperature estimation 

models developed in China
[13-15] 

or Spain
[16,17]

, which 

provided excellent background for different climate and 

types of greenhouse modelling.  However, it is hard to 

find models that can meet different countries’ climate 

based on fundamental principles and PDEs due to their 

great complexity and the large number of experiments 

required for their accurate calibration.  As in other 

scientific fields, their mathematical representations are 

often developed by ordinary differential equations 

(ODEs). ODEs provide a mathematical description of the 

spatial and temporal dimensions, or the energy or mass 

balances involved; these being the most widely used of 

mathematical forms.  

   In addition to the energy or mass balances that take 

place are the transport mechanisms (conduction, 

convection and radiation) that describe the different 

processes that happen inside the greenhouse that affect 

climatic variables
[18,19]

; these are applied to all of a 

greenhouse’s constitutive elements: cover, crop, air and 

soil/substrate
[1,18,20]

.  Besides these interactions amongst 

the different constitutive elements, and their effect on the 

climate and water content, each crop has its own demand 

on the environment, changing with its growth state.  

Consequently, this growth state influences both balances, 

increasing system complexity.  Furthermore, to 

comprehend all the issues that play a part in complex 

greenhouse behavior, models have proven themselves a 

potent tool in understanding the processes and in 

designing proper control algorithms for the different 

system variables of the characteristics under study
[21,22]

.  

These models allow one to simulate the dynamic behavior 

of the climate and fertigation variables, which is 

important for managing the relationships between the 

climatic conditions (both inside and outside the 

greenhouse)
[23]

. 

   Nevertheless, of all the climate and fertigation 

variables, temperature is one of the most influential on 

crop growth, and has traditionally been the most limited 

variable in greenhouses in Beijing, China, likewise, in 

south-east Spain (second only to water availability).  A 

plant only grows under the influence of light when it 

performs photosynthesis; and maximum growth rates also 

require a relatively high temperature.  At night, the crop 

is inactive (with no growth) so it is not necessary to 

maintain a high temperature.  Therefore, two daily 

setpoints are defined, one for night-time and another 

higher one for daytime
[1]

.  Due to the favorable weather 

conditions present in south-eastern Spain and Beijing 

during the day, the energy necessary to reach the optimal 

temperature is provided by the sun and it is not necessary 

to supplement it except under extreme conditions
[24]

.  
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Temperature becomes a state variable that describes the 

greenhouse environment and directly affects the crop 

production capacity, influencing, amongst other things, 

crop transpiration
[8,25]

 and photosynthesis
[26-28]

.  In turn, 

it is influenced by air exchange with the outside
[29]

.  For 

this reason, the main objective of the current work is to 

adapt the temperature model proposed by Rodriuez et 

al.
[1]

, modifying it with new equations and with the works 

of Sanchez-Molina et al.
[30]

, all based on fundamental 

principles at two different greenhouses: (i) at Beijing 

Xiaotangshan base in China and (ii) at the Cajamar 

Foundation Experimental Station (in South-eastern Spain), 

where different subsystems were tested and real 

responses observed.  The meteorological inputs/outputs 

and the actuator status data are used to calibrate such 

models without losing the physical meaning of the 

processes involved in the energy balance equations. 

2  Model development  

   The greenhouse climate can be described using a 

dynamic model represented by a system of differential 

Equation given as: 

dX/dt = f(X, U, D, V, C, t) with X(ti) = Xi      (1) 

where, X=X(t) is an n-dimensional vector of state 

variables; U=U(t) is an m-dimensional vector of input 

variables; D=D(t) is an o-dimensional vector of 

disturbances; V=V(t) is a p-dimensional vector of system 

variables; C is a q-dimensional vector of system constants, 

t is the time; Xi is the known initial state at the initial time 

ti and f=f(t) is a non-linear function based on mass and 

heat transfer balances.  The number of equations 

describing the system and their characteristics depends on 

the greenhouse elements, the installed control actuators 

and the type of cultivation method (Figure 1).  

 

Figure 1  Temperature model scheme 

2.1  General temperature model 

csph,acden,a(cvol,g/carea,s)dXT,a/dt = 

Qcnv,cv-a+Qcnv,ss-a – Qven – Qtrp,cr        (2) 

where, Qcnv,cv-a is the convective flux with the cover; 

Qcnv,ss-a is the convective flux with the soil surface; Qven is 

the heat lost by natural ventilation and the heat lost by 

infiltration losses; Qtrp,cr is the latent heat effect from crop 

transpiration, and (csph,acden,a)=(cvol,gcare,s) is the product of 

specific air heat, the air density and the effective height of 

the greenhouse (the greenhouse volume and soil surface 

area). 

2.1.1  Convective flux with the cover (Qcnv,cv-a) 

 The convective heat transfer from the inside air to the 

cover is calculated based on the difference between the 

cover temperature, Xt,cv, and the greenhouse air 

temperature, Xt,a
[1]

: 

Qcnv,cv-a=Vcnv,cv-a (carea,cv /carea,ss)(XT,cv – XT,a)   (3) 

where, Vcnv,cv-a is the cover’s inside convective heat 

transfer coefficient based on the difference between the 

model, the approach proposed by Ha et al.
[31]

  has been 

used: if the internal air temperature is higher than the 

cover temperature, the heat transfer is turbulent; 

otherwise the heat flux is laminar; carea,cv is the cover 

surface and carea,ss is the soil surface. 

2.1.2  Convective flux with the soil surface (Qcnv,ss-a) 

 The convective heat transfer from inside air to soil 

surface is calculated in the same way as the cover 

convective fluxes using the following equation
[1]

: 

Qcnv,ss−a = Vcnv,ss−a (XT,ss – XT,a)      (4) 

where, Vcnv,ss-a is the inside soil surface convective heat 

transfer coefficient based on the difference between the 

soil surface temperature and the internal air temperature, 

and the mean greenhouse air speed over the soil surface.  

Using the studies
[32]

, the conductive flux between the soil 

surface and the first soil layer is calculated based on the 

assumption that the heat flux is one-dimensional (Z axis). 

2.1.3  Heat lost by natural ventilation and infiltration 

(Qven) 

 The heat lost by natural ventilation term is modelled 

according to ASAE standard EP406.3
[33]

 as a function of 

flow rate, greenhouse temperature (Xt,a) and external 

wind velocity (Dt,e)
[34]

: 

Qven= Vven,flux(cden,acsph,a /carea,ss)   (5) 
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where, Vvent,flow is the volumetric flow rate described in 

Equation (6) and Vtexh,a is the exhaust air temperature, 

calculated as a linear combination of external and internal 

air temperature
[35]

.  This term includes the heat lost by 

infiltration losses, as shown in the volumetric flow rate 

equation, which is based on the thermal buoyancy and 

wind forces and is described as: 

Vven,flux = cven,n(cven,l cven,dVven,hef/2) [cg(Vven,hef/2) 

((XT,a-DT,e)/DT,e)]
0.5 

+ (cven,wd
0.5

Dws,e]+Vloss        (6) 

where, cven,n is the number of vents; cven,l is the length of 

the vents; cven,d is the discharge coefficient; cg is the 

gravity constant; cven,wd is the wind-effect coefficient; 

Vven,hef is the cord joining the two extremities of the vent 

based on the position of the vent; Uven using the following 

equation: 

Vven,hef = 2cven,wsin(Uven/2)       (7) 

where, cven,w is the width of vent Vloss is the leakage when 

the vent is closed, based on the external wind speed (Dws,e): 

Vloss = closs,lw when Dws,e < cws,lim 

Vloss = closs,hw when Dws,e  cws,lim     (8) 

where, cws,lim is the wind speed, considered as the limit 

between high and low wind speeds. 

2.1.4  Latent heat effect of the crop transpiration (Qtrp,cr) 

 The crop itself affects the greenhouse air temperature.  

As no leaf area measurements are available, it is not 

possible to use a convective factor in the heat balance 

equation functioning as a boundary variable.  One way 

to model the effect of the crop on the air temperature is 

based on the latent heat caused by plant transpiration, 

described by the following equation
[30]

: 

      Qtrp,cr = Vlt,vapMtrp,cr                      (9) 

where, Mtrp,cr is the crop transpiration.  Most transpiration 

estimators are based on the Penman-Monteith 

Equation
[8,30]

.  This equation essentially combines the 

heat transfer equation between the crop and the 

surrounding air mass.  A simplified pseudophysical 

transpiration model can be used, based on two main 

variables: the solar radiation (VSR) arriving at a 

particular depth in the plant canopy and the vapour 

pressure deficit
[30]

: 

 Mtrp,cr = cA e
-ck 

XLAI VGR + cB XLAI VVPD  (10) 

where, Vlt,vap is the latent heat of evaporation; ck is the 

light extinction coefficient for the crop (this is related to 

the leaf inclination angle and the leaf arrangement with 

regard to the leaf area index (LAI), and provides an 

indication of the plant’s efficiency at intercepting solar 

radiation); XLAI is the LAI; VVPD is the vapor pressure 

deficit, and VGR is the global radiation reaching the crop.  

The coefficients cA and cB are constants dependent on the 

crop.  To obtain more reliable results, the parameter cB 

is obtained for diurnal (cBD) and nocturnal (cBN) periods 

through calibration. 

2.2  Beijing’s greenhouse - specific processes 

   The greenhouse air temperature is modified for the 

Chinese solar greenhouse by adding two equations, Qevp,ss 

is the latent heat effect of evaporation in the soil and 

Qcnv,wall-a is the convective flux with the back wall, to the 

energy balance: 

csph,acden,a(cvol,g/carea,s)dXT,a/dt = Qcnv,cv-a+Qcnv,ss-a + 

Qcnv,wall-a – Qven – Qtrp,cr – Qevp,ss           (11) 

2.2.1  Convective flux with the back wall (Qcnv,wall-a) 

 The convective heat transfer from the inside air to the 

back wall is calculated in the same way as for the soil 

convective fluxes: 

   Qcnv,wall-a = Vcnv,wall-a(XT,wall – XT,a)   (12) 

where, Vcnv,wall-a is the inside back wall convective heat 

transfer coefficient based on the difference between the 

wall temperature and the internal air temperature, and the 

mean greenhouse air speed on the wall surface.  As for 

the wall surface itself, the studies of [32]
 
were used:  

Vcnd,wall-a = [ccnv,wall-a|XT,wall−XT,a| ccnv,wall-a2]ccnv,wall-a3 (13) 

where, ccnv,wall-aX are empirical parameters that have to be 

estimated.  As with the soil surface, the conductive flux 

between the wall surface and the deepest wall layer is 

calculated based on the assumption that the heat flux is 

one-dimensional (Z axis): 

Qcnd,wall,wall1 = ccnd,wall1[(XT,wall – XT,wall1)/(cd,wall1 – cd,wall)] 

(14) 

where, ccnd,wall1 is the heat conductivity of the first wall 

layer; cd,wall is the wall surface depth; cd,wall1 is the first 

wall layer thickness and Xt,wall1 is the deepest layer 

temperature, considered constant at the average yearly 

outside temperature. 

2.2.2  The latent heat flux at the soil surface (Qevp,ss) 

The latent heat at the soil surface is mainly produced 

by evaporation; it is calculated as a convective flux using  
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the following equation
[1]

: 

Qevp,ss=Vlt,vapMlt,ss             (15) 

where, Mevp,ss is the mass evaporation flux from the soil 

surface, which can be obtained by: 

  Mevp,ss= cden,a(Vcnv,ss-a/Csph,a)(Vhsat,ss – Xha,a)   (16) 

where, Xha,a is the outside average yearly temperature 

used as the temperature for the internal soil layer. 

2.3  Almeria’s greenhouse - specific processes 

   In this case, the greenhouse air temperature was 

modified by adding two equations to the energy balance: 

csph,acden,a(cvol,g/carea,s)dXT,a/dt =Qcnv,cv-a+ 

Qcnv,ss-a+Qcnv,heat-a – Qven – Qtrp,cr     (17) 

where, Qcnv,aero-a are the heat fluxes with the pipe-based 

heating systems and Qcnv,heat-a are the heat fluxes with the 

aerothermal heating system. 

2.3.1  Heat fluxes with the pipe-based heating systems 

(Qcnv,heat-a) 

Depending on the heating system, the model used has 

to vary.  In the case of heating pipes, the heat transfer is 

produced by convective heat fluxes with the pipes.  It is 

calculated by considering the hot water temperature to be 

similar to the temperature of the pipes’ external surfaces, 

neglecting the effect of the convective flux between the 

hot water on the internal heating pipe surfaces and the 

pipes’ conductive flux.  This term is given by the 

following equation
[1]

: 

Qcnv,heat−a = Vcnv,heat−a(carea,heat/carea,ss) (UT,heat−XT,a) (18) 

where, Ut,heat is the water temperature entering the heating 

pipes and Vcnv,heat-a is the heating’s convective heat 

transfer coefficient calculated in the same way as the 

other convective coefficients: 

Vcnv,heat−a = ccnv,heat−a1|(UT,heat−XT,a)/ccl,heat|
ccnv,heat−a2+ 

[Vws,aexp(ccnv,heat−a4DLAI)]
ccnv,heat−a5 

             (19) 

2.3.2  Heat fluxes with aerothermal heating systems 

(Qcnv,aero-a) 

In this case, the energy is supplied by an air heating 

system.  Supposing the heating system is perfectly linear 

with respect to the control signal Ut,heat, it can be assumed 

that
[1]

: 

Qcnv,heat−a = Qheat,encheat,efUT,heat         (20) 

where, Qcal,en is the nominal energy of the heating system; 

Ccal,ef is its efficiency coefficient; Qmax = Qcal,enCcal,ef is the 

maximum energy that can be contributed by the system  

and Uac,heat is the heater activation control signal. 

2.3.3  Modification of the heat lost by natural ventilation 

and infiltration (Qven) 

   Where the greenhouse has lateral and roof ventilation, 

the following proposal can be used by [29]
 
and modified 

by [34]: 

Vven,flux = cven,d [(Vven,area-latVven,area-roof / (Vven,area-lat
2
+ 

Vven,area-roof
2
)

2
·(2cgcven,h (XT,a-DT,e)/DT,e))+  

(Vven,area-lat Vven,area-roof /2))
2 
cven,wd Dws,e

2
]
0.5

+Vloss  (21) 

where, Vven,area-lat and Vven,area-roof are the areas of the roof 

and sidewall ventilation openings, given by the following 

Equations: 

Vven,area-lat = cven,l-lat cven,w-lat (Uven /100)    (22) 

Vven,area-roof = 2cven,l-roof cven,w-lat sin(Uven /100)(Uven,max /2) 

 (23) 

where, cven,long-lat and cven,long-roof are the lateral and roof 

lengths respectively; cven,wid-lat and cven,wind-roof are the 

lateral and roof widths, and Uven is the ventilation opening 

percentage. 

3  Materials and methods 

3.1  Test greenhouses and measurements 

3.1.1  Solar greenhouse in China 

   This study was conducted from August to December, 

2014 and a solar greenhouse at Beijing Xiaotangshan 

base, in Changping district, Beijing, China (40.18°N, 

116.47°E).  The greenhouse (with a north-south 

orientation, Figure 2) is 350 m
2
 (50 m length × 7 m width).  

A Davis Vantage Pro & Plus meteorological station was 

located outside the greenhouse to measure meteorological 

data.  Inside greenhouse, we collected data including 

soil temperature, air temperature and humidity, solar 

radiation, net radiation, wall and covering temperature. 

 

Figure 2  Solar greenhouse in Changping district, Beijing, China 
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3.1.2  Multi-span greenhouse in South-eastern Spain 

   The data used in this research was acquired from the 

Cajamar Foundation Experimental Station greenhouses in 

El Ejido, Almeria Province, Spain (2°43'W, 36°48'N, and 

151 m a.s.l.) between August 2010 and May 2014.  The 

crops grew in a multi-span ‘Parral-type’ greenhouse 

(Figure 3).  The greenhouse is 877 m
2
 (37.8 m × 23.2 m) 

with a variable height (between 2:8 m and 4:4 m) with a 

polyethylene cover.  Most of collected data is similar 

with Chinese greenhouse.  In this greenhouse, there are 

automated ventilation with windows, a heating system, a 

dehumidification system and a biomass-based system. 

 
a. Greenhouse 

 

b. Side windows with anti-insect 

screen and the engine 

c. Roof windows with anti-insect 

screen 

Figure 3  Multi-span greenhouse in southeastern Spain 
 

3.1.3  LAI 

   The evolution of the LAI was determined with an 

electronic planimeter.  Five randomly selected plants 

were removed for destructive sampling.  In addition, any 

leaves removed during cultivation activities that might 

have affected the final index value, such as auxiliary 

shoots and leaf pruning, were measured.  The LAI for 

the day was calculated by interpolation.  In future, a 

growth model will be introduced to the temperature 

estimation. 

3.2  Calibration method 

   Based on energy balance, a temperature simulation 

model was established taking into account solar radiation, 

heat transfer by convection with the soil surface, the 

cover, the back wall and different heating systems, the 

heat transfer between the different soils and the backwall 

layer as well as convection between the inside and 

outside air, the heat exchange with the outside air due to 

natural ventilation and infiltration, and the latent heat 

produced from crop transpiration.  Once the model was 

decided, the different parameters of the Equations (1) 

were estimated in two steps: (i) The search space of the 

physical sensor parameters was determined using an 

iterative sequential algorithm to minimize a Minimal 

Mean Square Error (MMSE) criterion between the real 

and the estimated water content (sequential iterative 

algorithms); and (ii) a calibration process was carried out 

based on genetic algorithms. 

   The model equations were solved with 

Matlab/Simulink. Measured data of outdoor climate 

conditions and control valve settings were used as model 

inputs. Finally, a MMSE criterion was defined to evaluate 

the model parameter fix and the model performance. 

4  Results and discussion 

This paper presents a temperature model based on 

energy balances for two different types of greenhouse - a 

classical greenhouse in Almeria (Spain) and a solar 

greenhouse in Beijing (China).  The model provides a 

good basis for future research and development.  The 

calibration and validation processes were performed by 

adjusting parameters and functions to the production 

conditions that might be considered representative in the 

south-eastern part of the Iberian Peninsula and the 

northern part of China, both for experimental conditions 

and real data, 40 320 and 3840 climate data for Almeria 

and Beijing, respectively.  In this work, different types 

of climate sensor were used to take measurements of 

internal and external greenhouse conditions; in all cases, 

the data were tested to check for reliability.  

Furthermore, the calibration and validation data come 

from different time periods.  This means that the climate 

data are very different from each other, and therefore the 

model’s response to different climatic conditions is 

well-represented.  Nonetheless, the model was modified 

based on the conditions founds in each greenhouse, 

adding new equations when necessary.  The different 

equations were introduced in an ad hoc fashion, relying 

on a priori system knowledge.  The meteorological data 

used in this work were gathered from both greenhouses at 

different times.  
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   Figures 4 and 5 show the estimated and measured 

temperature dynamics taken over five days as examples.  

This relates to the estimated virtual sensor values and the 

measured water content under different conditions.  The 

results show how the model exhibits good behavior in 

both the Almeria and the Beijing greenhouses.  Even 

when the system is under continual flux from disturbances, 

it is noticeable that the model captures all the resultant 

temperature changes.  In general terms, the validation 

carried out gave satisfactory results, since the model 

demonstrated acceptable behavior during both daylight 

and nocturnal periods; it even presented correspondingly 

good dynamics when the changes were greater.  

 

Figure 4  Temperature model tested in Spain  

 

Figure 5  Temperature model tested in China 
 

   Furthermore, Figures 6 and 7 contain the errors 

obtained between the simulations from both greenhouses 

and the measured data.  The goodness-of-fit for the two 

time series, 40320 and 3840 climate data for Almeria and 

Beijing, respectively, is calculated using the mean 

absolute error (MAE), R
2
, adjusted R

2
 and the 

root-mean-square error (RMSE). 

   In all cases, the model obtained good results for the 

Spanish and Chinese greenhouses: an MAE of 0.71 and 

0.62, an R
2
 of 0.9426 and 0.9502, an adjusted R

2
 of 

0.9425 and 0.9502 and an RMSE of 1.365 and 1.102, 

respectively; these can be seen from the validation 

resume in Table 1. 

 

Figure 6  Linear regression with data from south-eastern Spain 

 

Figure 7  Linear regression with data from northern China 
 

Table 1  Model error validation 

Localization MAE R1 R2 adj. RMSE Max error Intercal 

Almeria 0.71 0.9426 0.9425 1.365 4.01 [0.3,27.09] 

Beijing 0.62 0.9502 0.9502 1.102 3.12 [18.1,39.09] 
 

   As can be observed, the average error was low, which 

allows us to conclude that the proposed model can be 

utilized to obtain acceptable temperature estimations for 

multispan greenhouses in very different locations around 

the world, each subject to different climatic conditions.  

The Almeria and Beijing model performed well in 

estimating the greenhouse air temperature - obtaining 

results with a good fit, as shown in Table 1.  The data 

obtained over two different seasons were used to calibrate 

and validate the model.  The temperature data obtained 

were checked with real data from both locations using 

linear regression, and the resulting adjustment gave a 

high R
2
 value (0.94 for Beijing and 0.95 for Almeria). 

   In general term, the two different validations presented  
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satisfactory results since the different estimated values 

exhibited acceptable behavior during these periods.  The 

temperature showed little variation day-to-day, the 

average error was low, of which the MAE and RMSE 

were 0.71 and 1.365 for Almeria, and 0.62 and 1.102 for 

Beijing, respectively, with a maximum error of 4.01 for 

Almeria and 3.12 for Beijing, respectively, which also 

presented good dynamics, improving the goodness (MAE 

of 0.93) obtained by the previous model
[1]

 for an 

Almería-type greenhouse.  Furthermore, the current 

models improved the results of another authors
[7]

 

estimated the greenhouse temperature in different 

localizations (Sicily, The Netherlands, and in Texas and 

Arizona in the USA), obtained a relative 

root-mean-square error (RRMSE) between 4.9 and 6.4 for 

a full season, being the RRMSE of 4.4 for Almeria and 

3.8 for Beijing, respectively.  Thus, the resulting models 

are considered powerful tools to manage climate system 

design.  This paper has dealt with temperature, in terms 

of energy balance, from an industrial point of view, 

considering it as a process in which there are inputs and 

outputs.  The crop itself, and some aspects of the climate 

within the greenhouse, are considered as disturbances 

which affect the dynamics. 

   The model provides a good basis for future research 

and development.  The calibration and validation 

processes were performed by adjusting parameters and 

functions to the production conditions that might be 

considered representative in the south-eastern part of the 

Iberian Peninsula and the northern part of China.  

Furthermore, the calibration and validation data come 

from different time periods.  This means that the climate 

data are very different from each other, and therefore the 

model’s response to different climatic conditions is 

well-represented.  Nonetheless, the model was modified 

based on the conditions founds in each greenhouse, 

adding new equations when necessary. 

5  Conclusions 

This research presents a temperature model for two 

different types of greenhouse, classical greenhouses from 

Almería (Spain) and Beijing (China) based on energy 

balances.  The model provides a good basis for further 

research and development in future.  The calibration and 

validation processes were performed by adjusting 

parameters and functions to the production conditions 

that might be considered representative in the 

south-eastern part of the Iberian Peninsula and north part 

of China, both in experimental conditions and real data, 

40320 and 3840 climate data for Almería and Beijing 

respectively.  For this work, different climate sensor 

types were used to take measurements of greenhouse 

internal and external conditions, in all the cases the data 

were tested to check the reliability of the data obtained.  

Furthermore, the calibration and validation data belong to 

different period.  This means that the climate data are 

very different to each other, and therefore the model 

response to different climatic conditions is 

well-represented.  Nonetheless, the model was modified 

in functions of the conditions found in each greenhouse, 

adding new equations when it was necessary, obtaining 

the following conclusions: 

1) The Almería and Beijing’s model demonstrated 

good performance in the estimation of the greenhouse air 

temperature obtaining good fitting results.  The data 

obtained in two different seasons were used to calibrate 

and validate the model. 

2) The temperature data obtained were checked with 

real data from both localizations through linear regression 

and the resulting adjustment gave a high R
2
 value (0.94 

for Beijing and 0.95 for Almería). 

Two different validations have been presented with 

satisfactory results in general terms, since the different 

estimated value exhibited acceptable behavior during 

these periods.  The temperature showed little variation 

day-to-day, the average error was low (the MAE and 

RMSE were 0.71 and 1.365 for Almería; and 0.62 and 

1.102 for Beijing), the maximum error was 4.01 and 3.12 

for Spain and China respectively, and also presenting 

good dynamics.  Thus, the resulting models are 

considered as powerful tools for control design purposes 

in climate systems. 

This study has dealt with the temperature as energy 

balance from an industrial point of view, as a process in 

which there are entries and outputs. The crop itself, and 

some aspects of the climate inside the greenhouse, are 

considered as disturbances which affect the dynamics. 
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Variables, parameter values and units 

Symbols Units Description 

cA _ Empirical parameter 

carea,cv m2 Cover area 

carea,s m2 Greenhouse area 

carea,ss m2 Soil surface area 

carea,heat m2 Pipe surface area 

casw,cv W/m2 Short-wave radiation absorptivity 

cB kg/(m2·h·kPa) Empirical parameter 

ccal,ef % Heating efficiency 

ccnd,sl W/m2 First soil layer heat conductivity 

ccnd,wall1 W/m2 First wall layer heat conductivity 

ccnv,cv-aX W/(m2·K) Empirical parameter 

ccnv,ss-aX W/(m2·K) Empirical parameter 

ccnv,wall-aX W/(m2·K) Empirical parameter 

cden,a kg/m3 Air density 

cd,ss m Soil surface depth 

cd,sl m First soil layer thickness 

cd,wall m Wall surface depth 

cd,wall1 m Wall layer thickness 

cden,cv kg/m3 Cover material density 

closs,lw m3/S Leakage with low wind speed 

closs,hw m3/S Leakage with high wind speed 

cgv m/s2 First soil layer thickness 

ck _ Empirical coefficient 

csph,a J/(kg·k) Specific air heat 

csph,cv J/(kg·k) Cover material specific heat 

cven,h m lateral and roof vent distance 

cven,d m3/S Discharge coefficient 

cven,l m vent length 

cven,long-lat m lateral length, respectively 

cven,long-roof m Roof length,respectively 

Symbols Units Description 

cven,n units Number of vents 

cven,w m Vent width 

cven,wd m/s Wind effect coefficient 

cven,wid-lat m lateral width 

cven,wid-roof m Roof width 

cvol,cv m3 Cover volume 

cvol,g m3 Greenhouse volume 

cws,lim m/s Wind speed limit considered 

Dt,t m/s External wind speed 

Mevp,ss kg/(W·s) Soil surface mass evaporation flux 

Qcal,en kW Nominal energy of heating system 

Qcd,cv J/kg Latent heat by condensation 

Qcnv,aero-a W/(m·K) Heat fluxes with the heating pipes 

Qcnd,cv W/(m·K) Conduction heat flux 

Qcnv,cv-a m3/S Conduction flux with the cover 

Qcnv,e W/(m·K) Outside-air convective transfer 

Qcnv,heat-a W/(m·K) Aerothermal heating heat fluxes 

Qcnv,ss-a W/(m2·K) Convective flux with the soil 

Qevp,ss J/kg Latent heat flux in the soil 

Qrad,cv W/m2 Thermal radiation absorbed by the cover 

Qsol,cv W/m2 Solar radiation absorbed by the cover 

Qven W/(m2·K) Heat flux by natural ventilation 

Qtrp,cr Crop transpiration latent heat effect 

Qcnv,wall-a W/(m2·K) Convective flux with the back wall 

Uac,heat % Heater activation control signal 

Ut,heat K Water temperature in the heating pipes 

Uven % Ventilation position 

Vven,area-lat m2 Sidewall ventilation area 

Vven,area-roof m2 Roof ventilation area 

Vcnv,cv-a W/(m2·K) Cover inside convective heat transfer 

Vcnv,heat-a W/(m2·K) Heating convective coefficient 

ccnv,heat-aX _ Empirical parameters 

Vcnv,ss-a W/(m2·K) Soil surface convective coefficient 

Vcnv,wall-a W/(m2·K) Back wall convective coefficient 

Vhsat,ss kgwaterkgsoil Water concentration at saturation 

Vloss m3/s Leakage when the vent is closed 

Vlt,vap J/kg Latent heat of evaporation 

Vtexh,a m3/s Exhaust air temperature 

VVPD kPa Vapour pressure deficit 

Vvent,flow m3/s Volumetric flow rate 

Vven,hef m joining the two vents 

Vven,reg m3/s Ventilation regime coefficient 

Vws,a m/s Mean greenhouse air speed 

XLAI m2/m2 Leaf Area Index 

Xt,a K Air temperature 

Xt,cv K Cover temperature 

Xt,ss K Soil surface temperature 

Xt,s1 K Soil first layer temperature 

Xt,wall1 K Wall surface temperature 

Xt,wall1 K Wall first layer temperature 
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