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Abstract  i 
 

ABSTRACT 
 

Modelling of thermal radiation exchange at glass-covered greenhouse surfaces under 

different climatic conditions 

Precise determination of heat consumption in greenhouses requires accurate heat 

transfer models. Nowadays energy analysis in greenhouses is inadequate because it is 

based on an inaccurate overall heat transfer coefficient (Ucs-value). At the greenhouse 

surfaces, there is an interaction between radiative and convective heat transfer 

mechanisms. The relative contributions of these mechanisms to the Ucs-value need to be 

accurately determined. Therefore this study aims to model the thermal radiation 

exchange between glass-covered greenhouse surfaces and the sky considering 

representative test conditions under both day and night conditions. 

 

The research work mainly focused on radiative heat transfers and their significance in the 

Ucs-value model. The investigations were done with a south-facing thermal box under 

outdoor conditions. In addition, four other thermal boxes were developed to check the 

effects of greenhouse surface inclination and orientation on the thermal radiation 

exchange. The surface design properties and meteorological data were necessary for the 

prediction of the thermal radiation at the study location. The interactions between the 

radiative and the convective heat transfers at the greenhouse surfaces are also quantified 

in this study. 

 

If all the required parameters can be accurately determined, the prediction models 

provide a more realistic understanding of the radiation exchange at the exterior surfaces. 

Although the effect of orientation on the radiation exchange was negligible, the effect of 

surface inclination was evident especially on clear-sky nights. A strong interaction 

between the radiative and the convective heat transfers at the surface was found to be 

dependent on wind speed. Overall, the results form a basis for decisions on greenhouse 

design improvements and climate control interventions in the horticultural industry. The 

study also fills a knowledge gap in the Ucs-value model for greenhouse simulation. 

 

Keywords: Greenhouse surfaces, sky, thermal box, thermal radiation exchange, model, 

Ucs-value, energy  
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ZUSAMMENFASSUNG 

 

Modellierung des Austauschs von Wärmestrahlung an Gewächshausglasflächen unter 

verschiedenen Klimabedingungen 

Eine präzise Bestimmung des Wärmebedarfs in Gewächshäusern erfordert genaue 

Wärmeaustauschmodelle. Die heutigen Energieverbrauchsanalysen sind ungenau, da sie 

auf den ungenauen Wärmeverbrauchskoeffizienten (Ucs-Wert) beruhen. An Gewächshaus-

oberflächen gibt es eine Wechselwirkung zwischen strahlungsbedingten und konvektiven 

Wärmeübergängen. Ihr relativer Anteil am Ucs-Wert muss genauer ermittelt werden. 

Deshalb beschäftigt sich die vorliegende Arbeit mit der Modellierung des Austauschs von 

Wärmestrahlung zwischen den Glasoberflächen von Gewächshäusern und dem Himmel 

unter Berücksichtigung von repräsentativen Testbedingungen bei Tag und bei Nacht. 

 

Der Schwerpunkt der Untersuchungen wurde hauptsächlich auf den Strahlungsaustausch 

und seine Bedeutung im Ucs-Modell gelegt. Die Versuche wurden mit Hilfe von einer 

südlich ausgerichteten Isolationsbox unter Außenbedingungen durchgeführt. Zusätzlich 

wurden vier weitere Isolationsboxen entwickelt, um die Einflüsse der Dachneigung und 

Flächenausrichtung auf den Strahlungsaustausch zu ermitteln. Die Oberflächen-

beschaffenheit sowie meteorologische Daten waren für die Vorhersage der 

Wärmestrahlung am Standort notwendig. Die Wechselwirkung zwischen dem strahlungs-

bedingten und konvektiven Wärmeübergang an Bedachungsmaterialien wurde in dieser 

Arbeit ebenfalls quantifiziert. 

 

Wenn alle benötigten Parameter genau bestimmt werden können, liefern die 

Vorhersagemodelle ein realistischeres Verständnis über den Strahlungsaustausch an 

Außenflächen. Obwohl der Einfluss der Himmelsrichtung auf den Strahlungsaustausch 

vernachlässigbar klein war, war der Neigungswinkel besonders an sternklaren Nächten 

offensichtlich von Bedeutung. Eine große Wechselwirkung zwischen dem 

strahlungsbedingten und konvektiven Wärmeübergang wurde in Abhängigkeit der 

Windgeschwindigkeit ermittelt. Zusammenfassend können die Ergebnisse dieser Arbeit 

bei der Entscheidung bezüglich des Gewächshausdesigns oder Klimaregelstrategien im 
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Gartenbau helfen. Durch die Untersuchungen konnte eine Wissenslücke im Ucs-Modell zur 

Gewächshausmodellierung geschlossen werden.  

 

Schlagworte: Gewächshausoberflächen, Himmel, Isolationsbox, Wärmeaustausch, 

Modell, Ucs-Wert, Energie 
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SYMBOLS AND ABBREVIATIONS 
(a) Symbols 

Symbol  Description       Unit 

a  factor splitting sky and ambient radiation    [-] 

a0, a1, …, a4 
empirical constants      [-] 

As    total surface area      [m2] 

b   constant determined experimentally    [-] 

b0, b1  coefficients determined experimentally   [-] 

B   coefficient (Honsberg and Bowden, 2012)   [-] 

c   coefficient determined experimentally   [-] 

ck   coefficient = 273.15 (Celsius to Kelvin)   [K] 

C1   coefficient = 3.74 ∙ 10-16 (Burke, 1996)   [W m-2] 

C2   coefficient = 1.44 ∙ 10-2 (Burke, 1996)    [m K] 

C  cloudiness factor      [-] 

CF  correction factor      [-] 

Cmaps  cloudiness factor derived from analysed weather maps [-] 

Cmax  maximum cloudiness factor     [-] 

Cmin  minimum cloudiness factor     [-] 

Coctas  cloudiness factor derived from octas    [-] 

Cpa   specific heat capacity of air     [J kg-1 K-1] 

d   constant determined experimentally    [-] 

dc   measuring distance of the camera    [m] 

ea   water vapour pressure of air     [Pa] 

ei   estimated value (radiation)     [-] 

EoT  equation of time      [min] 

f    frequency of photon      [s-1] 

F   geometrical factor      [-] 

Fair   view factor to the air      [-] 

Fd   diffuse fraction      [-] 

Fgnd   view factor to the ground     [-] 

Fsky  view factor to the sky       [-] 

grayval gray value of the region at any given time   [-] 

grayvalmax maximum possible gray value = 256    [-] 
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grayvaloffset offset gray value of green background = 35   [-] 

Gr    Grashof number      [-] 

h    Planck’s constant = 6.626 ∙ 10-34     [J s] 

H1   vertical distance from the lower hot plate   [m] 

H2    vertical distance from the upper cold plate   [m] 

Hc   vertical height of camera from the surface   [m] 

Hr    vertical height of net radiometers from the surface  [m] 

Ht    hour of the day in 24 hour time    [h] 

Ib,h   beam radiation on a horizontal surface   [W m-2] 

Ib,t  beam radiation on a tilted surface    [W m-2] 

Ic  clearness index      [-] 

Id,h   diffuse radiation on a horizontal surface   [W m-2] 

Id,t  diffuse radiation on a tilted surface    [W m-2] 

Ie,h  extraterrestrial radiation on a horizontal surface   [W m-2] 

Ig,h  terrestrial global radiation on a horizontal surface   [W m-2] 

Igr,h  ground reflected radiation from a horizontal surface [W m-2] 

Igr,t  ground reflected radiation on a tilted surface  [W m-2] 

In   extraterrestrial radiation on a plane normal to radiation [W m-2] 

Iref,t  reflected radiation from a tilted surface   [W m-2] 

Isc   solar constant = 1367 (Sukhatme, 2003; Iqbal, 1983) [W m-2] 

It,t  total solar radiation on a tilted surface   [W m-2] 

ka    thermal conductivity of air     [W m-1 K-1] 

L    characteristic length of the solid surface   [m] 

Ld  day length       [h] 

Lloc  longitude of the location     [°] 

Lst  standard meridian for local time zone   [°] 

LST    local solar time      [-] 

LT   local time       [-] 

LWRd  downwelling longwave radiation    [W m-2] 

LWRd,t  total downwelling longwave radiation   [W m-2] 

LWRu    upwelling longwave radiation     [W m-2] 

LWRu,t   total upwelling longwave radiation     [W m-2] 

mi   measured value (radiation)     [-] 

n    number of observations      [-] 
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nd  day of the year      [day] 

Nu   Nusselt number      [-] 

p  value for testing a statistical hypothesis   [-] 

Pd   partial water vapour pressure    [hPa] 

Qar  ambient radiation reflected by the object   [W m-2] 

Qcv   heat loss by convection     [W] 

Qdr  direct radiation of the measured object   [W m-2] 

Ql  heat flux by air exchange through leakage   [W] 

Qlir   heat loss by longwave infrared radiation   [W] 

QLW  pyrgeometer irradiance     [W m-2] 

Qn   emitted radiation normal to the surface   [W m-2] 

Qp   energy of a photon      [J] 

Qpr  characteristic radiation of the air path   [W m-2] 

Qrad   net flux density from the surface    [W m-2] 

Qs  thermal radiation exchange of the surface   [W m-2] 

Qs,eff  effective thermal radiation exchange    [W m-2] 

Qs,g  thermal radiation exchange of glass    [W m-2] 

Qs,gb  thermal radiation exchange of glazing bars   [W m-2] 

Qsky  sky thermal irradiance     [W m-2] 

QSW  pyranometer irradiance     [W m-2] 

Qt  total radiation measured by the thermal camera  [W m-2] 

Q*   amount of radiation emitted by a blackbody   [W m-2] 

Qλ    radiation emitted by the surface at a specific wavelength [W m-2] 
*
Q    blackbody radiation emitted at a specific wavelength [W m-2] 

Qϑ   emitted radiation at an angle ϑ    [W m-2] 

R  thermistor resistance      [Ω] 

R2  coefficient of determination     [-] 

Rcv   heat resistance due to convection    [m2 K W-1] 

Re   Reynolds number      [-] 

RH  relative humidity      [%] 

Rl   heat resistance due to leakage    [m2 K W-1] 

Rlir   heat resistance due to longwave radiation   [m2 K W-1] 

Rn   net radiation       [W m-2] 

Rn,lw   net longwave radiation     [W m-2] 
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Rn,sw   net shortwave radiation     [W m-2] 

Rλ    heat resistance due to conduction    [m2 K W-1] 

S  sensitivity       [μV W-1 m2] 

SI   sensitivity index      [-] 

T    absolute temperature      [K] 

T1   absolute temperature of surface 1    [K] 

T2   absolute temperature  of surface 2    [K] 

Ta    absolute air temperature     [K] 

Tb  pyrgeometer body temperature    [K] 

Tc    temperature of cold plate     [K] 

Td  dew point temperature     [K] 

Tg   temperature of the glass surface    [K] 

Tgb   temperature of the glazing bar surface   [K] 

Tgnd   ground temperature       [K] 

Th    temperature of hot plate     [K] 

Te   environmental temperature     [K] 

Ti   inside temperature      [K] 

To   object temperature      [K] 

Tp  air path temperature      [K] 

Ts  surface temperature      [K] 

Ts,eff  effective surface temperature    [K] 

Tsky  sky temperature      [K] 

TC   time correction factor      [min] 

U   heat transfer coefficient for heat loss through the material [W m-2 K-1] 

Ucs  overall heat transfer coefficient (Ucs-value)   [W m-2 K-1] 

Ucs,n   new corrected Ucs-value     [W m-2 K-1] 

Ucs,sfg  greenhouse Ucs-value for a single float glass   [W m-2 K-1] 

Ucs,st  standard greenhouse Ucs-value at 4 m s-1 wind speed [W m-2 K-1] 

Ucs,v  wind-corrected Ucs-value     [W m-2 K-1] 

Ucv   convective heat transfer coefficient    [W m-2 K-1] 

Ul  heat transfer coefficient for heat loss through air leakage [W m-2 K-1] 

Ulir  radiative heat transfer coefficient    [W m-2 K-1] 

v    wind speed       [m s-1] 

v10  wind speed at 10 m above the ground   [m s-1] 
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vs  wind speed close to the wall surface    [m s-1] 

Vemf  output voltage       [μV] 

Vgi  inner volume of greenhouse model    [m3] 

Vp  output voltage of a propeller anemometer   [mV] 

x1, x2, x3 coefficients (Chen et al., 1995)    [°C-1] 

xa,1, xa,2, xa,3 coefficients (von Elsner, 1982; Dingman, 2009)  [°C] 

xb,n  coefficients (n = 1, 2, 3, 4) (sources differ)   [K4] 

xc,1  coefficient = 0.0552 (Nijskens et al., 1984)   [K-1.5] 

xc,2  coefficient = 5.6 ∙ 10-3 (Berdahl and Martin, 1984)  [K3] 

xc,3  coefficient = 7.3 ∙ 10-5 (Berdahl and Martin, 1984)  [K2] 

xd,1  coefficient = 15 (Berdahl and Martin, 1984)   [° h-1] 

xd,2  coefficient = 4 (Goswami et al., 2000)   [° min-1] 

xl  coefficient = 1000 (Varioscan Manual, 2000)   [m] 

xλ  coefficient = 2897 (Howell et al., 2011)   [μm K] 

xm,1, xm,2, xm,3 coefficients (Honsberg and Bowden, 2012)   [min] 

xn,1, xn,2, xn,3 coefficients (Duffie and Beckman, 1991; Sukhatme, 2003) [day] 

xp  coefficient = -0.095 (Tantau, 1975)    [hPa-1] 

xr,n  coefficients (n = 1, 2, 3, 4) (sources differ)   [°] 

xt,1, xt,2  coefficients (Abdullah and Ali, 2012; FAO, 1998)  [h] 

xt,3  coefficient = 60 (Honsberg and Bowden, 2012)  [min h-1] 

xt,4  coefficient = 3600 (Tantau, 2013)    [s h-1] 

xtr  coefficient = 100 (Kipp & Zonen, 2009)   [Ω] 

xu,n  coefficients (n = 1, 2, 3, ……, 12) (sources differ)  [W m-2 K-1] 

xv,1  coefficient = 0.35 (Rath, 1992)    [s m-1] 

xv,2, xv,3  coefficients (empirical)     [s m-1] 

xw  coefficient = 0.018 (Manual PN 27005-90, 1994)  [m s-1 mV-1] 

xw,n  coefficients (n = 1, 2, 3, ……, 9) (sources differ)  [W s m-3 K-1] 

Xb   base value of parameter     [-] 

Xs  site-dependent coefficient (Iziomon et al., 2003)  [-] 

y0  coefficient = 100 (Kimball et al., 1982; other sources) [%] 

yc,n  coefficients (n = 1, 2, 3, ……, 13) (sources differ)  [-] 

yd,1, yd,2  coefficients ((Swinbank, 1963; Idso and Jackson, 1969) [K-2] 

yp,1  coefficient = 610.8 (Dingman, 2009)    [Pa] 

yp,2  coefficient = 0.643 (Brutsaert, 1975)    [K1/7 Pa-1/7] 



Symbols and Abbreviations  xii 
 

yp,3  coefficient = 5.95 ∙ 10-7 (Idso, 1981)    [Pa-1] 

yp,4  coefficient = 0.714 (Sugita and Brutsaert, 1993)  [K0.0687 Pa-0.0687] 

yp,5, yp,6  coefficients (Prata, 1996)     [K Pa-1] 

yp,7  coefficient = 0.625 (Duarte et al., 2006)   [K0.131 Pa-0.131] 

yp,8  coefficient = 0.576 (Kruk et al., 2010)    [K0.202 Pa-0.202] 

yp,9  coefficient = 0.6905 (Dos Santos et al., 2011)  [K0.0881 Pa-0.0881] 

yt,1, yt,2  coefficients (Idso and Jackson, 1969; Idso, 1981)  [K] 

yu,1  coefficient = 4.17 (Kanthak, 1970)    [W s0.72
 m-2.72

 K-1] 

yu,2  coefficient = 1.32 (Kittas, 1986)    [W m-2 K-1.25] 

yu,3  coefficient = 3.12 (Kittas, 1986)    [W s0.8 m-2.8 K-1] 

yu,4  coefficient = 6.76 (Papadakis et al., 1992)   [W s0.49
 m-2.49

 K-1] 

yu,5  coefficient = 4.78 (Emmel et al., 2007)   [W s0.71
 m-2.71

 K-1] 

yu,6  coefficient = 1.84 (Suhardiyanto and Romdhonah, 2008) [W s0.33
 m-2.33

 K-1] 

yu,7, yu,8  coefficients (empirical)     [W s2 m-4 K-1] 

Yb   base value of dependent variable    [-] 

Ys  site-dependent coefficient (Iziomon et al., 2003)  [K hPa-1] 

z0  coefficient = 5 (Kimball et al., 1982)    [% °C-1] 

z  air exchange rate due to leaks    [h-1] 

α   solar altitude       [°] 

αpt   constant = 3.908 ∙ 10-3 (Kipp & Zonen, 2009)   [-] 

αs   albedo of the earth surface     [-] 

αλ  absorptivity at a given wavelength    [-] 

β    inclination angle of surface from horizontal   [°] 

βpt  constant = -5.8019 ∙ 10-7 (Kipp & Zonen, 2009)  [-] 

δ    angle of declination      [°] 

ΔC  difference in cloudiness factors    [-] 

ΔT    air temperature difference between inside and outside [K] 

ΔTs-a  surface-to-air temperature difference   [K] 

ΔTW-R  deviation between ΔTs-a values of the wall and the roof [K] 

ΔUcs,st  difference in standard greenhouse Ucs-values  [W m-2 K-1] 

Δv  difference in wind speeds     [m s-1] 

ΔXb,i  change in parameter from base value   [-] 

ΔYb,i   change in dependent output state variable   [-] 

ε   emissivity       [-] 
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ε1   emissivity of surface 1      [-] 

ε2    emissivity of surface 2      [-] 

ε12   effective emissivity between the surfaces   [-] 

εa   effective atmospheric emissivity    [-] 

εcs   clear-sky atmospheric emissivity    [-] 

εo   object emissivity      [-] 

εs  surface emissivity      [-] 

εsky  sky emissivity       [-] 

εgnd  emissivity of surrounding ground objects    [-] 

ελ   wavelength-dependent emissivity    [-] 

γ   solar azimuth angle      [°] 

λ   wavelength       [m] 

λmax   maximum wavelength     [μm] 

ω    hour angle       [°] 

ω1    hour angle at time 1      [°] 

ω2    hour angle at time 2      [°] 

ωs  sunset hour angle      [°] 

Ф   tilt angle of surface from vertical plane   [°] 

φ   latitude       [°] 

Ψb  beam radiation conversion factor    [-] 

Ψd  diffuse radiation conversion factor    [-] 

Ψr  ground reflected radiation conversion factor  [-] 

ρa   density of air       [kg m-3] 

ρg  ground reflectivity      [-] 

σ    Stefan-Boltzmann constant = 5.67 ∙ 10-8   [W m-2 K-4] 

τp  transmission of the air path     [-] 

ϑ   angle of incidence      [°] 

ϑdp   dew point temperature     [°C] 

ϑo   outside air temperature     [°C] 

ϑs,app  apparent surface temperature    [°C] 

ϑz  zenith angle       [°] 

υ   hour from midnight      [h] 
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(b) Abbreviations 

Abbreviation Description 

AC   alternating current 

AMSL  above mean sea level 

ANOVA  analysis of variance 

ASTM   American Society for Standards and Measurement 

BIAS  bias 

DIN   Deutsches Institut für Normung e.V. 

DC   direct current 

DWD  Deutscher Wetterdienst 

ETFE  ethylene tetrafluoroethylene 

IMUK   Institut für Meteorologie und Klimatologie 

IR   infrared radiation 

MAE  mean absolute error 

NIR  near infrared 

NOAA   National Oceanographic and Atmospheric Administration 

NTC   negative temperature coefficient 

OAT   one-at-a-time 
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1 INTRODUCTION 
Modern protected cultivation is currently faced with a crisis of high energy costs which 

compromise the profitability of horticultural farming. The protected cultivation is a 

requirement for an environmentally friendly year-round production. This kind of 

production has been ascertained to be a highly competitive and profitable sector of 

agriculture in most countries. During cold seasons, night temperatures and even day 

temperatures can sink below the biological optimum necessary for sustainable cultivation 

of a healthy crop (von Zabeltitz, 2011). This is predominant in Europe during winter 

seasons. Greenhouses are therefore heated in such cases to generate and maintain 

warmer climate within itself. The production during winter season therefore allows an 

extension of the cropping period (Tantau, 2013). With increasing energy prices, the 

related energy costs due to heating of greenhouses during extreme cold seasons 

significantly contribute to high production costs. According to Sanford (2011), these 

energy costs represent more than 10 % of greenhouse growers’ sales. 

 

Greenhouses are built with different covering materials and designed to fit the local 

climate (von Elsner et al., 2000). The amount of heat lost through a covering material is 

usually the main challenge in a greenhouse heating system. The heat retaining properties 

of the covering system during long nights and cloud-covered days of the cold season are 

particularly important (Giacomelli and Roberts, 1993). The energy saving potential can 

therefore be realized by using cover materials which possess good heat insulation 

characteristics (Basak et al., 2015). They should also be transparent to the visible radiation 

and opaque to the infrared radiation component (Papadakis et al., 2000). Apart from the 

cover material, the climatic conditions inside these greenhouses also directly depend 

upon the thermal radiation intensity, the ambient air temperature, the overall heat 

transfer coefficient (Ucs-value) and the external wind speed (Mashonjowa et al., 2012). 

 

Greenhouses, in general, exhibit a greater degree of thermal radiation interaction with 

the surroundings than other buildings (Chandra, 1982). A number of greenhouse thermal 

environment analyses have handled the thermal radiation exchange in different ways 

(Chandra, 1982; Jolliet et al., 1991; Al-Mahdouri et al., 2014). The thermal radiation 

dominates the heat transfer mechanisms especially between the cover material surface 
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and the surrounding atmosphere. The precise determination of the radiation components 

is essential for a good estimate of the net radiation balance and, consequently, of the 

radiation and energy balances (Duarte et al., 2006). The radiation balance, the main 

source of energy available for the physical and biological processes, is the essential 

component of the energy balance at the surface. With availability of hydro-meteorological 

data such as air temperature, relative humidity and cloudiness, the longwave radiation 

can be estimated for any location and at any given time. The understanding of the factors 

which control the ascending and descending flows in the atmosphere is essential to 

improve the models used in the various environmental applications (Araújo et al., 2012). 

 

It is desirable to use basic heat transfer principles in adequate representation of the 

thermal radiation exchange between a greenhouse and its surroundings. Whereas several 

studies have been conducted on heat transfer measurements, most of the researches 

have not clearly shown the influence of the thermal radiation on the Ucs-value under 

outdoor conditions. In addition, the impacts of climatic variables on such actual conditions 

have not been well elucidated (Ajwang, 2005), thus making the accurate prediction of the 

Ucs-value impossible. The standard Ucs-values of elements (e.g. greenhouse roofs and 

walls) represent practical conditions as far as possible. However, the standard Ucs-values 

will not agree exactly with the values measured on site. Building regulations and codes 

often use the Ucs-values to specify targets and limits for thermal insulation and energy use 

(McMullan, 2012). In greenhouses, the comprehensive Ucs-value for any application (roof 

or wall) should be achieved. The distinct roof and wall Ucs-values need to be corrected for 

the wind and sky conditions. At different surface inclinations and orientations, accurate 

radiation data and models for the external thermal radiation exchange at representative 

conditions are therefore required. Additionally, at the greenhouse surfaces, it is necessary 

to take into account the combined effect of radiation and convection on the greenhouse 

heat losses. This enhances precise evaluation of the thermal needs (Jolliet et al., 1991). As 

a result, proper understanding and quantification of the contributions of the radiative and 

convective heat transfer mechanisms to the Ucs-value are critical and hence the need for 

the present study.  
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2 LITERATURE REVIEW 

2.1 Greenhouse Structures 

2.1.1 Types and designs 

The efficiency and productivity of a greenhouse operation is largely dependent on the 

type of growing structure used. If only a single greenhouse is required, it can be built as a 

stand-alone unit. However, when multiple houses are needed (either initially or as part of 

a future expansion) the greenhouses should be gutter-connected for more efficient use. 

Greenhouse construction and operation has developed considerably during the last 

decades and several greenhouse designs are currently in use. The microclimate inside the 

greenhouse depends on the outside climatic conditions, the heating system and losses 

through the cover material due to thermal radiation, conduction, convection and latent 

heat processes (Geoola et al., 2009). Most of the available greenhouse designs in Europe 

follow the corresponding national standards and codes of practice (prEN 13031-1, 1997). 

This development is an attempt to standardize the greenhouse design methodology for 

commercial production at European level (von Elsner et al., 2000). A wide-span 

greenhouse is conventional in construction, i.e. with steel or aluminium purlins attached 

to steel trusses. These purlins together with the steel or aluminium gutter support the 

glazing bars on which glass is placed. A characteristic feature of the wide-span greenhouse 

is a continuous ventilation-window over the entire length of the roof. The advantages of a 

wide-span greenhouse are the bigger area without columns (better mechanization-

possibilities), and the better ventilation capacity (von Elsner et al., 2000). 

 

The Venlo-type greenhouse is the most popular design in The Netherlands. It was named 

after the Dutch town Venlo, where it first appeared (von Elsner et al., 2000). Here only 

one standard glass pane is placed on glazing bars covering the height from gutter to ridge. 

The standard bay width of 4 m enhances maximum light levels. Recent Venlo designs have 

increased heights (above 5 m) for better air movement and in order to create space for 

crops, thermal screens and light fittings for artificial lighting (van de Braak, 1995). Many 

German growers favour the Venlo-type greenhouses because they are lighter and cheaper. 

They are also standardized to a large degree and as a result, their construction and 

maintenance is easier and cheaper (von Elsner et al., 2000). According to the revised DIN 

11535-2 code for the German standard greenhouse (DIN 11535-2, 1994), the main 
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advances in technology were incorporated and it includes 24° and 26.5° pitch angles of 

the roof for Venlo-type and wide-span greenhouses, respectively (von Elsner et al., 2000). 

It also takes into account the possibility of using aluminium as the frame material. 

 

2.1.2 Orientation 

A lot of emphasis internationally is placed on a greenhouse orientation that maximizes 

light interception. Generally, single-span greenhouses are oriented such that the length 

runs east-west. This orientation maximizes winter sunlight and heat gain in the 

greenhouse (Sanford, 2011). On the other hand, gutter-connected greenhouses are 

oriented with the length running north-south. According to Sanford (2011), this ensures 

that the shadow cast by the gutters moves during the day. If the orientation is east-west 

in this case, the shadow of the gutter will move very little, resulting in less direct sunlight 

and thus slowing down the plant growth. Spatial irregularities of irradiance with east-west 

oriented greenhouses could often be a problem at all latitudes (Gupta and Chandra, 2002). 

Generally, a specific orientation is suitable for a given purpose and location. 

 

2.2 Greenhouse Cover Surfaces 

2.2.1 Covering material 

The cover surface is one of the component systems for the greenhouse design. The 

selection of a covering is crucial for attainment of an optimal controlled environment, 

particularly relating to the solar radiation intensity and wavelengths. The selection of 

specific covering alternatives has implications for the greenhouse superstructure and its 

enclosed crop production system (Giacomelli and Roberts, 1993). The selection of the 

cover material (generically called glazing, a derivation from the traditional use of glass as 

the covering material) has a tremendous influence on the crop production capability of 

the greenhouse system (Giacomelli and Roberts, 1993). Covering materials impact on the 

level and quality of light available to the crop. In conventional greenhouses, the glazing or 

covering materials are typically glass, rigid clear plastic or polyethylene. The covering 

materials for the “commercially built” greenhouses are glass or plastic whereas the 

covering material for the grower-built greenhouses is almost exclusively plastic film (von 

Elsner et al., 2000). In general, polyethylene (PE) film is the predominant covering 

material for all categories (Briassoulis et al., 1997a, 1997b; Tsirogiannis, 1996). A poorly 
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maintained covering material can lose a lot of energy and significantly increase production 

costs. There is therefore a growing interest in adoption of greenhouse cover materials 

which save energy without significantly affecting the crop productivity. 

 

Many new greenhouse cover materials have thus emerged in recent decades. The 

greenhouses covered with plastic film are extensively common especially in countries with 

warm climates. They are mainly used for unheated production of vegetables, summer 

flowers, shrubs and tree nurseries. Plastic-covered greenhouses have undergone several 

stages of development and remain cheaper than glass types. With the design following 

certain specifications, they provide important advantages with respect to their 

functionality (von Elsner et al., 2000). The weatherability of plastic films is being enhanced 

by ultraviolet (UV) radiation degradation inhibitors, infrared (IR) radiation absorbency, 

anti-condensation drip surfaces, and unique radiation transmission properties (Giacomelli, 

1999). The use of photo-selective films as greenhouse covers has several benefits. 

Reducing the intensity of near infrared (NIR) radiation (wavelength: 700 nm to 2300 nm) 

transmitted into a greenhouse contributes significantly to reducing the greenhouse heat 

load (Hemming et al., 2006). Unfortunately, most of the shading paints that reduce NIR 

transmission have been shown to significantly reduce the intensity of photosynthetic 

active radiation (PAR) of wavelength 400 nm to 700 nm (von Elsner, 2006; Mutwiwa, 

2007) hence may influence yield. Moreover, blocking the transmission of UV radiation 

(wavelength: 300 nm to 400 nm) has been reported to enhance the performance of non-

chemical plant protection methods (Doukas and Payne, 2007).  

 

Glass has been the traditional greenhouse covering material in Europe even before the 

introduction of plastic covering materials. It is widely used in cold frames and 

greenhouses because of its ideal properties of transmitting sunlight and absorbing 

terrestrial (infrared) radiation (Kacira, 2012). In addition, it has very low degradation due 

to environmental causes and agrochemicals. The high transmittance glass is also resistant 

to the UV radiation. An aluminium frame covered with a glass covering provides a 

maintenance-free, weather-tight structure that minimizes heat costs and retains humidity. 

Modern glass types consider the need for minimizing energy consumption during cold 

periods without necessarily reducing the light transmittance (Max et al., 2012). Glass is 
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available in many forms that would be suitable with almost any style or architecture. 

Glass-covered greenhouses are mostly of wide-span or Venlo design types. However, glass 

used as a single layer has the disadvantage of high heat loss (Sanford, 2011). It is also 

heavy and requires a more expensive structure to support its weight. 

 

The relationship between specific thermal performance of the covering materials of 

greenhouse systems and energy consumption are useful for energy efficient greenhouse 

production throughout the year. Overall, the characteristics of the commonly used 

greenhouse covering materials are presented in Table 2.1. The selected rigid cover 

materials include horticultural glass, reinforced polyester, bioriented polyvinyl chloride 

(PVC), double polymethyl methacrylate (PMMA) and double PVC. 

 

Table 2.1. Characteristics of the common rigid materials used as greenhouse covers. 

Property Glass 
Reinforced 

polyester 

Bioriented 

PVC 

Double 

PMMA 
Double PVC 

Thickness [mm] 4 1 0.9 16 6 

Weight [kg m-2] 10 1.5 1.45 5 1.4 

Inflammability [-] No Easy No Medium Medium 

PAR transmissivity [%] 90 80-85 79-85 82 75-80 

Longwave IR transmissivity [%] 1 4 1-2 2 5 

Durability [years] ≥ 20 10 10 20 10 

(Source: CPA, 1992) 

 

2.2.2 Glazing bars 

The technique of securing glass to the superstructure is known as glazing. The greater 

number and size of the glazing support bars are generally required for glazings that are 

heavy, less flexible, and have a small unit size and low bending strength. Thus a relatively 

heavy covering of narrow width, such as glass, would require a greater proportion of 

supports than a light-weight film or structured panel glazing. In addition, the unit size of 

the glazing material will also influence infiltration energy losses. A smaller unit width 

provides a greater proportion of edges that must be kept sealed to prevent infiltration 

(Giacomelli and Roberts, 1993). Glazing bars are commonly used in the reinforcement of 
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the glass-covered greenhouses. However, their influence on the heat transfer processes 

has not been considered in detail. 

 

2.3 Heat Transport Mechanisms at Greenhouse Surfaces 

2.3.1 Modes of heat loss 

Heat loss from a greenhouse usually occurs by all three modes of heat transfer: 

conduction, convection and radiation. Usually many types of heat exchange occur 

simultaneously. Conduction is the transfer of heat occurring through intervening matter 

without bulk motion of the matter. It occurs when there is a temperature gradient across 

a body. In this case, the energy is transferred from a high temperature region to low 

temperature region due to random molecular motion. The rate of conduction between 

two objects depends on the area, path length, temperature difference and physical 

properties of the substance(s) (Worley, 2014). For glass greenhouses, conduction involves 

the movement of heat energy through the glass and frame materials from the air on the 

warmest side to the air on the colder side. The greater the difference in temperatures, the 

more the heat flow (Taha, 2003; Meyer, 2010). When a fluid (e.g. air or a liquid) is heated, 

it carries the thermal energy in the form of convection. Thermal radiation generates from 

the emission of electromagnetic waves which carry the energy away from the emitting 

object. Radiation occurs through a vacuum or any transparent medium (Gonzalez, 2015). 

 

2.3.2 Ucs-value model 

Heating is a major concern to commercial greenhouse producers. This is due primarily to 

the costs involved in the purchase and operation of heating equipment as well as the 

potentially disastrous effects of a poorly designed system. According to Canada Plan 

Service (M-6701), a good heating system is hence essential to the greenhouse operation. 

Although solar energy represents a significant factor in greenhouse heating, supplemental 

systems are a necessity for year round production. Greenhouses are essentially all about 

heat. While in the summer a well-placed greenhouse will gain most of its warmth directly 

from the sun, in the winter artificial ways of heating the greenhouse – and insulating it 

from cold prevailing winds – are very necessary. A precise estimation of greenhouse 

heating inputs and costs is necessary for optimization of the heating equipment and 

strategy (Baille et al., 2006). 
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The heat loss through a greenhouse cover material is particularly measured by the overall 

heat transfer coefficient (Ucs-value). The lower the Ucs-value, the better the insulation 

provided by the material (Basak et al., 2015). The Ucs-value depends on the cladding 

material, the sealing of the greenhouse structure, the heating system, the irrigation 

system, the wind speed, the cloudiness and the rainfall. The Ucs-value consists of two 

parts; the heat transfer coefficient for heat loss by heat transmission through the cladding 

material U and the heat transfer coefficient for heat loss by air exchange through air 

leakage Ul (Tantau, 2013; von Zabeltitz, 2011). This is simply expressed as: 

lcs UUU          (2.1) 

where, 

Ucs  : overall heat transfer coefficient (Ucs-value)   [W m-2 K-1] 

U  : heat transfer coefficient for heat loss through the material [W m-2 K-1] 

Ul  : heat transfer coefficient for heat loss through air leakage [W m-2 K-1] 

 

The value Ul is about 10 % to 30 % of the Ucs-value (von Zabeltitz, 2011). The tightness of 

the greenhouse has a significant influence on the heat loss. The main influencing factors 

on the Ucs-value are the heating system and the cladding material of the greenhouse, 

including thermal screens for energy-saving (von Zabeltitz, 2011) and the thickness of the 

construction plus the material. 

 

2.4 Modelling of Thermal Radiation Exchange 

2.4.1 Downwelling longwave radiation 

Downwelling longwave radiation LWRd is the thermal radiation emitted by the 

atmosphere downward to the ground surface. An accurate prediction of this radiation 

from the sky is needed for many fields in agriculture, ranging from calculation of building 

energy requirements to estimation of climate change. Unlike shortwave radiation, 

difficulties and costs associated with longwave radiation measurements have been a 

major challenge. There is also a void of measurable atmospheric parameters which 

longwave radiation is dependent upon, such as cloudiness (Marty and Philipona, 2000). 

More recent studies have focused on quantifying the LWRd under all-sky (clear and 

overcast) conditions. A summary of the selected studies on LWRd in the recent past is 

presented in Table 2.2. 
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Table 2.2. Selected studies on downwelling longwave radiation and related parameters. 

No. Area of application Cloudiness View factor Reference 

1 Air-ice-ocean interactions All-sky - Guest, 1998 

2 Radiation scheme All-sky - Sridhar and Elliott, 2002 

3 Lowlands and mountains All-sky - Iziomon et al., 2003 

4 Land surfaces - parameters All-sky - Choi et al., 2008 

5 Satellite-based radiances Clear-sky ✓ Tang and Li, 2008 

6 Accuracy of algorithms All-sky - Flerchinger et al., 2009 

7 Glacier environment All-sky - Sedlar and Hock, 2009 

8 Model performance Clear-sky - Dos Santos et al., 2011 

9 Model uncertainties All-sky - Gubler et al., 2012 

10 Tropical forest All-sky - Marthews et al., 2012 

11 Flux monitoring sites All-sky - Choi, 2013 

12 Snow surface and trees Clear-sky ✓ Howard and Stull, 2013 

 

 

 

The downwelling longwave radiation flux (irradiance) emitted by the atmosphere and 

incident onto a horizontal surface can be routinely measured by pyrgeometers. These 

instruments are widely used in meteorological and climate research. In the past, a 

number of methods have been developed for estimating LWRd when measurements of 

this variable are not available. In all cases, the starting point is that the atmosphere can be 

considered as a grey body, so LWRd is determined by the effective atmospheric emissivity 

and the effective temperature of the overlying atmosphere (Viúdez-Mora, 2011).  

 

Prediction of thermal radiation from the sky is a critical task necessary for many 

application fields, such as weather predictions, building energy requirements and global 

climate change (Choi, 2013; Kimball et al., 1982). The sky thermal irradiance reaching the 

ground surface per unit area is given by (Duffie and Beckman, 1991): 

4
skyskysky TQ          (2.2) 

where, 

Qsky : sky thermal irradiance    [W m-2] 

εsky : sky emissivity     [-] 
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σ  : Stefan-Boltzmann constant = 5.67 ∙ 10-8 [W m-2 K-4] 

Tsky : sky temperature     [K] 

 

The sky emissivity εsky can be approximated as a function of the dew point temperature ϑdp 

as (Chen et al., 1995; Kimball et al., 1982): 
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where, 

εsky : sky emissivity     [-] 

ϑdp : dew point temperature    [oC] 

x1 : coefficient = 0.0058 (Chen et al., 1995)  [°C-1] 

x2 : coefficient = 0.0062 (Chen et al., 1995)  [°C-1] 

x3 : coefficient = 0.0063 (Chen et al., 1995)  [°C-1] 

ϑo : outside air temperature    [°C] 

y0 : coefficient = 100  (Kimball et al., 1982)  [%] 

z0 : coefficient = 5 (Kimball et al., 1982)  [% °C-1] 

RH : relative humidity    [%] 

 

Although it is slightly dependent on the water vapour, the usual value of εsky is about 0.74 

(Romila, 2012). 

 

The sky temperature Tsky is an important parameter for the simulation models in building 

studies (Adelard et al., 1998). The equivalent Tsky has been estimated differently by 

various researchers. Some of the common equations for computing the Tsky are given in 

Table 2.3. 
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Table 2.3. Equations for the computation of the sky temperature. 

Author Equation No. 

Tantau (1975)  4
1

102,1,
dp Px

bbasky xxTT


  (2.5) 

Von Elsner (1982)   kocaaocsky cyxCxyT  )( 2,2,1,1, 
 (2.6) 

Nijskens et al. (1984) 
5.1

1, acsky TxT   (2.7) 

Berdahl and 

Martin (1984) 
  4

1

1,4,
2

3,2,3, cos  dbdcdcbasky xxTxTxxTT  (2.8) 

 

where, 

Tsky  : sky temperature       [K] 

Ta  : absolute air temperature     [K] 

xb,1 : coefficient = 0.82 (Tantau, 1975)   [K4] 

xb,2 : coefficient = -0.25 (Tantau, 1975)   [K4] 

xp : coefficient = -0.095 (Tantau, 1975)   [hPa-1] 

Pd : partial water vapour pressure    [hPa] 

ϑo  : outside air temperature      [°C] 

C : cloudiness factor     [-] 

yc,1 : coefficient = 1.2 (von Elsner, 1982)   [-] 

yc,2 : coefficient = -0.26 (von Elsner, 1982)   [-] 

xa,1 : coefficient = -21.4 (von Elsner, 1982)   [°C] 

xa,2 : coefficient = 20.6 (von Elsner, 1982)   [°C] 

ck : coefficient = 273.15 (Celsius to Kelvin)   [K] 

xc,1 : coefficient = 0.0552 (Nijskens et al., 1984)  [K-0.5] 

xb,3 : coefficient = 0.711 (Berdahl and Martin, 1984)  [K4] 

xc,2 : coefficient = 5.6 ∙ 10-3 (Berdahl and Martin, 1984) [K3] 

xc,3 : coefficient = 7.3 ∙ 10-5 (Berdahl and Martin, 1984) [K2] 

xb,4 : coefficient = 0.013 (Berdahl and Martin, 1984)  [K4] 

xd,1 : coefficient = 15 (Berdahl and Martin, 1984)  [° h-1] 

Td : dew point temperature     [K] 

υ : hour from midnight     [h] 
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In recent decades, successful techniques have been developed to estimate the 

downwelling longwave radiation LWRd based on the near-surface humidity and air 

temperature (Cheng and Nnadi, 2014; Sridhar and Elliot, 2002). According to Rizou and 

Nnadi (2007), either air temperature or humidity parameters can capture all LWRd over a 

wide range of climatic conditions. This is because of the compensating effects of 

temperature and water vapour. In this regard, the equation for clear-sky LWRd can be 

expressed as (Jacobs et al., 2004; Iziomon et al., 2003): 

4
acsd TLWR  

       
(2.9) 

where, 

LWRd : downwelling longwave radiation  [W m-2] 

 εcs  : clear-sky atmospheric emissivity  [-] 

σ  : Stefan-Boltzmann constant = 5.67 ∙ 10-8 [W m-2 K-4] 

Ta : absolute air temperature   [K]
 

 

Under all-sky conditions (clear-sky and overcast), an effective atmospheric emissivity εa is 

very useful in the calculation of LWRd. Due to the presence of clouds, the clear-sky LWRd 

formulation requires appropriate modification (Jacobs et al., 2004; Iziomon et al., 2003). 

Thus, the all-sky LWRd can be expressed as (Choi et al., 2008; Dos Santos et al., 2011): 

4
aad TLWR  

       
(2.10) 

where, 

LWRd : downwelling longwave radiation  [W m-2] 

 εa  : effective atmospheric emissivity  [-] 

σ  : Stefan-Boltzmann constant = 5.67 ∙ 10-8 [W m-2 K-4] 

Ta : absolute air temperature   [K]
 

 

Various parameterizations to estimate the εa are found in the literature for different 

climatic conditions (Flerchinger et al., 2009). Other than the outside air temperature ϑo, 

the parameterizations require the vapor pressure ea to be known (Kimball et al., 1982). 

The value of ea can be computed as (Dingman, 2009): 
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where, 

ea  : water vapour pressure of air   [Pa] 

ϑo  : outside air temperature     [oC] 

RH  : relative humidity     [%] 

yp,1 : coefficient = 610.8 (Dingman, 2009)  [Pa] 

yc,3 : coefficient = 17.27 (Dingman, 2009)  [-] 

xa,3 : coefficient = 237.3 (Dingman, 2009)  [°C] 

y0 : coefficient = 100  (Kimball et al., 1982)  [%] 

 

2.4.2 Upwelling longwave radiation 

The radiation from the surface to the sky accounts for radiation exchange with the sky at 

a sky temperature Tsky rather than an ambient temperature Ta. The sky can be considered 

as a blackbody at some equivalent Tsky to account for the facts that the atmosphere is not 

at a uniform temperature and that the atmosphere radiates only in a certain wavelength 

band (Taha, 2003; Duffie and Beckman, 1991). Generally, the upwelling longwave 

radiation LWRu can be computed once the surface temperature Ts and emissivity εs are 

known. Some LWRu studies selected from the literature are given in Table 2.4. 

 

Table 2.4. Recent studies by different researchers on the upwelling longwave radiation. 

No. Area of application Cloudiness Temperature Reference 

1 Pine forest All-sky ✓ Kessler and Jaeger, 2003 

2 Plant ecophysiology - ✓ Jones et al., 2003 

3 Greenhouse surfaces - ✓ Taha, 2003 

4 Wetland evapotranspiration All-sky ✓ Jacobs et al., 2004  

5 Satellite-derived data Clear-sky ✓ Wang et al., 2009 

6 Surface radiation budget Clear-sky ✓ Wu et al., 2012 

 

All bodies emit radiation as a function of their temperature with both the energy emitted 

and its wavelength distribution changing with temperature according to the Stefan-

Boltzmann law and the Planck distribution function, respectively. The exterior surface 

exchanges longwave radiation with other elements such as sky, ground and other surfaces 
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like other buildings, shading devices as well as more distant objects like mountain slopes 

(Fig. 2.1). Vegetation cover also affects the influence of other surfaces (Evins et al., 2014).  

 

Fig. 2.1. Longwave radiation exchange processes at an exterior building surface 

(Source: Evins et al., 2014). 

 

The total energy emitted by a surface is a function of its temperature according to the 

Stefan-Boltzman law (Jones et al., 2003). The longwave radiation heat flux emitted by the 

exterior cover surface can be performed with the relation (Jones et al., 2003): 

4
ssu TLWR          (2.12) 

where, 

LWRu : upwelling longwave radiation   [W m-2] 

εs : surface emissivity    [-] 

σ  : Stefan-Boltzmann constant = 5.67 ∙ 10-8 [W m-2 K-4] 

Ts : cover surface temperature   [K] 

 

The view factor gives the fraction of the view from a base surface obstructed by a given 

other surface (Evins et al., 2014). It can be calculated numerically or analytically (Howell, 

1982). A horizontal surface can see the whole sky, hence it radiates to the whole sky and 

its view factor with respect to the sky Fsky is 1. For a non-horizontal surface (e.g. roof and 

wall), the view factor has to be used since this is less than one. A vertical surface (tilt angle 
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from the vertical plane Ф = 0°) will only see half of the sky. The radiation that leaves the 

inclined surface is either incident on the ground or it goes to the sky and according to 

Arora (2010), the following relation applies. 

1 skygnd FF         (2.13) 

where, 

Fgnd : view factor to the ground   [-] 

Fsky : view factor to the sky    [-] 

 

2.4.3 Solar radiation 

Solar radiation is the primary energy source of the earth-atmosphere system, which 

derives the formation and evolution of weather and climate processes (Bi et al., 2013; 

Yang et al., 2010). It is of economic importance to renewable energy alternative. The solar 

radiation reaching the earth’s surface depends on the climatic condition of the specific 

site location, and this is essential for accurate prediction and design of a solar energy 

system (Burari and Sambo, 2001). In the recent past, solar irradiances on both horizontal 

and inclined surfaces have been taken into consideration (Table 2.5).  

 

Table 2.5. Selected researches on solar radiation incident on various surfaces. 

No. Area of application Cloudiness Inclination Reference 

1 Radiation transmittance All-sky ✓ Pollet et al., 2002 

2 Pine forest All-sky - Kessler and Jaeger, 2003 

3 Evapotranspiration All-sky - Jacobs et al., 2004  

4 Correlation models All-sky - Jacovides et al., 2006 

5 Models - tilted surfaces All-sky ✓ Evseev and Kudish, 2009 

6 Surfaces: horizontal, tilted  - ✓ El-Sebaii et al., 2010 

7 Inclined surfaces - ✓ Ibrahim et al., 2011 

8 Solar collector and factors - ✓ Abdullah and Ali, 2012 

9 Model uncertainties All-sky - Gubler et al., 2012 

10 Semi-arid climate Clear-sky - Bi et al., 2013 

11 Complex topography All-sky ✓ Formetta et al., 2013 
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According to Garg and Prakash (2000) and Al-Ajlan et al. (2003), the solar radiation 

incident on external greenhouse surfaces can be broken down into three main 

components (Fig. 2.2): 

a) direct (beam) radiation emanating from the region of the sky near to the sun’s disc 

b) diffuse radiation from the sky vault 

c) radiation scattered or reflected by the ground 

 

Fig. 2.2. Solar irradiance components (Source: modified after Gulin et al., 2013). 

 

The solar radiation reaching the earth’s surface is expressed in terms of the solar constant, 

Isc. It is defined as the total radiation energy received from the sun per unit area in a unit 

time on the earth’s surface perpendicular to the sun’s rays at a mean distance of the earth 

from the sun (1.496 ∙ 108 km). The Isc is valued at 1367 W m-2 (Sukhatme, 2003; Iqbal, 

1983) and this is accepted by many standard organizations including the American Society 

for Standards and Measurement (ASTM). Although the National Oceanographic and 

Atmospheric Administration (NOAA) uses a value of 1376 W m-2, the fluctuations are 

normally small (Howell et al., 2011). Due to the elliptical orbiting of the earth around the 

sun, the distance between the earth and the sun fluctuates annually and this makes the 

amount of energy received on the earth’s surface fluctuate in a manner given by (Duffie 

and Beckman, 1991): 
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where, 

In  : extraterrestrial radiation on a plane normal to the radiation [W m-2] 

Isc  : solar constant = 1367 (Sukhatme, 2003; Iqbal, 1983)  [W m-2] 
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yc,4  : coefficient = 0.033 (Duffie and Beckman, 1991)  [-] 

xr,1  : coefficient = 360 (Duffie and Beckman, 1991)   [°] 

xn,1  : coefficient = 365 (days in a year) (Duffie and Beckman, 1991) [day] 

nd   : day of the year       [day] 

 

The value of nd ranges from 1 (on 1st January) to 365 or 366 (on 31st December). 

 

Hourly global radiation on horizontal surfaces are available for many stations, but 

relatively few stations measure the hourly diffuse radiation (Abdullah and Ali, 2012; 

Ibrahim et al., 2011; El-Sebaii et al., 2010; Wong and Chow, 2001). The hourly 

extraterrestrial solar radiation on a horizontal surface Ie,h for a period defined by hour 

angles ω1 and ω2 (where ω2 is larger than ω1) can be calculated using the following 

equation (El-Sebaii et al., 2010; Duffie and Beckman, 1991): 
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where, 

Ie,h : extraterrestrial radiation on a horizontal surface  [W m-2] 

In : extraterrestrial radiation on a plane normal to the radiation [W m-2] 

yc,5 : coefficient = π = 3.142 (Duffie and Beckman, 1991)  [-] 

xr,2 : coefficient = 180  (Duffie and Beckman, 1991)   [°] 

φ : latitude        [°] 

δ  : angle of declination      [°] 

ω1 : hour angle at time 1      [°] 

ω2 : hour angle at time 2      [°] 

    

The angle of declination δ can be evaluated from the following expression (Sukhatme, 

2003; Ezekoye and Enebe, 2006): 
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where, 

δ  : angle of declination     [°] 

xr,3   : coefficient = 23.45 (earth’s tilt) (Sukhatme, 2003) [°] 
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xr,1   : coefficient = 360  (Sukhatme, 2003)   [°] 

xn,2   : coefficient = 284  (Sukhatme, 2003)   [day] 

xn,1   : coefficient = 365  (days in a year) (Sukhatme, 2003) [day] 

nd  : day of the year      [day] 

 

The hour angle ω is computed as a function of the hour of the day in 24 hour time Ht as 

(Abdullah and Ali, 2012; Sukhatme, 2003): 
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(2.17) 

where, 

ω : hour angle      [°] 

Ht : hour time      [h] 

xt,1 : coefficient = 12 (Abdullah and Ali, 2012)  [h] 

xt,2 : coefficient = 24 (Abdullah and Ali, 2012)  [h] 

xr,1 : coefficient = 360  (Sukhatme, 2003)   [°] 

 

This means that the hour angle has a negative value before local solar noon, a positive 

value after local solar noon and is zero at local solar time (Abdullah and Ali, 2012). 

According to Honsberg and Bowden (2012), the local solar time (LST) can be found by 

using two corrections to adjust the local time (LT). 

  
3,tx

TC
LTLST 

       
(2.18)

 

where, 

LST : local solar time      [h] 

LT : local time      [h] 

TC : time correction factor     [min] 

xt,3 : coefficient = 60 (Honsberg and Bowden, 2012) [min h-1] 

 

The time correction factor (TC) accounts for the variation of the LST within a given time 

zone due to the longitude variations within the time zone (Duffie and Beckman, 1991; 

Goswami et al., 2000; Honsberg and Bowden, 2012) and also incorporates the equation of 

time (EoT). 
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  EoTLLxTC locstd  1

2, )(
     

(2.19)
 

where, 

TC : time correction factor     [min] 

xd,2 : coefficient = 4 (Goswami et al., 2000)   [° min-1] 

Lst : standard meridian for local time zone   [°] 

Lloc  : longitude of the location    [°] 

EoT : equation of time     [min] 

 

The EoT is calculated from the following expression (Honsberg and Bowden, 2012): 

  
     BxBxBxEoT mmm sincos2sin 3,2,1, 

  
(2.20)

 
 

The coefficient B is given by (Honsberg and Bowden, 2012): 
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where, 

EoT : equation of time     [min] 

B : coefficient (Honsberg and Bowden, 2012)  [°] 

xm,1 : coefficient = 9.87 (Honsberg and Bowden, 2012) [min] 

xm,2 : coefficient = 7.53 (Honsberg and Bowden, 2012) [min] 

xm,3 : coefficient = 1.5 (Honsberg and Bowden, 2012) [min] 

xr,1  : coefficient = 360 (Honsberg and Bowden, 2012) [°] 

xn,1  : coefficient = 365 (days in a year) (Sukhatme, 2003)  [day] 

nd  : day of the year      [day] 

xn,3  : coefficient = 81 (Honsberg and Bowden, 2012) [day] 

 

An overview of the solar angles involved in calculating the amount of solar irradiance on 

tilted surfaces is shown in Fig. 2.3. The angle of incidence θ for a surface inclined to the 

south towards the equator (northern hemisphere) is dependent on the inclination angle 

(Twidell and Weir, 2005). The zenith angle θz is the angle between the line that points to 

the sun and the vertical. At solar noon θz is zero, while in the sunrise and sunset this angle 

is 90°. The solar azimuth angle γ is the deviation of the projection on a horizontal plane of 

the normal to the surface from the local meridian, with zero due south, east negative and 



Literature Review  20 
 

west positive (Sahin and Sen, 2008). This angle is only measured in the horizontal plane 

and thus neglects the height of the sun. The solar altitude α (also known as solar elevation 

angle) is the angle between the horizon and the centre of the sun’s disc. 

 

Fig. 2.3. Detailed description of solar angles for a tilted surface (Source: modified after 

Twidell and Weir, 2005). 

 

The angle of incidence, the solar altitude, the zenith angle and the solar azimuth angle are 

generally expressed as (Yang et al., 2012; Shamim et al., 2015; Twidell and Weir, 2005; 

Bolsenga, 1979): 
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where, 

θ : angle of incidence    [°] 

θz : zenith angle     [°] 

α : solar altitude     [°] 
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γ : solar azimuth angle    [°] 

δ  : angle of declination    [°] 

φ : latitude      [°] 

β : inclination angle     [°] 

ω : hour angle     [°] 

 

This implies, therefore, that the zenith angle θz and the solar altitude α are related as: 

  zrx   4,         
(2.26)

 

where, 

α : solar altitude     [°] 

xr,4 : coefficient = 90° (vertical plane)  [°] 

θz : zenith angle     [°] 

 

If latitude and declination are known, the day length can be calculated as (FAO, 1998):
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where, 

Ld : day length     [h] 

xt,2 : coefficient = 24 (FAO, 1998)   [h] 

xr,2 : coefficient = π rad = 180° (FAO, 1998)  [°] 

ωs : sunset hour angle    [°] 

 

The hourly clearness index Ic is another critical parameter and can be estimated as the 

ratio of global radiation on the horizontal surface Ig,h to the extraterrestrial radiation on 

the horizontal surface Io (El-Sebaii et al., 2010; Abdullah and Ali, 2012): 

he

hg

c
I

I
I

,

,


        
(2.28) 

where, 

Ic : clearness index      [-] 

Ig,h : global solar radiation on a horizontal surface  [W m-2] 

Ie,h : extraterrestrial radiation on a horizontal surface [W m-2] 
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The diffuse radiation Id,h is that portion of solar radiation that is scattered downwards by 

the molecules in the atmosphere. The hourly values of Id,h can be calculated as (Miguel et 

al., 2001): 
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(2.29) 

where, 

Id,h : diffuse radiation on a horizontal surface [W m-2] 

Ig,h : global solar radiation on a horizontal surface [W m-2] 

Ic : clearness index     [-] 

 

The beam radiation Ib,h reaching a unit area of a horizontal surface on the earth in the 

absence of the atmosphere can be expressed by (Ibrahim et al., 2011): 

hdhghb III ,,,         (2.30) 

where, 

Ib,h : beam radiation on a horizontal surface  [W m-2] 

Ig,h : global solar radiation on a horizontal surface [W m-2] 

Id,h : diffuse radiation on a horizontal surface [W m-2] 

 

2.4.4 Net Radiation 

Net radiation is the difference between the energy received and the energy lost by 

radiation (Hanan, 1997). It is a critical component of the surface energy budget and is an 

essential variable for understanding the interaction between surfaces and the 

atmosphere (Choi, 2013; Brutsaert, 1975; Sugita and Brutsaert, 1993; Crawford and 

Duchon, 1999; Offerle et al., 2003). During the day, the sun which generally provides a 

large amount of radiation assures a net gain of energy, because the losses are much 

smaller. This net gain of energy causes a subsequent greenhouse air temperature rise. 

However, at night, the warm masses within the greenhouse (earthen floor, concrete paths, 

metal benches, plants, etc) produce significant radiation losses to the colder outdoor 

environment. The net energy loss is caused by transmission of infrared and thermal 

radiation through the cover, as well as emission of radiation from the cover to the cold 
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sky. The amount of this radiation energy loss depends, not only on the properties of the 

cover, but also on the temperature of the cover, and the atmospheric conditions (Hanan, 

1997; Giacomelli and Roberts, 1998). 

 

Under daytime and nighttime situations, the net radiation of the greenhouse is important 

for evaluation of the greenhouse energy situation (Hanan, 1997). A combination of night 

sky conditions (e.g. cloudiness, atmospheric emissivity, relative humidity) and the location 

of adjacent surfaces (such as other greenhouses or buildings) can directly affect the net 

radiation losses. For a dry greenhouse system (with no plants), energy balance requires 

knowledge of air exchange rate. The determination of the air exchange rate due to leaks 

in a greenhouse is possible with a tracer gas (Tantau, 2013). The overall heat transfer 

coefficient (Ucs-value) is of greater importance in the assessment of energy balance at the 

greenhouse surfaces. Past research has focused on the net radiative flux over many 

surfaces including greenhouses. Some of the selected studies are summarized in Table 2.6. 

However, a few of these studies have taken into account the Ucs-value of the system. 

 

Table 2.6. Some past researches on surface net radiation and energy balance. 

No. Area of application 
Orientation/ 

Inclination 

Ucs-value 

effect 
Reference 

1 Snow surface - - Ambach, 1974 

2 Energy consumption ✓ ✓ Jolliet et al., 1991 

3 Topographic effects ✓ - Nie et al., 1992 

4 Greenhouse design ✓ - Gupta and Chandra, 2002 

5 Pine forest - - Kessler and Jaeger, 2003 

6 Cooled greenhouse ✓ ✓ Abdel-Ghany and Kozai, 2006 

7 Unheated greenhouse ✓ - Mesmoudi et al., 2010 

8 Thermal performance ✓ - Berroug et al., 2011 

9 Radiation balance - - Ferreira et al., 2012 

10 Thermography ✓ ✓ Lehmann et al., 2013 

11 Building surfaces ✓ - Evins et al., 2014 
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2.5 Modelling of Convective Heat Exchange at Greenhouse Surfaces 

Convection refers to the heat transfer process between the surface and the surrounding 

air (Mammeri et al., 2015). The convective heat transfer occurs in two ways: the natural 

convection caused by the temperature gradient between the exterior surface and the 

outdoor air, and the forced convection caused by the pressure gradient due to the 

prevailing outside wind (Liu and Harris, 2013). The convective heat transfer coefficient Ucv 

for a greenhouse covering is the heat flux density of the covering to its surroundings 

induced by a unit temperature difference between the covering and the air remote from 

the covering (Papadakis et al. 2000). Heat transfer by convection includes not only the 

movement of air but also the movement of water vapor (Worley, 2014). 

 

According to Mesmoudi et al. (2010), a more accurate determination of the convective 

heat transfer coefficient Ucv at the outside cover of the greenhouse would require an 

expression which takes into account not only the effect of the wind but also the flow 

regime and the effect of the temperature difference when the wind speed is low. In this 

prospect, the following expression seems more adapted (Mesmoudi et al., 2012): 

c
cv vbbU  10        (2.31) 

where: 

Ucv  : convective heat transfer coefficient  [W m-2 K-1] 

b0, b1 : coefficients determined experimentally [-] 

c : coefficient determined experimentally [-] 

v  : wind speed     [m s-1] 

 

The parameter Ucv depends on convection modes and flow types (laminar or turbulent) 

and is deduced from the appropriate Nusselt number (Nu) according to the laminar 

boundary layer theory (Holman, 1986) and this is expressed as: 

L

 k
h a

cv

Nu
         (2.32) 

where: 

ka  : thermal conductivity of air   [W m-1 K-1] 

L  : characteristic length of the solid surface [m] 

Nu : Nusselt number    [-] 
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The characteristic length is related to the shape of the object and measures the length of 

the surface covered by the laminar flow. For the greenhouse cover, the roof slope length 

(length of glass panes or any other cover material) is generally used (Roy et al., 2002). The 

greenhouse cover exchanges energy at the inner surface to the greenhouse air and to 

outside air at the outer surface. The ratio between Gr (Grashof) and Re (Reynolds) 

numbers indicates whether the exchange is due to natural or forced convection. Local air 

velocities inside the greenhouse are in the order of 0.1 m s-1 (Re ≈ 104) and the 

temperature differences of about 10 K (Gr ≈ 1010) and therefore natural convection is the 

prevailing form of heat transfer (Bot and van de Braak, 1995). Under natural (free) 

convection mode, heat transfer takes place through the fluid motion induced by 

temperature gradients (Roy et al., 2002). A few of the existing Ucv models are presented in 

Table 2.7. 

 

Table 2.7. List of empirical formulae for convective heat transfer coefficients between the 

exterior cover surface and the air according to different authors. 

Surface conditions Source Equation No. 

Greenhouse surface Kanthak (1970) 72.0
1, vyU ucv   (2.33) 

Tunnel-type greenhouse 

(PE – polyethylene film) 

Garzoli and Blackwell 

(1981) 

1,1, uwcv xvxU   (2.34) 

Venlo-type greenhouse
 

Bot (1983) 2,2, uwcv xvxU   (2.35) 

Building surfaces
 

Sharples (1984) 3,3, uwcv xvxU   (2.36) 

Tunnel-type greenhouse 

(PE cover film) 

Kittas (1986) 8.0
3,2,

4
1

)( vyTyU uasucv  

 

(2.37) 

Twin-span greenhouse (PE 

cover film; v ≤ 6.3 m s-1) 

Papadakis et al. 

(1992) 

4,
49.0

4, uucv xvyU 
 

(2.38) 

Walls of low-rise buildings Emmel et al. (2007) 71.0
105, vyU ucv 

 
(2.39) 

Greenhouses in humid 

regions 

Suhardiyanto and 

Romdhonah (2008) 

5,
33.0

6, uucv xvyU 
 

(2.40) 

Roof wind speed
 

Liu and Harris (2013) 6,4, uwcv xvxU   (2.41) 

Wall wind speed Liu and Harris (2013) 7,5, uswcv xvxU   (2.42) 
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where, 

Ucv : convective heat transfer coefficient [W m-2 K-1] 

v : local wind speed [m s-1] 

v10 : wind speed at 10 m above the ground [m s-1] 

vs : wind speed close to the wall surface [m s-1] 

ΔTs-a : surface-to-air temperature difference [K] 

yu,1 : coefficient = 4.17 (Kanthak, 1970) [W s0.72 m-2.72 K-1] 

xw,1 : coefficient = 3.8 (Garzoli and Blackwell, 1981) [W s m-3 K-1] 

xu,1 : coefficient = 7.2 Garzoli and Blackwell (1981) [W m-2 K-1] 

xw,2 : coefficient = 1.2 (Bot, 1983) [W s m-3 K-1] 

xu,2 : coefficient = 2.8 (Bot, 1983) [W m-2 K-1] 

xw,3 : coefficient = 1.7 (Sharples, 1984) [W s m-3 K-1] 

xu,3 : coefficient = 5.1 (Sharples, 1984) [W m-2 K-1] 

yu,2 : coefficient = 1.32 (Kittas, 1986) [W m-2 K-1.25] 

yu,3 : coefficient = 3.12 (Kittas, 1986) [W s0.8 m-2.8 K-1] 

yu,4 : coefficient = 6.76 (Papadakis et al., 1992) [W s0.49 m-2.49 K-1] 

xu,4 : coefficient = 0.95 (Papadakis et al., 1992) [W m-2 K-1] 

yu,5 : coefficient = 4.78 (Emmel et al., 2007) [W s0.71 m-2.71 K-1] 

yu,6 : coefficient = 1.84 (Suhardiyanto and Romdhonah, 2008) [W s0.33 m-2.33 K-1] 

xu,5 : coefficient = 1.78 Suhardiyanto and Romdhonah (2008) [W m-2 K-1] 

xw,4 : coefficient = 1.825 (Liu and Harris, 2013) [W s m-3 K-1] 

xu,6 : coefficient = 2.815 (Liu and Harris, 2013) [W m-2 K-1] 

xw,5 : coefficient = 5.67 (Liu and Harris, 2013) [W s m-3 K-1] 

xu,7 : coefficient = 3.25 (Liu and Harris, 2013) [W m-2 K-1] 

 

Generally, forced convection is expected at the outside due to air velocities generated by 

the wind field (van de Braak, 1995). According to previous studies, the variation in the 

convective heat transfer models depended on the greenhouse geometry (Suhardiyanto 

and Romdhonah, 2008). 

 



Research Objectives  27 
 

3 RESEARCH OBJECTIVES 

Accurate and detailed prediction of heat consumption of greenhouses is necessary in 

modern protected cultivation. For this purpose, an accurate and reliable greenhouse-sky 

heat transfer model is required. Most researches have not studied in detail the thermal 

radiation exchange under both day and night situations. None of these researches 

considered factors like the cover surface components (cover material and glazing bars), 

surface orientation, inclination angle and prevailing climatic factors (especially cloudiness 

and rain). Thus, the available models until now are not entirely useful in practical 

situations. The main objective of this study is therefore to model the thermal radiation 

exchange between the glass-covered greenhouse surfaces and the sky considering 

representative test conditions. 

 

To achieve this goal, the specific objectives of this study are as follows: 

a) To determine the influence of glass-covered greenhouse surface inclination and 

orientation on the exterior thermal radiation exchange. 

b) To model the individual or combined effects of different climatic variables and 

design factors on the thermal radiation exchange. 

c) To establish the significance of the thermal radiative heat transfer coefficient in 

the overall heat transfer coefficient (Ucs-value) model which is used today. 
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4 MATERIALS AND METHODS 

4.1 General 

4.1.1 Overview 

A summarized representation of the parameters and factors considered in this study is 

presented in Fig. 4.1. It applies to the external greenhouse cover surface and its exchange 

of thermal radiation with the sky. Glass and steel glazing bars constituted the cover 

surface components of the developed big south-facing thermal box. With this information, 

the developed radiation models were tested and compared with the measurements from 

the experimental setup under both day and night situations. The nighttime measurements 

were utilized to understand the influence of the radiative heat transfer coefficient on the 

overall heat transfer coefficient (Ucs-value). The same cover design parameters were 

applied for the miniaturized thermal boxes (oriented to south, west, north and east) in 

determining the surface inclination and orientation effects on the radiation exchanges. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.1. Parameters and factors related to the thermal radiation exchange at greenhouse 

surfaces. 
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Heating of the big south-facing thermal box was necessary at night and the experiments 

were therefore done during winter periods (2013/2014 and 2014/2015). The developed 

system was placed outdoors at the Biosystems Engineering Section, Institute of 

Horticultural Production Systems, Leibniz Universität Hannover (52.39° N, 9.706° E and 

altitude 52.3 m above mean sea level (AMSL)). This measurement site is located in Lower 

Saxony, Germany. The city of Hannover lies in the north of Germany (Fig. 4.2). This helped 

in understanding the influence of atmospheric conditions such as air temperature, wind 

speed and direction, relative humidity, cloudiness and rain on the determined Ucs-value. 

During the spring period of 2014, the measurement data was used in validating the solar 

radiation models. Some of the parameters were also applied in checking the effects on 

the thermal radiation exchange brought about by the cover surface inclination and 

orientation. This required nighttime data from the four miniaturized thermal boxes during 

the months of October 2014 to March 2015. 

 

Study site in Hannover, Germany 

 

Fig. 4.2. Study location on the map of Germany (Source, right map: Lonely Planet, 2015). 

 

The Ucs-value consists of the heat transfer coefficients due to transmission through the 

material U and that due to air leakages Ul. Through the schematic diagram (Fig. 4.3), the 

radiative heat transfer coefficient Ulir and the convective heat transfer coefficient Ucv can 

be associated to other parameters or effects. It is a representation of the heat transfers 

inside and outside a greenhouse. This scheme was necessary to identify the key 

parameters which influence the thermal radiation models and ultimately establish the 

interactions between the Ulir and the Ucv. 
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Fig. 4.3. Schematic of the heat transfer coefficients and the related parameters. 

 

4.1.2 Calibration and preliminary tests 

Initially, precalibration checks on the net radiometers were carried out before the actual 

measurements began. A newly acquired CNR 4 net radiometer was used to calibrate the 

240-8110 net radiometer models. This was done to ascertain the estimated sensitivity 

values of these measuring instruments. Signal outputs from the radiometers were 

obtained in form of millivolts (mV) using a 6.5 digit precision multimeter (Fluke 8846A, 

USA). A desired response time of about 45 seconds was considered in order to achieve 

reliable data (Kipp & Zonen, 2009). 

 

In order to establish the optimal positioning of the net radiometer from the cover surface, 

a setup with two aluminium plates was used for the study (Fig. C1, Appendix C). The 

schematic setup had a provision to vary the vertical height between the plates. The plates 

measured 0.5 m long, 0.5 m wide and 0.0025 m thick. Thermal radiation measurement is 

strongly temperature-dependent and high temperature difference is therefore necessary 

for better analysis of radiation effects. Thus, the lower plate was heated to approximately 

65 °C using a Haake thermostat (Berlin, Germany). On the other hand, the upper plate 

was cooled to about 18 °C using the copper plate attached to the thermocouples. 



Materials and Methods  31 

Aluminium surfaces are so shiny and thus reflective in the infrared such that accurate 

temperature measurements are not possible. For this reason, a black paint (einzA 

Schultafellack, Germany) was evenly applied on the plate surfaces to avoid reflection 

effect during the experiment. The vertical height between the plates was subjectively set 

at 0.35 m, 0.50 m and 0.65 m. In addition, the position of the net radiometer was varied 

at a vertical distance H1 from the lower hot plate and a distance H2 from the upper cold 

plate (Fig. 4.4). The net radiation measurements above the surface of interest were 

similarly obtained using the precision multimeter. 

H2

H1

Precision multimeter

Net radiometer

Cold plate, Tc

Hot plate, Th
 

Fig. 4.4. Schematic showing the positioning of the net radiometer from the aluminium 

cold and hot plates. 

 

4.2 Big Thermal Box Experiments  

4.2.1 Big south-facing thermal box 

A developed thermal box (Fig. 4.5) was used to represent conditions similar to those of 

real greenhouses. The box measured 2.4 m long, 1.9 m wide and 1.2 m high. It was 

inclined at 26.5° from the horizontal and oriented with the south-facing direction. The 

provision for mounting the cover material in the hinged lid measured 2 m long by 1.5 m 

wide. The cover surface is the top part of the box enclosure representing a dry 
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greenhouse (with no plants). A 4 mm float glass was used as the cover material with steel 

glazing bars being incorporated on the surface design to reinforce the glass. The area 

under glass and glazing bars amounted to 86 % and 14 %, respectively. An infrared 

thermal camera (Varioscan 3022, Jenoptic Laser, Jena, Germany) was useful for external 

inspection of the cover surface. 

 

Fig. 4.5. South-facing thermal box for thermal radiation exchange measurements. 

 

Heating elements (type 01.123: 800 W, Cr/Ni tubes, 6.9 mm diameter and 1.11 m length; 

type 02.251: 2000 W, Cr/Ni tubes, 8.5 mm diameter and 1.11 m length) were used to 

provide a heat distribution inside the box. Base plate and side walls of the developed 

system were made from 0.2 m thick sandwich insulation panels (ESP 040, UNIDEK 

GEFINEX GmbH, Steinhagen, Germany). The inner and outer surfaces of the system were 

lined with white lacquered aluminium sheets. To increase the reflection of longwave 

thermal radiation, an additional cover of unlacquered aluminium sheet was added on the 

interior walls (Max et al., 2012). The overall heat transfer coefficient (Ucs-value) 

measurement was conducted using this system (Langner and Rath, 2014) which was 

further implemented into the HORTEX tool (Rath, 1992). To avoid interference from solar 

radiation, the measurements were carried out at night (Tantau, 2013). A calibrated power 
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meter (EEM12-25 A, ShellCount, Ahrensburg, Germany) with accuracy of ±1 % was 

installed in the box to record the energy consumption during heating of the system. 

Additionally, a 1 m2 wet felt mat was placed inside the box to generate condensation on 

the interior glass surface and thereby simulate crop transpiration (Max et al., 2012). 

 

4.2.2 Measurement of parameters 

4.2.2.1 Net radiation 

Net radiation between the glass-covered surface and the sky was measured using net 

radiometers (Fig. 4.6). A CNR 4 net radiometer (Kipp & Zonen, Delft, The Netherlands) was 

the main instrument used in the radiation balance measurement. The CNR 4 design was 

such that both the upward facing and downward facing instruments measured the energy 

that was received from the whole hemisphere. The temperature sensors incorporated in 

the CNR 4's body near the pyrgeometer sensing element measured its temperature, 

which was taken into account in correcting the measured longwave irradiance (Kipp & 

Zonen, 2009). In order to obtain average net radiation values at the surface, four readily 

available 240-8110 net radiometers (Schenk, Vienna, Austria; NovaLynx Corporation, 

California, USA) were also utilized in the investigation. The 240-8110 net radiometer 

model is an instrument for direct and instantaneous determination of net radiation 

(difference between incident and reflected radiation) in short and long wavelength ranges. 

The receiver plate facing up measures shortwave global radiation and longwave radiation 

of the atmosphere according to its temperature. The receiver plate facing down measures 

reflected shortwave radiation and longwave radiation according to the temperature 

emitted by the surface beneath the sensor. Both of the receiver plates are electrically 

cross connected, thus, a direct determination of net radiation is possible. 

 

Fig. 4.6. CNR 4 (left) and 240-8110 (right) net radiometers used in thermal radiation 

exchange measurements (Sources: Kipp & Zonen, 2009; NovaLynx, 2013). 
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The key specifications of the net radiometers used in this study are presented in Table 4.1. 

The two radiometer models (240-8110 and CNR 4) are intended for continuous outdoor 

use. Generally the accuracy of the CNR 4 is higher than that of competitive net 

radiometers (Kipp & Zonen, 2009). The connector with the 4 sensor outputs is indicated 

with an S on the back of the CNR 4 while the temperature connector is indicated with a T 

(Fig. C2, Appendix C). 

 

Table 4.1. Specifications of the net radiometers used in the measurement. 

Specifications Unit 
240-8110 net 

radiometer 

CNR 4 net radiometer 

Pyranometer Pyrgeometer 

Spectral sensitivity μm 0.3 - >30 0.3 - 2.8 4.5 - 42 

Measurement range W m-2 0 - 1500 0 - 2000 -250 - 250 (net) 

Response time s <25 <18 <18 

Cosine response % <5 <2 <2 

Linearity % <2 <1 <1 

Sensitivity μV W-1 m-2 15 10 - 20 5 - 15 

Impedance Ω 5 50 (20 - 200) 50 (20 - 200) 

Ambient temperature oC -40 - 60 -40 - 80 -40 - 80 

Temperature effect % <2 (-20 - 40 oC) <4 (-10 - 40 oC) <4 (-10 - 40 oC) 

Non-stability % <3 <1 <1 

(Sources: Kipp & Zonen, 2009; NovaLynx, 2013) 

 

To keep the inner sensor compartment free from moisture, the 240-8110 net radiometer 

uses silica gel in a desiccant tube while the CNR 4 design has a drying cartridge. Horizontal 

adjustment for the 240-8110 model is permitted by the two bull’s-eye levels while the 

CNR 4 model has one level with a bubble level sensitivity of < 0.5° (bubble half inside ring). 

 

The calibration of the four-channel CNR net radiometer was done by the manufacturer 

and the certificate was supplied with the instrument. The sensitivity values of the upper 

and the lower sensors of the longwave detector (pyrgeometer) were 7.31 μV W-1 m-2 and 

9.71 μV W-1 m-2, respectively. For the shortwave detector (pyranometer), the sensitivity 
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values of the upper and the lower sensors were 13.58 μV W-1 m-2 and 10.83 μV W-1 m-2, 

respectively. The spectral properties of the pyrgeometer are mainly determined by the 

properties of the absorber paint and the silicon window (Fig. C3, Appendix C). The silicon 

window is coated on the inside with an interference filter, which blocks the solar radiation. 

Theoretically, this sensitivity equals the spectral selectivity of the total instrument (Kipp & 

Zonen, 2009). The measurement of the radiation falling on a surface requires that the 

sensor has to comply with the cosine response. Between 0° and 90°, the sensitivity should 

be proportional to the cosine of the angle of incidence. The spectral properties of the 

pyranometer are mainly determined by the properties of the absorber paint and the glass 

dome (Fig. C4, Appendix C). The pyranometer generates a millivolt (mV) signal that is 

simply proportional to the incoming solar radiation. The pyranometer irradiance is 

expressed as (Kipp & Zonen, 2009): 

S

V
Q

emf

SW 
        

(4.1)
 

where, 

QSW : pyranometer irradiance   [W m-2] 

Vemf : output voltage     [μV] 

S : sensitivity     [μV W-1 m2] 

 

The signal that is generated by the pyrgeometer represents the exchange of far infrared 

(thermal) radiation between the pyrgeometer and the object that it is facing. The 

calculation of the far infrared irradiance is done according to the following equation (Kipp 

& Zonen, 2009): 
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emf
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where, 

QLW : pyrgeometer irradiance   [W m-2] 

Vemf : output voltage     [μV] 

S : sensitivity     [μV W-1 m2] 

σ : Stefan-Boltzmann constant = 5.67 ∙ 10-8 [W m-2 K-4] 

Tb : pyrgeometer body temperature  [K] 
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The CNR 4’s body temperature Tb was measured with an in-built Pt-100 using the 4-wire 

mode as this compensates for longer wires. To obtain a signal from the Pt-100, a current 

of about 1 mA is fed through two wires on either side of the Pt-100. The voltage that is 

generated was measured using the other pair of wires which are connected in parallel 

with the Pt-100. Tb was then computed as (Kipp & Zonen, 2009): 
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(4.3) 

where, 

Tb : body temperature of CNR 4 net radiometer  [K] 

R : thermistor resistance     [Ω] 

αpt  : constant = 3.908 ∙ 10-3 (Kipp & Zonen, 2009)  [-] 

βpt : constant = -5.8019 ∙ 10-7 (Kipp & Zonen, 2009) [-] 

xtr : coefficient = 100 (Kipp & Zonen, 2009)  [Ω] 

ck : coefficient = 273.15 (Celsius to Kelvin)  [K] 

 

4.2.2.2 Temperature 

The air and surface temperatures (for glass and glazing bars) were measured with the 

precision temperature sensors (TS-NTC-104, Hygrosens, Germany). These sensors have a 

wide temperature range of -60 °C to 150 °C and with an accuracy of ± 0.12 K at 25 °C. In 

the temperature range of -60 °C to 85 °C, the maximum error is around ± 0.5 K. In 

comparison to other temperature sensors, the type used offers a substantially higher 

sensitivity and thus the desired accuracy. Due to its miniaturized dimensions (3.8 mm by 

2.8 mm by 17 mm), low thermal mass and high upward gradient enables simple 

evaluation circuits. A small measuring current of about 0.15 mA was supplied due to its 

high impedance and thus the energy consumption is minimized in its application. The 

sensor also has a fast response time of 15 seconds. The sensors were glued to the surface 

using a 2-component epoxy resin adhesive (UHU plus endfest 300, Bühl/Baden, Germany) 

which works within 90 minutes although the setting time and final strength depend on 

the temperature. 
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Since all the data were to be relayed to a single recording point, a 4-wire method (also 

called Kelvin method) was used specifically for temperature measurement. This method 

of measurement provides the highest accuracy, since it fully compensates for cable wire 

resistances. For temperature measurement inside each of the miniaturized thermal boxes, 

the NTC sensor was situated at a height of about 20 cm above the aluminium sheet which 

was attached to the heating pad. In every situation, the air temperature adjacent to the 

measurement site was always included during the data recording. 

 

4.2.2.3 Wind speed and direction 

Outdoor wind speed and direction were measured with the Gill UVW anemometer (model 

08254, R. M. Young Company, Michigan, USA). It is a three component wind instrument 

for direct measurement of the U, V and W orthogonal wind vectors (Fig. 4.7). Three 

propeller anemometers are mounted at right angles to each other on a common mast 

with spacing to minimize wake effects. 

 

Fig. 4.7. The Gill UVW anemometer with three propellers on a common vertical mast 

(Source: Manual PN 27005-90, 1994). 

 

The individual anemometers are low threshold precision air speed measuring sensors 

using fast response helicoid propellers. In each anemometer, a tachometer-generator 

coupled to the propeller shaft converts propeller rotation to a DC voltage which is linearly 
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proportional to wind velocity. The horizontal U and V anemometers produce a positive 

output voltage with wind flow from the front of the sensor (counterclockwise propeller 

rotation) and a negative voltage with wind flow from behind. The socket for the vertical W 

anemometer is wired such that the output is negative for downdrafts and positive for 

updrafts.  

 

According to the Manual PN 27005-90 (1994), the wind speed was computed from the 

following calibration formula: 

pw Vxv 
        

(4.4)
 

where, 

v : wind speed     [m s-1] 

xw : coefficient = 0.018 (PN 27005-90, 1994) [m s-1 mV-1] 

Vp : output voltage of a propeller anemometer [mV] 

 

The propeller response as a function of wind angle approximates the cosine law, allowing 

true wind velocity and direction to be calculated (Fig. C5, Appendix C). Thus, the 

instrument may be oriented such that the sensor faces the prevailing wind or direction of 

primary interest. This minimizes non-cosine response errors and has the shortest effective 

distance constant. It also minimizes possible wake effect errors (Manual PN 27005-90, 

1994). However, cosine correction factors are available (Table B1, Appendix B) depending 

on the angle between the propeller axis and the wind vector. 

 

4.2.2.4 Cloudiness factors 

Various attempts have been made to quantify cloud cover in numerical weather 

prediction models. The improvements of analyses and forecasts is small, yet the authors 

consider the procedure promising (van der Veen, 2013; Vukicevic et al., 2004; Bayler et al., 

2000). Cloudiness influences the weather on earth in general and especially longwave 

radiation emitted by the atmosphere downward to the earth’s surface. Precise estimation 

of cloudiness is therefore important for numerous applications in agriculture and 

horticulture requiring rainfall, surface radiation and energy balance. 
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The cloudiness factor C is a very important parameter in the longwave radiation exchange 

(Ronoh and Rath, 2015a). This was established using two approaches (Table 4.2). Firstly, 

the weather maps were acquired from the web service Weather Online 

(www.wetteronline.de) at intervals of 5 minutes. These maps provide sufficient 

weather elements over a geographical area at a specified time. Secondly and for purposes 

of comparison, cloud cover in octas (eighths) was also obtained from the German 

Weather Service (www.dwd.de). The hourly octa values rely on visual inspection of the 

sky by experienced weather watchers and express the number of eighths of the sky that is 

cloud-covered. Based on these octa values (ranging from 0 to 8), a cloudiness factor Coctas 

(ranging from 0 to 1) was then attained. For both cases, the hourly means were computed 

and used in the analysis. 

 

Table 4.2. Approaches considered in prediction of the cloudiness factors. 

No.  Approach Frequency Technique Source 

1 Weather watcher 

(octas) 

Once per 

hour 

Manual 

inspection 

www.wetteronline.de 

2 Weather maps* Every 5 

minutes 

Computer-based 

image analysis 

www.dwd.de 

*Weather maps: satellite images; located in Hannover-Langenhagen Airport, Germany; 

resolution of 1.25 miles per pixel (2 km per pixel) 

 

Within a given region, the weather map shows the cloud cover intensity and distribution. 

It also shows whether rain or snow is falling (Fig. 4.8). A green background on the map 

characterizes a clear-sky condition. The intensity of white, blue and pink colours vary 

depending on the occurrence of cloudiness, rain and snow, respectively. 
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Fig. 4.8. Weather maps: (a) green background (clear-sky), (b) white showing clouds 

distribution and intensity, (c) blue representing rain, and (d) pink indicating presence of 

snow (Source: www.wetteronline.de). 

 

A computer vision-based algorithm (Appendix D) was developed in Halcon 11.0 (HALCON 

11.0.3, 2012) which identifies selected regions of interest on the maps and calculates the 

cloudiness situation at a given location, thus yielding a cloudiness factor Cmaps. Halcon is 

generally a comprehensive standard software for machine vision with an integrated 

development environment that is used worldwide. Fig. 4.9 summarizes the procedure and 

the operators used in the developed algorithm. 

 

 
 

Fig. 4.9. Procedure overview for the image analysis with Halcon 11.0. 

 

(a) (b) 

(c) (d) 
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Three rectangles were subjectively set as regions of interest (Fig. 4.10). The coordinates in 

pixels of the chosen rectangles 1, 2 and 3 are (467, 693, 470, 700), (485, 690, 487, 694) 

and (489, 713, 491, 718), respectively. 
 

 

Fig. 4.10. A weather map (left) and an exploded view of the region under study (right). 

 

A linear interpolation method was then used to compute the cloudiness factors for the 

three regions. This was done using the gray_features operator which gives the mean gray 

value of the selected region. RGB colour images are a combination of the three primary 

colours red (R), green (G) and blue (B). RGB values are positive and range from 0 to 255. 

Due to presence of white, blue and pink colours on the map, channel 3 (blue colour) was 

considered for this analysis. This channel ensured that the presence of rain on the map 

(intensity of blue colour) was taken into consideration while computing the cloudiness 

factors. The cloudiness factor C ranges from 0 (clear-sky) to 1 (cloudy). 

 minmax

max

min CC
grayvalgrayval

grayvalgrayval
CC

offset

offset





















  
(4.5) 

where, 

C : cloudiness factor    [-] 

Cmax : maximum cloudiness factor = 1  [-] 

Cmin : minimum cloudiness factor = 0  [-] 

grayval : gray value of the region at any given time [-] 

grayvaloffset : offset gray value of green background = 35 [-] 

grayvalmax : maximum possible gray value = 255  [-] 
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An illustration of different regions on the weather map with different intensities of white, 

blue and pink colours is shown in Fig. 4.11. It also includes the RGB values of these regions 

as read in the Halcon algorithm. 

 

 

Fig. 4.11. Regions with different colours on the weather map and their RGB values. 

 

Using an interpolation method (Eq. (4.5)), the cloudiness factor C for region 1 is computed 

and obtained as 1. In a similar way, the cloudiness factors for regions 2, 3 and 4 are 

obtained as 0.982, 0.773 and 0.073, respectively. 

 

4.2.2.5 Relative humidity 

The relative humidity RH of the surrounding air was measured with a handheld 

psychrometer. Two NTC temperature sensors were used in the dry bulb and the wet bulb 

temperature measurements. The measurements were checked with data obtained from 

the Institute of Meteorology and Climatology (www.imuk.de). In addition, hourly RH 

values were acquired through the time series category of web weather request and 

distribution system (WebWerdis) of the German Weather Service (www.dwd.de). 

 

4.2.2.6 Rain 

Hourly rainfall amount for the study location (Herrenhausen, Hannover) during the 

measurement period was computed from the measured data (recorded at 1-minute 

interval) provided by the Institute of Meteorology and Climatology. To counter-check the 

computed values, the hourly sum of precipitation (in mm) provided by the WebWerdis 

platform of the German Weather Service (www.dwd.de) were also obtained. This was 

Region   RGB values 

1 (255, 196, 255) 

2 (80, 209, 251) 

3 (205, 205, 205) 

4 (78, 112, 51) 

3 

4 
2 

1 
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especially noted whenever it rained during the daytime and nighttime investigation 

periods. 

 

4.2.3 Data logging 

Net radiation, surface temperatures and some of the atmospheric parameters (air 

temperature, relative humidity, and wind speed and direction) were recorded 

concurrently during the measurement period. Fig. 4.12 illustrates how the required data 

were captured from the big south-facing thermal box. Radiation data from the net 

radiometers required the use of a ME-UBRE desktop relay box (Meilhaus Electronic GmbH, 

Alling, Germany) with 8 type C relays (5 A, 240 VAC). The 8 relays were sufficient for 

outputs from the four 240-8110 net radiometers and the four signal outputs of the CNR 4 

net radiometer. To amplify the millivolt signal outputs of the net radiometers, a dual 

programmable gain instrumentation amplifier (EI-1040, LabJack Corporation, Lakewood, 

USA) was attached to the LabJack U12 (LabJack Corporation, Lakewood, USA) having 8 

screw terminals for analog output signals. This was done by simply connecting the power 

and amplifier outputs to the LabJack. A gain factor of 1000 was selected and this can be 

programmed by the LabJack by connecting the gain select inputs GSA1 and GSA2 to the 

LabJack digital outputs. 

Infrared thermal camera

 Sensors 1-4: 240-8110 net radiometers
 Sensors 5 and 6: CNR 4 net radiometer

(four signal outputs)
 Hc : vertical height of camera from the

cover surface
 Hr : vertical height of net radiometers

from the cover surface
 Tg : temperature of exterior glass

surface

 T
gb

: temperature of exterior glazing
bar surface

Data recorder - ProfiLab Expert 4.0

5
6

1
2

3
4

Hc

Hr

ME-UBRE LabJack
amplifier

LabJack

Tg

T
gb

 

Fig. 4.12. Schematic of data relay and recording from the big thermal box. 
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For concurrent recording of output signals through the ME-UBRE, the LabJack amplifier 

and finally to the LabJack U12, the ProfiLab Expert 4.0 software (ABACOM, Ganderkesee, 

Germany) was used to develop a comprehensive data logging system for both analogue 

measurements and digital controls. The measured parameters were recorded in the range 

of 0 V to 10 V and the necessary calibration factors applied to obtain the actual data. The 

surface temperatures and the atmospheric parameters were recorded at a frequency of 

15 seconds. The radiation data were measured every 30 seconds. The time interval was 

large for the latter since some reasonable time was necessary for the concurrent data 

acquisition from the 8 relays of ME-UBRE. All data were averaged to obtain the hourly 

means necessary to verify the radiation estimations. 

 

4.2.4 Thermal inspection of the cover surface 

Digital thermal images of the glass-covered surface were obtained using a Varioscan 3022 

(Jenoptic Laser, Jena, Germany) thermoelectrically cooled infrared scanning camera with a 

spectral sensitivity from 2 µm to 5 µm. It operates on the principle of object scanning 

whereby the object is scanned through a two-dimensional reflecting scanner. It has a 

geometric resolution of 3 mrad, 240 x 360 pixels focal plane array and a 30° x 20° field of 

view. Due to this field of view, the camera was fixed at a vertical height of 2.35 m above 

the cover surface. To avoid any radiation influences, the images were taken from the 

thermal camera at a distance using an extensible air bulb remote control release (Hama, 

Japan). When the air bulb is squeezed (Fig. C6, Appendix C), the generated compressed air 

triggers the camera key in order to save the images in the appropriate storage target 

(memory card or internal flash memory). The minimum focus distance is 0.2 m and the 

temperature measuring range is -10 °C to 1200 °C. The temperature resolution at 30 °C 

object temperature is ±0.003 and the absolute accuracy of temperature measurement 

being < ±2 K (Varioscan Manual, 2000; InfraTec, 2006). A compact blackbody calibration 

source (M305, Mikron Instruments Inc., USA) was used to check the suitability of the 

thermal camera in surface temperature measurement. It has a high emissivity of 0.995 

and high accuracy of ± 0.25 % of reading ±1 digit. 

 

The digital thermograms were analysed with the software package IRBIS® plus V 2.2 

(InfraTec GmbH, Dresden, Germany) which allowed for correction of object emissivity 
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after images had been recorded (InfraTec, 2006). IRBIS® is a graphics-oriented software 

which is used to analyse digital thermograms. This software is the ideal tool for fast 

thermographic image data analysis and creating reports in a comfortable manner 

(InfraTec, 2006). It allows for correction of the object emissivity after images have been 

recorded (Oerke et al., 2005). The IRBIS® functions are operated via the pull-down menus, 

whose top level is a menu line and contains the different menu options. Within the work 

area, there is a display of the thermogram as well as a temperature scale, measuring 

values, profiles, a comment field and a parameter field. 

 

The radiation received by the camera in the scanning phase consists of different fractions 

such as (Fig. 4.13): 

a) characteristic radiation emitted by the measured object 

b) radiation of surfaces in the ambience of the measured object measured by it 

c) characteristic radiation of the atmosphere between object and camera 

 

Fig. 4.13. Illustration of radiation components received by the infrared thermal camera. 
 

where, 

Te : environmental temperature   [K] 

To : object temperature    [K] 

Tp : air path temperature    [K] 

Qar : ambient radiation reflected by the object [W m-2] 

Qdr : direct radiation of the measured object [W m-2] 

Qpr : characteristic radiation of the air path [W m-2] 

Qt : total radiation measured by the camera [W m-2] 
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The environmental temperature Te accounts for the temperature of objects in the 

ambience of the measured object emitting heat radiation that might be reflected at the 

surface of the measured object. This radiation will affect the object temperature 

measured by the thermal camera only if the set emissivity is < 1 (Varioscan Manual, 2000). 

 

The direct radiation of measured object Qdr is given by (Varioscan Manual, 2000): 

  4
opodr TQ  

       
(4.6) 

where, 

Qdr : direct radiation of the measured object [W m-2] 

εo  : object emissivity    [-] 

τp : transmission of the air path   [-] 

σ : Stefan-Boltzmann constant = 5.67 ∙ 10-8 [W m-2
 K-4] 

To : object temperature    [K] 

 

The object temperature To and the object emissivity εo were considered separately for the 

glass and the glazing bar. The εo values of 0.92 and 0.96 for glass and steel glazing bar, 

respectively (Fluke, 2009) were used. With a known measuring distance of the camera dc, 

the parameter τp is obtained from the following expression (Varioscan Manual, 2000): 
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(4.7) 

where, 

τp : transmission of the air path   [-] 

dc : measuring distance of the camera  [m] 

xl : coefficient = 1000 (Varioscan Manual, 2000) [m] 

 

Under the prevailing air temperature Ta, the ambient radiation Qar reflected by the 

measured object is expressed by (Varioscan Manual, 2000): 

  4)1( apoar TQ  
      

(4.8)
 

where, 

Qar : ambient radiation reflected by the object [W m-2] 

εo  : object emissivity    [-] 
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τp : transmission of the air path   [-] 

σ : Stefan-Boltzmann constant = 5.67 ∙ 10-8 [W m-2 K-4] 

Ta : air temperature    [K] 

 

Limitations of the influence of atmospheric radiation can be achieved by entering the 

ambient temperature into the camera but the challenge is to determine this temperature 

in a reliable way. It is difficult since the neighbourhood of an observed object can 

encompass many components of various emissivity values located close to it or farther 

away (Minkina and Dudzik, 2009). 

 

The characteristic radiation of air path Qpr is computed as (Varioscan Manual, 2000): 

4)1( pppr TQ  
       

(4.9)
 

where, 

Qpr : characteristic radiation of the air path [W m-2] 

τp : transmission of the air path   [-] 

σ : Stefan-Boltzmann constant = 5.67 ∙ 10-8 [W m-2 K-4] 

Tp : air path temperature    [K] 

 

All these fractions are considered for the total radiation measured by the thermal camera 

Qt and is therefore expressed by: 

  444 )1()1( ppaooopt TTTQ    (4.10) 

where, 

Qt : total radiation measured by the camera [W m-2] 

σ : Stefan-Boltzmann constant = 5.67 ∙ 10-8 [W m-2 K-4] 

τp : transmission of the air path   [-] 

εo  : object emissivity    [-] 

To : object temperature    [K] 

Ta : air temperature    [K] 

Tp : air path temperature    [K] 
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4.3 Small Thermal Box Experiments 

4.3.1 Miniaturized thermal boxes 

Four other identical thermal boxes were developed by scaling down the dimensions of the 

big south-facing thermal box (sub-section 4.2.1). The four boxes were necessary in order 

to achieve the east, west, north and south orientations, while changing the inclination 

angles characterizing the standard Venlo greenhouse surfaces. Each of the developed 

thermal boxes was 1.2 m long, 0.95 m wide and 0.6 m high (Fig. 4.14). The base and side 

walls of the boxes were made of Styrodur (BASF, Germany) with a thickness of 10 cm and 

a lightweight construction. The Styrodur also has excellent insulation properties, high 

compressive strength, low water absorption and resistance to aging and decay. The initial 

determination of the air exchange rate due to leaks with a tracer gas (Tantau, 2013) 

proved that the boxes were identical. The errors due to workmanship and closing of the 

boxes were therefore minimized as much as possible. The exterior surfaces were inclined 

such that they characterize the roof slope and the walls. Based on the revised German 

standard for Venlo greenhouses, the roof had an inclination angle of 24° (von Elsner et al., 

2000; DIN 11535-2, 1994). As expected, both the side and end walls of the Venlo-type 

greenhouse design had an angle of 90°. 

(a) 

 

(b) 

 

Fig. 4.14. Inclination of the miniaturized thermal box systems: (a) inclined at 24° (roof), 

and (b) inclined at 90° (wall). 
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A window heating pad (ProfiPower, axhess GmbH & Co. KG, Hausen, Germany) was 

attached to the bottom section inside the thermal boxes (Fig. 4.15). It was provided with 

12 V DC power and in return supplied about 120 W (10 A, 12 V). The heating pad 

measured 40 cm by 100 cm and weighed about 0.6 kg. The maximum temperature 

attained by the heating pad was 55 ± 5 °C and it had an integrated thermostat for 

temperature control. A switch-mode DC power supply unit (model 6459, Graupner GmbH 

& Co. KG, Kirchheim/Teck, Germany) was used. The input voltage was 230 V while the 

output voltage varied between 5 V and 15 V. The output current was adjustable in the 

range of 0 A to 20 A. Adjustment of the voltage and ampere knobs gave the needed 

voltage and current values, respectively. In order to reduce the voltage drop, each DC 

power supply unit was connected to the heating pad using a twin wire cable of 6 mm2 

cross-sectional area and approximately 46 m length. To ensure uniform heat distribution 

within the box, an aluminium sheet was attached firmly to the upper side of the heating 

pad. The aluminium sheet was 0.98 m long, 0.65 m wide and 0.003 m thick. 

(a)  

 

 

(b) 

 

(c) 

 

Fig. 4.15. The heating system components: (a) schematic illustration, (b) heating pad, and 

(c) aluminium sheet attached to the pad and fixed inside the box. 

 

In order to avoid obstructions from buildings and trees, an appropriate rooftop was 

selected (Fig. 4.16). This was on top of one of the buildings at the Faculty of Architecture 

and Landscape Sciences, Leibniz Universität Hannover. The site’s proximity to the previous 

study location made it easier to coordinate the experiments with the instruments 
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involved. Measurements were carried out exclusively at night since heating of the boxes 

was necessary. This also ensured that the boxes were not subjected to solar radiation 

effects which would predominantly favour the thermal box inclined to the south. 

 

Fig. 4.16. An arrangement of the miniaturized thermal boxes oriented horizontally. 

 

4.3.2 Temperature regulation in the boxes 

During the measurement period (October 2014 to March 2015), temperature regulation 

was necessary to ensure that the inside temperatures in all the four thermal boxes were 

similar at any given time. This regulation was done with the ProfiLab Expert 4.0 program 

by setting the inside temperature Ti to 8 K above the ambient air temperature Ta. The 

program ensured that the heating pad in the boxes remained heated whenever the 

interior air temperature dropped below the set-point. 

 

With an output current of approximately 8 A from the DC power supply, four modular 

monostable DIN relays (22 Series DPST-NO, FINDER GmbH, Trebur-Astheim, Germany) 

were connected in between the ME-UBRE relay box (Meilhaus Electronic GmbH, Alling, 

Germany) and the power supply units. The DIN relays used are equipped with 20 A, 250 V 

AC contacts rated at 5000 VA AC1 and are ideal for use in commercial applications 

including heating, air conditioning and lighting. They were also suitable for this regulation 

since their operating temperature range is -40 °C to 40 °C. 

 

4.3.3 Variation of surface inclination and orientation 

This approach enabled a proper evaluation of the variations in key parameters at the 

external surfaces due to varied inclination and orientation. The measured parameters 
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included net radiation, air temperature, inside and surface temperatures of the boxes, 

and wind speeds at different directions (similar methods as explained in sub-section 4.2.2). 

The output net radiation signals were relayed through the ME-UBRE and the LabJack 

amplifier to the LabJack U12. The other output signals for temperature and wind speed 

were relayed directly to the LabJack U12 (Fig. 4.17). 

 

Fig. 4.17. Schematic of data relay and recording from the miniaturized thermal boxes. 

 

where, 

Rn : net radiation     [W m-2] 

Ta : air temperature    [K] 

Ti : inside temperature    [K] 

Ts : surface temperature    [K] 

v : wind speed     [m s-1] 

 

The temperature difference between the surface and the surrounding air ΔTs-a was simply 

computed as: 

aeffsas TTT   ,        (4.11) 

where, 

ΔTs-a : surface-to-air temperature difference [K] 

Ts,eff : effective surface temperature   [K] 

Ta  : air temperature    [K] 
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The wind speed data made it possible to know the frequency of wind direction and to 

further categorize the wind speeds into four classes (0 m s-1 - <1.5 m s-1, 1.5 m s-1 - <3 m s-1, 

3 m s-1 - <4.5 m s-1 and 4.5 m s-1 - <6 m s-1). At both 24° and 90° surface inclination angles, 

the thermal boxes were randomly oriented in order to obtain several combinations 

necessary for detailed analysis and comparison. The boxes were rotated after every three 

days such that at the end of the measurement period each box had faced all the four 

directions (Fig. 4.18). In this case, the rotation was only meant for the box orientations 

while maintaining the two inclinations (roof and wall). 

 

Fig. 4.18. Setup for rotation of the miniaturized thermal boxes. 

 

4.4 Modelling of Thermal Radiation Exchange 

4.4.1 Radiation modelling under night situation 

The critical parameters required for modelling of the longwave radiation components 

(downwelling and upwelling) at night include: 

a) Surface properties: emissivity, temperature, inclination angle, surface area 

b) Meteorological variables: air temperature, dew point temperature, relative 

humidity, water vapour pressure of the air, cloudiness 

c) Sky and related atmospheric parameters: sky temperature, sky emissivity, clear-

sky atmospheric emissivity, effective atmospheric emissivity 

d) Properties of the surroundings: ground temperature, emissivity of ground objects 

e) View factor of the glass-covered surface to: the sky, the air and the ground 

 

The effective atmospheric emissivity is required in computation of the downwelling 

longwave radiation under all-sky (overcast and clear-sky) conditions. It is often computed 
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based on ground-based meteorological observations and is particularly a function of the 

cloudiness factor C and a basic clear-sky atmospheric emissivity εcs (Duarte et al., 2006). 

Since it is difficult to determine the bulk emissivity and the effective temperature of a 

vertical column of the atmosphere (Crawford and Duchon, 1999), parameterizations 

based on the screen level air temperature Ta and the vapour pressure ea are commonly 

used. Thus, the following 10 commonly used parameterizations were selected for the 

calculation of the εcs (Table 4.3). The best εcs parameterization was chosen based on 

statistical criteria (BIAS, RMSE, MAE, PMRE and R2). 

 

Table 4.3. Parameterizations for clear-sky atmospheric emissivity suggested by different 

authors. 

Author Equation No. 

Swinbank (1963) 2
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where, 

εcs  : clear-sky atmospheric emissivity   [-] 

ea  : water vapour pressure of air    [Pa] 

Ta  : air temperature     [K] 

yd,1 : coefficient = 9.365 ∙ 10-6 (Swinbank, 1963)  [K-2] 

yd,2 : coefficient = 7.77 ∙ 10-4 (Idso and Jackson, 1969) [K-2] 

yt,1 : coefficient = 273 (Idso and Jackson, 1969)  [K] 

yp,2 : coefficient = 0.643 (Brutsaert, 1975)   [K1/7 Pa-1/7] 

yp,3 : coefficient = 5.95 ∙ 10-7 (Idso, 1981)   [Pa-1] 

yt,2 : coefficient = 1500 (Idso, 1981)   [K] 

yp,4 : coefficient = 0.714 (Sugita and Brutsaert, 1993) [K0.0687 Pa-0.0687] 

yp,5 : coefficient = 0.465 (Prata, 1996)   [K Pa-1] 

yp,6 : coefficient = 1.395 (Prata, 1996)   [K Pa-1] 

yp,7 : coefficient = 0.625 (Duarte et al., 2006)  [K0.131 Pa-0.131] 

yp,8 : coefficient = 0.576 (Kruk et al., 2010)   [K0.202 Pa-0.202] 

yp,9 : coefficient = 0.6905 (Dos Santos et al., 2011)  [K0.0881 Pa-0.0881] 

Xs : site-dependent coefficient (Iziomon et al., 2003) [-] 

Ys : site-dependent coefficient (Iziomon et al., 2003) [K hPa-1] 

 

The values of the site-dependent coefficients Xs and Ys in the algorithm of Iziomon et al. 

(2003) were extrapolated for the study location from the given values at lowland (212 m 

elevation) and mountain (1489 m elevation) sites. Considering the new parameterization 

for a clear-sky atmospheric emissivity εcs (Iziomon et al., 2003), the Xs and Ys values for the 

lowland site are 0.35 K hPa-1 and 10 K hPa-1, respectively, while the corresponding values 

for the mountain site are 0.43 K hPa-1 and 11.5 K hPa-1, respectively. The parameterization 

by Iziomon et al. (2003) is unique since it includes the cloud cover and the elevation of the 

study sites. From the point of view of climatic characteristics, the variables utilized in the 

εcs parameterizations showed a strong dependence on the site elevation. 

 

For all-sky conditions, the effective atmospheric emissivity εa is very necessary in 

modelling the longwave radiation from the sky. It is often applicable at the lower 

boundary of the atmosphere (Staley and Jurica, 1972). The εa is a function of the 
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cloudiness factor C and a basic clear-sky atmospheric emissivity εcs. The best εcs 

parameterization (out of the 10 parameterizations presented in Table 4.3) was used in the 

calculation of εa. The statistical criteria (BIAS, RMSE, MAE and PMRE) gave a hint of the 

particular parameterization with the best goodness of fit. 

 

The εa formulation has the basic structure expressed by (Duarte et al., 2006): 

   d
csa Cb  1        (4.22) 

where, 

εa : effective atmospheric emissivity   [-] 

εcs  : clear-sky atmospheric emissivity  [-] 

b, d  : constants determined experimentally [-] 

C  : cloudiness factor    [-] 

 

The locally calibrated values of b and d for the study site were found to be 0.24 and 0.58, 

respectively. 

 

Sky conditions were modelled on the basis of the cloudiness factor C, which is a very 

important parameter in the longwave radiation exchange. From the initial findings on 

some nighttime measurements (Fig. C7, Appendix C), the longwave radiation received at 

the surface depends on the fractional cloud cover (in octas). The nights were 

representative of the different air temperature and cloudiness conditions. Cloudiness 

greatly affects the magnitude of downwelling longwave radiation received at the surface 

of the earth. Therefore, cloudiness should be considered while modelling the downwelling 

longwave radiation. The positive relationship of the radiation with the air temperature 

and cloudiness (Guest, 1998) indicates that empirical models can be used in the 

simulation under all-sky conditions. 

 

Another important parameter is the emissivity of surrounding ground objects εgnd. An 

emissivity εgnd of 0.97 was suggested by Howard and Stull (2013) particularly for tree 

temperatures ranging from -10 °C to 10 °C. This value was used throughout this study, 

since a perfect blackbody is rare in nature (Petty, 2006). 
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The sky emissivity εsky is necessary in a quantitative understanding of the sky radiation. It 

can be approximated as a function of the dew point temperature (Chen et al., 1995; 

Kimball et al., 1982), which is defined by the temperature and the relative humidity of air. 
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where, 

εsky  : sky emissivity     [-] 

ϑo : outside air temperature    [°C] 

x3 : coefficient = 0.0063 (Chen et al., 1995) [°C-1] 

y0 : coefficient = 100 (Kimball et al., 1982) [%] 

z0 : coefficient = 5 (Kimball et al., 1982)  [% °C-1] 

RH : relative humidity    [%] 

 

Also important is the emissivity of the cover surface εs, which includes glass and glazing 

bar. Emissivity values of 0.92 and 0.96 for glass and steel glazing bar, respectively were 

obtained from Fluke Corporation (Fluke, 2009). 

 

Considering the surface inclination angle β, the view factors to the sky Fsky, the air Fa and 

the ground Fgnd can be calculated as (Romila, 2012; EnergyPlus 8.0, 2013; Walton, 1983): 
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where, 

Fsky : view factor to the sky    [-] 

Fair : view factor to the air     [-] 

Fgnd : view factor to the ground   [-] 

a : factor splitting sky and ambient radiation [-] 

β : inclination angle of surface from horizontal  [°] 
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According to the recent literature (EnergyPlus 8.0, 2013), the factor a splits the sky and 

ambient radiation and is dependent as well on the inclination angle β (Walton, 1983). The 

simplified form of this splitting factor is given by: 











2
cos


a         (4.27) 

where, 

a : factor splitting sky and ambient radiation [-] 

β : inclination angle of surface from horizontal  [°] 

 

Apart from the measured surface temperature Ts, the ground temperature Tgnd was 

estimated from the air temperature (EnergyPlus 8.0, 2013; Kehrer and Schmidt, 2008). 

Modelling of longwave radiation exchange between the outside surfaces and the sky 

requires the knowledge of the sky temperature (Ronoh and Rath, 2015a). The equivalent 

sky temperature Tsky has been estimated differently by various researchers. The common 

equations applied in the Tsky computation (sub-section 2.4.1) are empirical in nature and 

are related to the air temperature. Thus, they perform best for areas with radiative 

climate similar to the one for which they were originally obtained. Hence, the available 

model by von Elsner (1982) was selected since it was developed within the same study 

location. Other than the air temperature, this model utilizes a cloudiness factor as an 

important factor in the Tsky estimation. Thus, for all-sky conditions, Tsky was expressed as 

(von Elsner, 1982): 

  kocaaocsky cyxCxyT  )( 2,2,1,1,    (4.28)
 

where, 

Tsky  : sky temperature     [K] 

ϑo  : outside air temperature    [°C] 

C : cloudiness factor    [-] 

yc,1 : coefficient = 1.2 (von Elsner, 1982)  [-] 

yc,2 : coefficient = -0.26 (von Elsner, 1982)  [-] 

xa,1 : coefficient = -21.4 (von Elsner, 1982)  [°C] 

xa,2 : coefficient = 20.6 (von Elsner, 1982)  [°C] 

ck : coefficient = 273.15 (Celsius to Kelvin) [K] 
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Considering an exterior surface and the relevant parameters, the thermal radiation 

exchange at the surface Qs is the sum of the components due to the exchange with the 

sky, the air and the ground. 

      444444
gndsgndaasairaskysskyskyss TTFTTFTTFQ    (4.29) 

where, 

Qs : thermal radiation exchange   [W m-2] 

σ : Stefan-Boltzmann constant = 5.67 ∙ 10-8 [W m-2 K-4] 

εs  : surface emissivity    [-] 

εsky  : sky emissivity     [-] 

εa : effective atmospheric emissivity   [-] 

Fsky : view factor to the sky    [-] 

Fair : view factor to the air     [-] 

Fgnd : view factor to the ground   [-] 

Ts  : surface temperature    [K] 

Tsky  : sky temperature    [K] 

Ta  : air temperature    [K] 

Tgnd  : ground temperature    [K] 

 

Since the cover surface is composed of 86 % glass and 14 % glazing bars with the 

respective emissivity and surface temperature, the effective thermal radiation exchange 

Qs,eff was then calculated as:  

gbscgsceffs QyQyQ ,7,,6,,       (4.30) 

where, 

Qs,eff : effective thermal radiation exchange  [W m-2] 

Qs,g : thermal radiation exchange of glass  [W m-2] 

Qs,gb : thermal radiation exchange of glazing bars [W m-2] 

yc,6 : coefficient = 0.86 (fraction of glass)  [-] 

yc,7 : coefficient = 0.14 (fraction of glazing bars) [-] 

 

For all-sky conditions, the downwelling longwave radiation LWRd has the general form 

given by (Choi et al., 2008; Dos Santos et al., 2011): 
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4
aad TLWR          (4.31) 

where, 

LWRd : downwelling longwave radiation  [W m-2] 

εa : effective atmospheric emissivity   [-] 

σ : Stefan-Boltzmann constant = 5.67 ∙ 10-8 [W m-2 K-4] 

Ta  : air temperature    [K] 

 

According to Howard and Stull (2013), longwave radiation from the surrounding objects 

such as trees can enhance the total downwelling longwave radiation LWRd,t and should 

not be neglected. This is specifically added for comparison with the measurement from 

the net radiometer. LWRd,t is therefore expressed as: 

4
, agndgnddtd TFLWRLWR        (4.32) 

where, 

LWRd,t : total downwelling longwave radiation [W m-2] 

LWRd : downwelling longwave radiation  [W m-2] 

εgnd : ground emissivity     [-] 

Fgnd : view factor to the ground   [-] 

σ : Stefan-Boltzmann constant = 5.67 ∙ 10-8 [W m-2 K-4] 

Ta  : air temperature    [K] 

 

An additional term accounting for the reflected downwelling radiation is incorporated in 

computation of the upwelling longwave radiation (Tang and Li, 2008). From the equations 

above, the sum of the emitted longwave radiation by the surface LWRu and the reflected 

downwelling longwave radiation gives the total upwelling longwave radiation LWRu,t  

(Liang, 2004). The difference in all upwelling radiation and all downwelling radiation must 

result in Qs,eff. Thus the LWRu,t is expressed in the form given by: 

  
  deffsdsutu LWRQLWRLWRLWR  ,, 1 

   
(4.33)

 

where, 

LWRu,t : total upwelling longwave radiation  [W m-2] 

LWRu : upwelling longwave radiation  [W m-2] 

εs : surface emissivity     [-] 
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LWRd : downwelling longwave radiation  [W m-2] 

Qs,eff : effective thermal radiation exchange [W m-2] 

 

4.4.2 Radiation modelling under day situation 

In addition to the parameters for modelling of the downwelling and the upwelling 

longwave radiation (sub-section 4.4.1), the solar radiation requirements include: 

a) Meteorological data: global radiation, diffuse radiation and direct (beam) radiation 

b) Location and time-related parameters: day of the year, solar declination, latitude, 

longitude, hour angle, zenith angle, solar altitude, angle of incidence 

c) Derived parameters: clearness index, diffuse fraction 

d) Other properties: ground reflectivity, albedo of the earth surface 

e) Conversion factors (horizontal to tilted surfaces) for: diffuse, direct and ground 

reflected radiation components 

 

Due to a limited availability of diffuse radiation data, decomposition models have been 

developed to predict the diffuse radiation using the measured global data (Wong and 

Chow, 2001). These models are based on some key parameters which include the 

clearness index and the diffuse fraction. There is need to recalibrate these parameters for 

the study location in order to account for local climatic differences (Jacovides et al., 2006). 

The relationship between the diffuse fraction Fd and the clearness index Ic was established 

by using daily diffuse and global radiation data for the 5-year period (2009 to 2013). The 

data was obtained from the Institute of Meteorology and Climatology, Leibniz Universität 

Hannover. According to Jawarneh et al. (2012) and Jacovides et al. (2006), a polynomial 

correlation explains the relationship between Fd and Ic. The following 4th order polynomial 

correlation was fitted to the data. 

4
4
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(4.34)

 

where, 

Fd  : diffuse fraction    [-] 

Ic : clearness index    [-] 

a0, ..., a4 : empirical constants    [-]
 

The coefficients a0, a1, a2, a3 and a4 can be experimentally obtained for the study location. 
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From individual daily global and diffuse solar radiation measurements, the diffuse fraction 

Fd as a function of the clearness index Ic was computed and the trend is as presented in 

Fig. 4.19. As expected, both Fd and Ic ranged between 0 and 1. The figure shows the 

scatter plot of the data and the fitted line (dashed line) resulting from the 4th order 

polynomial correlation. The polynomial correlation fits well for the Ic in the range of 0 and 

0.75. This correlation is necessary in the calculation of the diffuse radiation. 

 

Fig. 4.19. Relationship between the diffuse fraction and the clearness index (n = 1935). 

 

According to El-Sebaii et al. (2010), estimation of total solar radiation incident on tilted 

surfaces can be expressed as: 

rghgdhdbhbtt IIII   ,,,,     
(4.35)

 

where, 

It,t : total solar radiation on the tilted surface [W m-2] 

Ib,h : beam radiation    [W m-2] 

Id,h : diffuse radiation    [W m-2] 

Ig,h : global radiation on a horizontal surface [W m-2] 

ρg : ground reflectivity    [-] 
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Ψb : beam radiation conversion factor  [-] 

Ψd : diffuse radiation conversion factor  [-] 

Ψr : ground reflected radiation conversion factor [-] 

 

The radiation conversion factors (Ψb, Ψd and Ψr) are useful in transforming the horizontal 

solar radiation components to compute the total solar irradiance on the tilted surfaces. In 

Eq. (4.35), the diffuse radiation Id,h was computed using the horizontal global radiation 

and the diffuse fraction Fd obtained from the polynomial correlation (see Fig. 4.19). Since 

Fd expresses the ratio of diffuse-to-global solar radiation (Jacovides et al., 2006), the 

diffuse radiation was thus calculated as: 

dhghd FII  ,,         
(4.36)

 

where, 

Id,h : diffuse radiation    [W m-2] 

Ig,h : global radiation on a horizontal surface [W m-2] 

Fd  : diffuse fraction     [-] 

 

For a surface with a given orientation, the daily value of Ψb is related to the time variation 

of incident beam radiation, the intensity of which on the ground level is a function of the 

atmospheric transmittance (Yang et al., 2012). With an angle of incidence ϑ, a zenith angle 

ϑz and an inclination angle ϐ, the radiation conversion factors are given by (El-Sebaii et al., 

2010): 

  
z

b





cos

cos


        
(4.37)

 

  2

cos1 



d        

(4.38)
 

  2

cos1 



r        

(4.39)
 

where, 

Ψb : beam radiation conversion factor  [-] 

Ψd : diffuse radiation conversion factor  [-] 

Ψr : ground reflected radiation conversion factor [-] 

   : angle of incidence    [°] 
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z  : zenith angle     [°] 

  : angle of inclination from horizontal  [°] 

 

An average albedo value αs of 0.2 was used in this study for sites which are not cultivated 

and have a low vegetation cover and (Campbell and Norman, 1998; Scharmer and Greif, 

2000). This value is therefore applicable for fields where grass is present. The upwelling 

shortwave radiation is the reflected global radiation and is simply given by the relation: 

  ttstref II ,,  
       

(4.40)
 

where, 

Iref,t : reflected radiation from a tilted surface [W m-2] 

αs : albedo of the earth surface   [-] 

It,t : total solar radiation on the tilted surface [W m-2] 

 

4.4.3 Model sensitivity analysis 

One-at-a-time (OAT) sensitivity analysis was conducted for a number of selected 

atmospheric parameters influencing longwave radiation models. As the name suggests, 

the OAT approach allows only one parameter to vary each time, ignoring the effects of 

parameter interactions and multi-response interdependences (Saltelli et al., 2010). This 

simple, preliminary analysis facilitated the identification a subset of potentially important 

parameters for the longwave radiation modelling. The atmospheric parameters 

considered for the OAT analysis included air temperature Ta, cloudiness factor C and 

relative humidity RH. Appropriate lower and upper boundaries (the feasible ranges) for 

the selected parameters were carefully derived based on the data acquired during the 

measurement period. The chosen ranges of Ta, C and RH were 253.15 K to 293.15 K, 0 to 1 

and 20 % to 100 %, respectively. To represent a heating situation, the surface-to-air 

temperature difference ΔTs-a was subjectively set in the range of 273.15 K to 289.15 K. The 

OAT analysis was done such that the longwave radiation model was run repeatedly for a 

number of times while varying a single parameter from the lower bound to the upper 

bound.  A middle base value was selected within the feasible range each time while all the 

other parameters were fixed. 
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A sensitivity index (SI) is an effective way to judge the model sensitivity (DeVisser, 2010; 

Saltelli et al., 2004; Hamby, 1994).  SI is a dimensionless index which was calculated as the 

ratio between the relative change of model output and the relative change of a parameter 

(Lenhart et al., 2002). Elasticity of a variable with respect to a parameter is a simple 

example of a SI. The higher the elasticity, the higher the sensitivity of results to changes in 

that parameter. According to Millington et al. (2009), the SI can be computed as: 

bib

bib

XX

YY
SI

,

,






       
(4.41) 

where, 

SI  : sensitivity index    [-] 

ΔYb,i  : change in dependent output state variable [-] 

Yb  : base value of dependent variable  [-] 

ΔXb,i : change in parameter from the base value [-] 

Xb  : base value of parameter   [-] 

 

In this case, ΔYb,i = Yb-Yi and ΔXb,i = Xb-Xi, with Yi and Xi being the instantaneous values of 

the model output variable and parameter, respectively. Index b signifies the set base (in 

this case the median) while index i is the instantaneous model run being analysed. The 

major advantage of the median as the centre of a distribution (base value) is its relative 

insensitivity to extreme values (Foussier, 2006). 

 

According to Lenhart et al (2002), the calculated sensitivity indices can be assessed by 

ranking them into four classes (Table 4.4). 

 

Table 4.4. Sensitivity classes for assessing sensitivity indices. 

Class Sensitivity index, SI [-] Sensitivity 

I 0.00 ≤ │SI│ < 0.05 Small to negligible 

II 0.05 ≤ │SI│ < 0.20
 

Medium 

III 0.20 ≤ │SI│ < 1.00
 

High 

IV │SI│ ≥ 1.00 Very high 
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4.4.4 Statistical analysis 

All measurements were conducted with hourly replications for each measured parameter 

considered in this study. Differences among treatments were evaluated using an analysis 

of variance (ANOVA) procedure. The Student’s t-test was used in conjunction with the 

ANOVA to determine the differences between means. Another key aspect used in 

interpreting the test statistics was the p-value. Regression procedures (linear, multiple 

linear or polynomial) were useful for the modelling and analysis of numerical data 

(dependent and independent variables). The statistical analyses were performed with 

SigmaPlot version 11.0 (Systat Software, Inc., San Jose, CA, USA). 

 

The relative performance of the individual radiation models was also achieved by a 

combination of both statistical and graphical analyses (Evseev and Kudish, 2009). A 

number of statistical criteria utilized in evaluation of the radiation models and the related 

parameters are presented in Table 4.5. For each parameterization, the estimated value is 

denoted by ei, the measured value is denoted by mi while n is the number of observations. 

In addition to the test criteria, a coefficient of determination (R2) was very useful in 

comparing the simulated downwelling and upwelling longwave radiation components 

with the respective measured values. The lower the values of BIAS, RMSE, MAE and PMRE, 

and the higher the values of R2, the better the goodness of fit (Dos Santos et al., 2011). 

 

Table 4.5. Statistical criteria for evaluation of the radiation models. 

Description Symbol Calculation formula No. 

Bias BIAS  



n

i
ii me

n 1

1
 (4.42) 

Root mean square error RMSE  
2

1

1




n

i
ii me

n
 (4.43) 

Mean absolute error MAE 



n

i
ii me

n 1

1
 (4.44) 

Percentage mean relative error PMRE 





n

i i

ii

m

me

n

y

1

0  (4.45) 

(Source: modified after Dos Santos et al., 2011) 
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where, 

n  : number of observations   [-] 

ei  : estimated value (radiation)   [W m-2] 

mi  : measured value (radiation)   [W m-2] 

y0 : coefficient = 100 (Dos Santos et al., 2011) [%] 

 

4.5 Exterior Surface Energy Balance 

The energy balance at the exterior surface of the developed thermal box was necessary in 

order to establish the net radiation gain (daytime solar gain) or the net radiation loss (due 

to heating at night). The net radiation Rn is important for surface energy analysis and is 

generally defined as the difference between incoming and outgoing radiation of both 

short and long wavelengths (Choi, 2013). This net (all-wave) radiation Rn at the surface 

can be determined as the algebraic sum of the net shortwave radiation Rn,sw and the net 

longwave radiation Rn,lw (Ayoola et al., 2014). 

  lwnswnn RRR ,, 
       

(4.46)
 

where, 

Rn  : net (all-wave) radiation   [W m-2] 

Rn,sw  : net shortwave radiation   [W m-2] 

Rn,lw  : net longwave radiation   [W m-2] 

 

This net radiation balance Rn considers the total solar irradiance and the reflected 

component for Rn,sw, while the downwelling and the upwelling longwave radiation 

components are used in the calculation of Rn,lw. Hence, the Rn is further expressed as: 

    tutdsttn LWRLWRIR ,,, 1  
    

(4.47)
 

where, 

Rn  : net radiation     [W m-2] 

It,t  : total solar radiation on a tilted surface [W m-2] 

αs : albedo of the earth surface   [-] 

LWRd,t : total downwelling longwave radiation [W m-2] 

LWRu,t : total upwelling longwave radiation  [W m-2] 
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4.5.1 Heat balance 

Considering an exterior surface of the thermal box, the heat balance is expressed as: 

cvlirls QQQTAU       (4.48) 

where, 

U : heat transfer coefficient of cover material [W m-2 K-1] 

As : total surface area    [m2] 

ΔT : air temperature difference   [K] 

Ql : heat flux by air exchange through leakage [W] 

Qlir  : heat loss by longwave infrared radiation [W] 

Qcv  : heat loss by convection   [W] 

 

The Ql in a dry greenhouse can be calculated using the following relation (Tantau, 2013): 

TCV
x

z
Q paagi

t

l  
4,

     (4.49) 

where, 

Ql : heat flux by air exchange through leakage [W] 

z : air exchange rate due to leaks   [h-1] 

xt,4 : coefficient = 3600 (Tantau, 2013)  [s h-1] 

Vgi : inner volume of greenhouse model  [m3] 

ρa  : density of air     [kg m-3] 

Cpa  : specific heat capacity of air   [J kg-1 K-1] 

ΔT : air temperature difference   [K] 

 

From the tracer gas measurements, a z value of 1 h-1 for the big south-facing thermal box 

was obtained and together with the thermal properties of air and other parameters, the 

Ql can be computed. Due to heating, the exterior surface is radiating energy to its cooler 

surroundings and the net radiation heat loss rate can be determined. 
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4.5.2 Significance of radiative heat transfer coefficient in Ucs-value 

A resistance model (Fig. 4.20) was used as a methodological approach to understand the 

heat transfer at the cover surface and thus compute the heat transfer coefficients. The 

resistances are reciprocals of the heat transfer coefficients. The connection of these heat 

resistors played a key role in accurate determination of the final overall heat transfer 

coefficient (Ucs-value). The Ucs-value comprises of the heat transfer coefficient through 

the cover material U and the heat transfer coefficient due to leakage Ul (Tantau, 2013). 

The approach was specifically useful in quantifying the heat transfer coefficient due to the 

longwave radiation and the convection at night based on the total heat consumed while 

heating the big thermal box system. In particular, this ensured that the contribution of the 

radiative heat transfer coefficient Ulir to Ucs-value was distinguished from that due to the 

convective heat transfer coefficient Ucv. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.20. Model of heat resistors and other parameters from inside to the outside air. 

 

where, 

Ucs : overall heat transfer coefficient (Ucs-value) [W m-2 K-1] 

As : total surface area    [m2] 

ΔT : air temperature difference   [K] 

Qs,eff : effective thermal radiation exchange  [W m-2] 

Rcv  : heat resistance due to convection  [m2 K W-1] 
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Rl  : heat resistance due to leakage  [m2 K W-1] 

Rlir  : heat resistance due to longwave radiation [m2 K W-1] 

Rλ  : heat resistance due to conduction  [m2 K W-1] 

Ta  : air temperature    [K] 

Ti  : inside temperature    [K] 

Ts  : surface temperature    [K] 

Tsky : sky temperature    [K] 

 

The percentage composition of cover surface (86 % glass and 14 % glazing bars) was used 

to calculate the effective surface temperature Ts,eff. Thus, Ts,eff is a function of the 

temperature of the glass surface Tg and the temperature of the glazing bar surface Tgb. 

gbcgceffs TyTyT  7,6,,      (4.50) 

where, 

Ts,eff : effective surface temperature   [K] 

Tg : temperature of glass surface   [K] 

Tgb  : temperature of glazing bar surface  [K] 

yc,6 : coefficient = 0.86 (fraction of glass)  [-] 

yc,7 : coefficient = 0.14 (fraction of glazing bars) [-] 

 

Based on the heat balance, the heat transfer coefficient by convection and radiation were 

computed as (Mammeri et al., 2015; Liu and Harris, 2013): 

ass

cv
cv

TA

Q
U


        (4.51) 
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lir
lir
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Q
U


        (4.52) 

where, 

Ucv : convective heat transfer coefficient  [W m-2 K-1] 

Ulir : radiative heat transfer coefficient  [W m-2 K-1] 

As : total surface area    [m2] 

Qcv  : heat loss by convection   [W] 

Qlir  : heat loss by longwave infrared radiation [W] 

ΔTs-a : surface-to-air temperature difference [K] 
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Due to the linearized radiation exchanges of the surface with the sky, the air and the 

ground, the Ulir can be computed as (EnergyPlus 8.0, 2013; Oliveti et al., 2012): 
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          (4.53) 

where, 

Ulir : radiative heat transfer coefficient  [W m-2 K-1] 

εs  : surface emissivity    [-] 

εsky  : sky emissivity     [-] 

εa  : effective atmospheric emissivity  [-] 

εgnd  : emissivity of surrounding ground objects [-] 

σ  : Stefan-Boltzmann constant = 5.67 ∙ 10-8 [W m-2 K-4] 

Fair  : view factor to the air    [-] 

Fgnd  : view factor to the ground   [-] 

Fsky : view factor to the sky    [-] 

Ta  : air temperature    [K] 

Tgnd  : ground temperature    [K] 

Ts  : surface temperature    [K] 

Tsky : sky temperature    [K] 

 

From the literature, the preferred Ucv equation covering wind speed in all directions and 

more specifically for the Venlo greenhouses is given by (Bot, 1983): 

vxxU wucv  2,2,        
(4.54)

 

where, 

Ucv : convective heat transfer coefficient  [W m-2 K-1] 

xu,2 : coefficient = 2.8 (Bot, 1983)   [W m-2 K-1] 

xw,2 : coefficient = 1.2 (Bot, 1983)   [W s m-3 K-1] 

v : wind speed     [m s-1] 
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5 RESULTS 
 

5.1 Surface Inclination and Orientation Effects on Thermal Radiation Exchange 

5.1.1 Surface inclination 

The variation of surface-to-air temperature difference ΔTs-a for both the roof and the wall 

in the four selected wind speed classes are compared in Fig. 5.1. The box plots in each of 

the four directions (south, west, north and east) display the variability of ΔTs-a as the wind 

speed increases. For all the box orientations, ΔTs-a declined with an increase in wind speed. 

This trend further shows that the wall ΔTs-a was always higher than the roof ΔTs-a and this 

was apparently not influenced by the directions of the thermal boxes. Further tests 

through an analysis of variance (ANOVA) confirmed an insignificant effect of the 

orientation on the ΔTs-a trend (p > 0.05).  
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Fig. 5.1. Variation of roof and wall surface-to-air temperature differences with wind speed 

(n = 41 nights for both 24° (roof) and 90° (wall) surface inclination angles). 
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With a temperature difference (inside temperature minus outside air temperature) of 8 K, 

the range of net radiation was less strongly negative, especially under overcast conditions 

(Fig. 5.2). For both surfaces (roof and wall), the figure compares the mean net radiation Rn 

with the corresponding wind speeds for both overcast and clear-sky conditions. The 

overall trends of Rn under overcast conditions (6 to 8 octas) show insignificant differences 

from each other (p > 0.05). However, it can be noticed in both sky conditions that at the 

wind speed of less than 1.5 m s-1, the mean Rn was more negative compared to the values 

at higher wind speeds. It can also be seen from the figure that the net radiation loss 

(negative Rn) values were always lower under the clear-sky condition (0 to 2 octas) than 

those under the overcast condition. On clear-sky nights, the roof had lower Rn (more 

negative) values than those of the wall due to the difference in the inclination angle. 
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Fig. 5.2. Variation of mean net radiation at the roofs and the walls with wind speed under 

all-sky conditions: (a) overcast (n = 35 nights), and (b) clear-sky (n = 6 nights). 
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5.1.2 Surface orientation 

During the measurement period, wind was categorized based on the direction from which 

it originated and its wind speed class. The frequencies of the wind direction and the wind 

speed are presented in Fig. 5.3. Wind originated mostly from south and west directions 

(Fig. 5.3(a)), with the former registering a higher dominance (37 %) than the latter (31 %). 

On the other hand, wind from north and east contributed to only 13 % and 19 %, 

respectively. In Fig. 5.3(b), the recorded wind speed was mostly (about 55 %) in the range 

of 1.5 m s-1 to < 3 m s-1. This was followed by the range of 3 m s-1 to < 4.5 m s-1 (about 

24 %). Wind speed > 4.5 m s-1 was rarely observed during the measurement period (8 %), 

while that less than 1.5 m s-1 accounted for only 13 %. 
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Fig. 5.3. Occurrence of wind direction (a) and wind speed class (b) during the investigation 

period ((a) n = 54 (south), n = 45 (west), n = 19 (north), n = 27 (east); (b) n = 75 (< 1.5 m s-1),  

n = 326 (1.5 m s-1 to < 3 m s-1), n = 141 (3 m s-1 to < 4.5 m s-1), n = 46 (4.5 m s-1 to < 6 m s-1)). 

 

For the chosen wind speed classes and surface orientations, the deviation between the 

surface-to-air temperature difference ΔTs-a of the wall and that of the roof was 

represented by ΔTW-R. The values of ΔTW-R (in K) are given in Table 5.1. The mean ΔTW-R 

was highest at low wind speed (< 1.5 m s-1) and lowest at high wind speed (> 4.5 m s-1). 

Interestingly, the standard deviation (Stdev) increased with an increase in wind speed, 

with the range of 0.12 K to 0.26 K. Despite the random orientation of the thermal boxes, 

the variation in ΔTW-R within the same wind speed class did not show a significant 

difference (p > 0.05). For wind speeds ≥ 3 m s-1, the south-facing surface registered the 

lowest values in terms of deviation in ΔTs-a unlike the other three surface orientations. 
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Table 5.1. ΔTW-R for different orientations and wind speeds. 

Surface  

orientation 

Selected wind speed classes [m s-1] 

0 - 1.5 > 1.5 - 3 > 3 – 4.5 > 4.5 - 6   

South 1.60 a 1.49 b 0.75 c 0.58 e 

 West 1.82 a 1.53 b 1.14 d 1.01 f 

 North 1.63 a 1.30 b 1.22 d 1.13 f 

 East 1.83 a 1.41 b 1.15 d 1.09 f   

Mean ± Stdev 1.72 ± 0.12 1.41 ± 0.15 1.07 ± 0.22 0.95 ± 0.26 

 (Within column, same letter indicates insignificant differences at 5 % level) 
 

 

5.2 Modelling of Thermal Radiation Exchange 

5.2.1 Night situation 

5.2.1.1 Development of longwave radiation models 

The parameters involved in the development process of the longwave radiation models 

(downwelling and upwelling) are summarized in Fig. 5.4. The key parameters included 

emissivity, view factor, cloudiness and temperature. These parameters are related to the 

radiative exchange of the surface with the sky, the air and the ground. The resulting 

models are the total downwelling longwave radiation LWRd,t, the effective thermal 

radiation exchange Qs,eff and the upwelling longwave radiation LWRu,t. 
 

 

Fig. 5.4. Model development process of the longwave radiation exchange. 
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where, 

εcs  : clear-sky atmospheric emissivity  [-] 

εa  : effective atmospheric emissivity  [-] 

εgnd  : emissivity of surrounding ground objects [-] 

εs  : surface emissivity    [-] 

εsky  : sky emissivity     [-] 

C  : cloudiness factor    [-] 

Fgnd  : view factor to the ground   [-] 

Fair  : view factor to the air    [-] 

Fsky : view factor to the sky   [-] 

LWRd,t : total downwelling longwave radiation [W m-2] 

LWRu,t : total upwelling longwave radiation  [W m-2] 

Qs,eff : effective thermal radiation exchange [W m-2] 

Ta  : air temperature    [K] 

Tgnd  : ground temperature    [K] 

Tsky : sky temperature    [K] 

ϑo : outside air temperature   [°C] 

Ts  : surface temperature    [K] 

 

Comparisons of cloudiness predicted using the two approaches (analysed weather maps 

and octas from the weather watcher) are presented in form of box plots (Fig. 5.5). The 

comparison was categorized in form of eighths (octas) and thus an opportunity to check 

the trend of the map-based cloudiness factors. From the figure, under the nighttime 

situation (Fig. 5.5(a)), the distribution of cloudiness prediction is generally skewed, 

although a fairly good comparison is noticed between 2 and 4 octas. A quick overview of 

the plot shows that there was a small range of data for the zero-octa category. In all the 

categories, outliers were common in the box plots especially between the 4th and 8th 

categories. This adds to the fact that a statistical significant difference (p < 0.001) existed 

between the two cloudiness prediction approaches. The case is somehow different for the 

daytime situation (Fig. 5.5(b)). Although the distribution is not shown in as much detail, a 

skewed distribution during the day was more than at night. The trend shows that the 

deviation from the reference line (data from the weather watcher) was more than at 
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night. A small range of data was also pronounced specifically for the first two cloudiness 

categories (0 and 1 octas). Just like in the nighttime situation, the data were skewed with 

the outliers being common in almost all the categories. Similarly, further comparison 

indicates that a statistical significant difference (p < 0.001) existed between the two 

cloudiness prediction approaches (octa- and map-based cloudiness factors) during the day. 
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Fig. 5.5. Comparison of cloudiness factors predicted using two approaches: (a) at night    

(n = 44), and (b) during the day (n = 40). 
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5.2.1.2 Simulation of longwave radiation 

Table 5.2 shows the comparative statistics for the performance of 10 clear-sky 

atmospheric emissivity calculation models at night compared to the corresponding values 

computed directly from the measured data. Typical nights with mean cloudiness of less 

than 1 octa (clear-sky) were used and an hourly average computed for the entire 

observation period. The performance of the models was ranked in ascending order based 

on the PMRE values with the best model at the top. The best results, which resulted in the 

smallest BIAS, RMSE, MAE and PMRE, were obtained by the Sugita and Brutsaert (1993) 

model. It was followed by the Ido and Jackson (1969) model. The Kruk et al. (2010) model 

resulted in the highest errors under the nighttime situation. 

 

Table 5.2. Comparative statistics for the performance of clear-sky atmospheric emissivity 

calculation models during nighttime. 

Models BIAS [-] RMSE [-] MAE [-] PMRE [%] 

Sugita and Brutsaert (1993) 0.000 0.011 0.009 1.174 

Idso and Jackson (1969) -0.010 0.014 0.011 1.484 

Prata (1996) -0.010 0.015 0.012 1.648 

Dos Santos et al. (2011) -0.014 0.018 0.016 2.085 

Iziomon et al. (2003) -0.028 0.030 0.028 3.657 

Idso (1981) 0.032 0.034 0.032 4.265 

Brutsaert (1975) -0.037 0.039 0.037 4.897 

Swinbank (1963) -0.053 0.054 0.053 7.033 

Duarte et al. (2006) -0.063 0.064 0.063 8.351 

Kruk et al. (2010) -0.083 0.084 0.083 11.067 

 

 

Comparisons between the simulated downwelling longwave radiation (LWRd,t) and 

upwelling longwave radiation (LWRu,t) and their corresponding measured longwave 

radiation fluxes at night are presented in Fig. 5.6. The LWRd,t and LWRu,t values varied in 

the range of about 255 W m-2 to 400 W m-2 and 300 W m-2 to 430 W m-2, respectively. 

Heating of the measurement system at night increased the surface temperatures, thereby 

increasing the total upwelling longwave radiation LWRu,t. Due to the two approaches 
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utilized for cloudiness prediction (the octas assigned by the weather watcher and the 

analysed weather maps), simulation was always in two datasets. For both LWRd,t and 

LWRu,t, it is noted that better model prediction was obtained for the nighttime 

observation period. The map-based simulated data seem to be closer to the 1:1 line than 

those simulated with octas. 
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(b)

Measured upwelling longwave radiation [W m-2]
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Fig. 5.6. Comparison of simulated and measured nighttime longwave radiation:                

(a) downwelling (n = 455), and (b) upwelling (n = 455). 
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5.2.2 Day situation 

5.2.2.1 Modification of thermal radiation models 

The daytime simulation requires both the shortwave (solar) and the longwave radiation 

models. A similar approach (as in section 5.2.1) was thus useful to compute the daytime 

downwelling and the upwelling longwave radiation components. The steps involved in the 

model modification of the total solar irradiance on the tilted surface are shown in Fig. 5.7. 

Once the beam and the diffuse components of total solar radiation incident on a 

horizontal surface are determined (see equations in sub-sections 2.4.3 and 4.4.2), they 

can be transposed over any given tilted surface (El-Sebaii et al., 2010). The data generated 

from the measurement system were beneficial in validation of the simulation models. 
 

 

Fig. 5.7. Stepwise modelling of solar radiation components at the tilted surface. 

 

where, 

Ie,h : extraterrestrial radiation on a horizontal surface [W m-2] 

Fd  : diffuse fraction      [-] 

Ic : clearness index     [-] 

Ig,h : global radiation on a horizontal surface  [W m-2] 

Ib,h : beam radiation on a horizontal surface  [W m-2] 

Id,h : diffuse radiation on a horizontal surface  [W m-2] 

Igr,h : ground reflected radiation on a horizontal surface [W m-2] 

ρg : ground reflectivity     [-] 

Ψb : beam radiation conversion factor   [-] 

Ψd : diffuse radiation conversion factor   [-] 

Ψr : ground reflected radiation conversion factor  [-] 
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Ib,t : beam radiation on a tilted surface   [W m-2] 

Id,t : diffuse radiation on a tilted surface   [W m-2] 

Igr,t : ground reflected radiation to a tilted surface  [W m-2] 

It,t : total solar radiation on a tilted surface  [W m-2] 

αs : albedo of the earth surface    [-] 

Iref,t : reflected radiation from a tilted surface  [W m-2] 

 

A comparison of measured solar radiation incident on the tilted glass-covered surface, 

horizontal global radiation on the horizontal plane and the diffuse solar flux from the sky 

is presented in Fig. 5.8. The intensity of measured solar radiation appears to increase with 

the change of season (from winter to early spring). As seen in the figure, the total 

irradiance on the south-facing tilted surface It,t was always higher than the horizontal 

global radiation Ig,h. The magnitude of It,t was appreciably increased whenever the 

difference between the global and diffuse radiations (presence of beam radiation) was 

large. The diffuse horizontal solar radiation Id,h was notably close to the Ig,h values, 

especially after the 150th hour number. 
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Fig. 5.8. Variation of measured solar radiation incident on horizontal and tilted surfaces   

(n = 248). 
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5.2.2.2 Simulation of thermal radiation 

A comparison between the solar radiation measured by the pyranometers of the CNR 4 

net radiometer and the simulated values is presented in Fig. 5.9. The total solar irradiance 

on the south-facing surface inclined at 26.5° included both the direct and the diffuse solar 

radiation components. The simulation models with the appropriate radiation conversion 

factors gave promising results, especially within the solar radiation range of 0 W m-2 to 

500 W m-2. The solar radiation of high magnitude occurred towards the end of the 

measurement period, i.e. at the early spring period. As seen from the figure, the reflected 

solar radiation during the entire period was less than 155 W m-2. 
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Fig. 5.9. Comparison of the simulated and the measured solar radiation components        

(n = 227). 

 

 

Just like in the nighttime situation, the clear-sky atmospheric emissivity εcs was useful for 

modelling of the daytime longwave radiation. The comparative statistics for the 

performance of the 10 εcs models during the day are presented in Table 5.3. The 

estimated values were compared with the corresponding values at less than 1 octa from 

the dataset. The performance of the models was ranked in ascending order based on the 
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PMRE values with the best model at the top. As was the case at night, the results with the 

smallest BIAS, RMSE, MAE and PMRE were similarly presented by the Sugita and Brutsaert 

(1993) model. The Kruk et al. (2010) was the least performing model (highest errors) also 

during the day. 

 

Table 5.3. Comparative statistics for the performance of clear-sky atmospheric emissivity 

calculation models during daytime. 

Models BIAS [-] RMSE [-] MAE [-] PMRE [%] 

Sugita and Brutsaert (1993) -0.001 0.033 0.028 3.597 

Dos Santos et al. (2011) -0.013 0.036 0.028 3.662 

Prata (1996) -0.01 0.035 0.028 3.697 

Swinbank (1963) -0.005 0.034 0.03 3.872 

Idso and Jackson (1969) 0.003 0.033 0.03 3.946 

Iziomon et al. (2003) -0.028 0.043 0.034 4.301 

Brutsaert (1975) -0.031 0.046 0.037 4.679 

Idso (1981) 0.021 0.04 0.036 4.787 

Duarte et al. (2006) -0.059 0.068 0.059 7.599 

Kruk et al. (2010) -0.073 0.081 0.073 9.503 

 

 

The simulated downwelling longwave radiation LWRd,t and upwelling longwave radiation 

LWRu,t and the corresponding measured values during the day are compared in Fig. 5.10. 

Generally, LWRd,t ranged between 260 W m-2 and 430 W m-2 while LWRu,t values were in 

the range of 280 W m-2 to 490 W m-2. Despite no heating of the thermal box during 

daytime, the LWRu,t values were equally high due to solar radiation presence. It is also 

evident from the figure that simulation with the cloudiness factor derived from octas 

(assigned by the weather watcher) led to overestimation of LWRd,t during the day. The 

octa-based LWRd,t values deviated more from the 1:1 line than the map-based ones. 

However, simulation of LWRu,t with both cloudiness approaches were not significantly 

different from each other. 
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(a)
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(b)

Measured upwelling longwave radiation [W m-2]
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Fig. 5.10. Comparison of simulated and measured daytime longwave radiation:                 

(a) downwelling (n = 229), and (b) upwelling (n = 229). 

 

5.2.3 Net radiation balance 

5.2.3.1 Measurement of net radiation 

The variation of average nighttime net radiation Rn at the exterior glass-covered surface is 

presented in Fig. 5.11. For the study period, the Rn values ranged between -64.8 W m-2 

and 25.9 W m-2. During mid-winter season, the negative Rn values are typical of the 

radiation loss from the cover surfaces and at a later stage of the measurement period, Rn 
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tends towards zero and even positive values. The figure also presents the wind speed 

values during the investigation period. The wind speed ranged from 0.1 m s-1 to 6.1 m s-1, 

with mean value being 1.2 m s-1. In comparison of both trends, the results show that the 

low wind speed seems to favour more negative Rn values (increased net radiation loss) 

while high wind speeds resulted in less negative Rn values (reduced net radiation loss). 

However, it is apparent from the trends that wind speed does not solely affect Rn at the 

cover surface. 

Hour number in verification period at night [h]

0 80 160 240 320 400 480

A
ve

ra
ge

 m
ea

su
re

d
 n

e
t 

ra
d

ia
ti

o
n

 R
n
 [

W
 m

-2
]

-120

-100

-80

-60

-40

-20

0

20

40

W
in

d
 s

p
ee

d
 v

 [
m

 s
-1

]

0

2

4

6

8

10

Average net radiation

Wind speed

 

Fig. 5.11. Variation of average net radiation and wind speed at night (n = 455). 

 

The nighttime air and surface temperatures during the measurement period are plotted in 

Fig. 5.12. Due to heating, the exterior effective surface temperature (for both glass and 

glazing bars) Ts,eff was always higher than the air temperature Ta. This was also the case 

since the temperature inside the box Ti was regulated such that it was 15 K higher than 

the air temperature Ta. This dependency of temperatures was generally evident 

throughout the winter and early spring periods within the investigation period. Also 

presented in the figure is the rainfall amount, which was actually less prevailing during 

this verification period. It is, however, noticed that whenever it rained, both the Ts,eff and 

the Ta values were close to each other. 
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Fig. 5.12. Comparison of air temperature, effective surface temperature and rain with 

time at night (n = 455). 

 

The average values of daytime net radiation Rn at the exterior cover surface measured 

with five net radiometers are presented in Fig. 5.13. The Rn values generally ranged 

between -26.2 W m-2 and 589 W m-2. Unlike nighttime situation, solar radiation during the 

day increased the Rn and this was dependent on the intensity of solar radiation. Also 

presented in the figure is the trend of the hourly mean wind speed during the same 

investigation period. The wind speed ranged from about 0.1 m s-1 to 6.7 m s-1. The mean 

value of wind speed during the measurement period was less than 2 m s-1, its value being 

1.8 m s-1. On some instances, a decrease in the wind speed appears to favour high Rn 

(positive values due to solar energy gain) and vice versa. From the figure, however, it is 

not clear how the wind speed is related to the Rn and this could be an indication that 

other atmospheric parameters are affected. 



Results  86 

 

Fig. 5.13. Variation of average net radiation and wind speed with time during the day       

(n = 226). 
 

 

Both the air and effective surface temperatures during the selected daytime investigation 

period are given in Fig. 5.14. Unlike the nighttime situation, the measurement system was 

not heated during the day. The difference in the temperatures relied solely on the solar 

radiation effect on the surface. As expected, the effective surface temperature Ts,eff was 

generally higher than the air temperature Ta. Additionally, the figure includes a plot of 

rain recorded during the same period. Although the mean rainfall amount was 

approximately 0 mm, it is noticed from the figure that Ts,eff and Ta were close to each 

other whenever it rained. However, in most cases, the differences between Ts,eff and Ta 

remained considerably large especially at high Ta values. 
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Fig. 5.14. Comparison of air temperature, effective surface temperature and rain with 

time during the day (n = 226). 

 

5.2.3.2 Simulation of net radiation 

The comparisons of the simulated net radiation and the average net radiation are 

presented in Fig. 5.15. At night (Fig. 5.15(a)), the uneven distribution of supplied heat 

inside the measurement system led to the scattered variation between the simulated and 

the measured net radiation loss (negative net radiation). As a result, slight differences in 

surface temperatures were noticed both for the glass and the glazing bars. However, a 

fairly good agreement between the simulated and the measured net radiation was 

attained during the day where solar radiation is prevalent (Fig. 5.15(b)). Under the 

daytime situation, since the net radiation Rn has mostly positive values (solar gain), the 

simulated and measured values of Rn were used. The net radiation loss (LWRu,t - LWRd,t) 

values at night were less than 80 W m-2 while the daytime Rn ranged between -55 W m-2 

and 569 W m-2. 
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(a)
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(b)
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Fig. 5.15. Comparison of simulated and average measured net radiation: (a) at night         

(n = 455), and (b) during the day (n = 229). 
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5.2.4 Evaluation and sensitivity analysis of longwave radiation models 

5.2.4.1 Evaluation of the models 

The evaluation of the longwave radiation models was essential using the previously 

described statistical criteria (BIAS, RMSE, MAE and PMRE) and the coefficient of 

determination (R2). Under both daytime and nighttime situations, the evaluation applied 

for both the total downwelling longwave radiation LWRd,t and the total upwelling 

longwave radiation LWRu,t. Table 5.4 shows the comparison of nighttime and daytime 

comparative statistics for the performance of the longwave radiation models. For both 

the LWRd,t and the LWRu,t models, the simulation was done with the two cloudiness 

prediction approaches (octa-based and map-based). The simulation results were 

compared with the measurements for the same period. Although the simulations using 

both cloudiness prediction techniques were not significantly different (p > 0.05), the map-

based prediction approach gave the best results with the highest R2 and the lowest errors 

(BIAS, RMSE, MAE and PMRE). Both at night and during the day, the test criteria led to 

somehow better results for the LWRu,t model than for the LWRd,t model. 

 

Table 5.4. Comparative statistics for the performance of longwave radiation models under 

both night and day situations. 

 

Nighttime measurements 

 

Daytime measurements 

Model* 

BIAS 

[W m-2] 

RMSE 

[W m-2] 

MAE 

[W m-2] 

PMRE 

[%] 

R2 

[-]   

BIAS 

[W m-2] 

RMSE 

[W m-2] 

MAE 

[W m-2] 

PMRE 

[%] 

R2 

[-] 

1 LWRd,t 2.362 11.011 8.296 2.632 0.870 

 

11.801 19.765 14.766 4.536 0.818 

2 LWRd,t -3.810 9.188 7.353 2.284 0.910 

 

-4.477 11.322 9.022 2.643 0.929 

1 LWRu,t 0.266 8.017 6.246 1.730 0.912 

 

1.761 11.449 8.713 2.231 0.924 

2 LWRu,t 2.153 7.843 6.411 1.796 0.924   1.523 10.199 7.751 2.004 0.935 

*Simulated with cloudiness factors: 1 Coctas (weather watcher), 2 Cmaps (weather maps). 

 

5.2.4.2 Sensitivity analysis of the models 

Based on the variation of the key parameters from the base value (median), temperature 

clearly stands out to be the critical parameter influencing the longwave radiation models 

(Fig. 5.16). Considering air temperature Ta change of 45 K, the increment in LWRd,t was as 

high as 115.35 % (Fig. 5.16(a)). The LWRd,t fluxes increased by about 22.61 % under cloudy 
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conditions (cloudiness factor C = 1) while for 60 % change in relative humidity RH, the 

increment in LWRd,t was only 10.97 %. Clouds seemed to be somewhat more sensitive in 

the Qs,eff model (Fig. 5.16(b)) than in the LWRd,t model. Generally the surface-to-air 

temperature difference and the air temperature were the most sensitive parameters. 
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Fig. 5.16. Sensitivity of longwave radiation models to changes in the key parameters:      

(a) downwelling longwave radiation, and (b) effective thermal radiation exchange (n = 9). 
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5.2.4.3 Sensitivity index 

The sensitivity indices obtained from sensitivity analysis of longwave radiation models are 

presented in Table 5.5. For the LWRd,t model, the highest sensitivity index SI was due to 

changes in air temperature. Changes in both cloudiness and relative humidity resulted in 

low SI values, with the latter registering the lowest. Similar results were noted for the case 

of effective thermal radiation exchange Qs,eff model. The highly sensitive parameter still 

stands out to be the temperature. However, the higher SI was as a result of increment in 

temperature difference between the surface and the air. The sensitivity indices due to 

changes in cloudiness and relative humidity in the Qs,eff model were high and medium, 

respectively. 

 

Table 5.5. Sensitivity indices of longwave radiation models due to the parameter changes. 

Model output variable 

Key parameters influencing the radiation models 

Air 

temperature 

Cloudiness 

factor 

Relative 

humidity 

Temperature 

difference 

Ta [K] C [-] RH [%] ΔTs-a [K] 

Downwelling longwave 

radiation LWRd,t [W m-2] 
5.24 0.08 0.07 - 

Effective thermal radiation 

exchange Qs,eff [W m-2] 
10.20 a 0.87 0.11 17.22 b 

(a with no heating; b with heating) 
 

 

5.3 External Surface Radiation Distribution and Heat Balance 

5.3.1 Thermographic assessment of the surface 

The thermal status in terms of surface temperature and heat distribution at the glass-

covered surface was assessed using infrared thermography. The measured upwelling 

longwave radiation is compared with the surface radiation flux evaluated by the 

thermography method as shown in Fig. 5.17. It is clearly seen that the measured values 

were always greater than those obtained through thermography. At around the 30th hour 

number, the measured and computed (thermography) were fairly the same and it was on 

this day (3rd March 2013) that the mean cloudiness factor was zero octa (eighth). In the 
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same figure, a clear and marked relationship between the radiation emitted from the 

exterior surface and the temperature is also observed. During the verification period, the 

air and exterior surface temperature profiles vary in a similar way as the surface radiation. 

Due to nighttime heating of the developed measurement system, the effective surface 

temperature Ts,eff was always higher than the air temperature Ta. Accurate knowledge of 

surface emissivity εs (0.92 for glass and 0.96 for steel glazing bars) leads to minimal errors 

related to apparent temperature recorded by the thermal camera. 
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Fig. 5.17. Variation of exterior surface heat flux with the air and surface temperatures      

(n = 105). 

 

Two thermograms obtained from the analysed weather images on two typical nighttime 

measurements are given in Fig. 5.18. The fairly large range in temperatures is due to the 

fact the thermal images also captured the temperatures of the radiometers and the 

supporting frames (blue and green colours) above the cover surface. One of the nights 

had presence of little showers (about 0.2 mm) while the other had no rain at all. The 

heating rods placed on the lower edges inside the boxes are captured by the infrared 

thermal camera and this is shown by vertical pink lines on the thermograms. 
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Fig. 5.18. Thermograms of the surface with little showers (left) and with no rain (right). 

 

Since the big south-facing thermal box was inclined at 26.5° from the horizontal, the 

upper section of the glass-covered surface was always slightly warmer than the lower 

section (Fig. 5.19). Although this was the case, the variation in the apparent surface 

temperature ϑs,app was not significant (p > 0.05). However, the scenario in Fig. 5.19(c) was 

characterized by a clear-sky condition and the ϑs,app values at the upper section were 

somehow significantly different from those on the lower section (p < 0.05). 
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(b) 02.03.2013
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Fig. 5.19. Apparent surface temperatures on the thermograms for some nights (a – d)      

(n = 23). 
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5.3.2 Significance of thermal radiation in Ucs-value 

The variation of heat transfer coefficients due to convection and radiation during the 

nighttime measurement period are given in Fig. 5.20. The computed hourly convective 

heat transfer coefficient Ucv ranged between 2.8 W m-2 K-1 and 10.1 W m-2 K-1. The 

corresponding wind speeds for the minimum and maximum Ucv values were 0.1 m s-1 and 

6.1 m s-1, respectively. As the wind speed increases, convection becomes the dominant 

mode of heat loss. In fact, Ucv at the exterior surface is never zero even when the wind 

speed is approximately 0 m s-1. On the other hand, the radiative heat transfer coefficient 

Ulir ranged between 3.9 W m-2 K-1 and 5 W m-2 K-1. 
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Fig. 5.20. Comparison of convective and radiative heat transfer coefficients with time       

(n = 423). 

 

Based on the measurements from the big south-facing thermal box, the minimum and 

maximum Ucs-values were 4.12 W m-2 K-1 and 9.97 W m-2 K-1, respectively (Fig. 5.21). The 

values are seemingly close to those of the standard (dashed line) as highlighted by the 

HORTEX system (Rath, 1992), where the Ucs-value at the wind speed of 4 m s-1 is about 

7.56 W m-2 K-1. It is also apparent from the figure that the Ucs-value is directly proportional 

to the wind speed. 
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Fig. 5.21. Variation of Ucs-value as a function of wind speed (n = 106). 

 

The proportions of both the radiative and the convective heat transfer coefficients to the 

overall heat transfer coefficient Ucs-value are presented in Fig. 5.22. As seen in Fig. 5.22(a), 

the ratio of Ulir to Ucs-value decreased with an increase in the wind speed. This declining 

trend of Ulir to Ucs-value ratio was predominant at low wind speeds. On the other hand, 

the ratio of Ucv to Ucs-value increased as the wind speed increased (Fig. 5.22(b)). Even 

though the wind speeds were mostly less than 3 m s-1, it can be seen that wind speed had 

a stronger effect on both the Ucv and the Ulir. Considering the wind speed range (0.04 m s-1 

to 6.1 m s-1) during the measurement period, the ratio of Ulir to Ucs-value ranged between 

0.37 and 0.78, while the ratio of Ucv to Ucs-value ranged from 0.35 to 0.87. From the 

models fitted to the data, the Ulir to Ucs-value ratio reduced by 41 % when the wind speed 

is increased from 0 m s-1 to 4 m s-1. However, within the same wind speed range (0 m s-1 

to 4 m s-1), the ratio of Ucv to Ucs-value increased by 59 %. A fairly steep slope in the case 

of Ucv to Ucs-value ratio also confirms this effect by wind. 

Dashed: Standard (Rath, 1992) 
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Fig. 5.22. Relationship between ratios of radiative (a) and convective (b) heat transfer 

coefficients to Ucs-value as a function of wind speed (n = 423). 
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5.4 Corrected Ucs-values as a Function of Cloudiness, Wind Speed and Surface Inclination 

The Ucs-value of an entire greenhouse can be transformed into separate Ucs-values of 

roofs and walls by taking into consideration the corrections due to wind speed and 

cloudiness. The available wind-corrected Ucs-values in HORTEX (Rath, 1992) have been 

used to describe greenhouse heat losses. For a single float glass, the standard greenhouse 

Ucs-value of 7.56 W m-2 K-1 is based on an average wind speed of 4 m s-1. The wind-

corrected Ucs-value is expressed as (Rath, 1992): 
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,

,, cv
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stcs

stcsvcs yvx
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UU     (5.1) 

where, 

Ucs,v : wind-corrected Ucs-value   [W m-2 K-1] 

Ucs,st : standard greenhouse Ucs-value at 4 m s-1 [W m-2 K-1] 

yc,8 : coefficient = 7.56 (Rath, 1992)  [-] 

xv,1 : coefficient = 0.35 (Rath, 1992)  [s m-1] 

v : wind speed     [m s-1] 

yc,9 : coefficient = -1.4 (Rath, 1992)   [-] 

 

The estimated Ucs-values for both surface inclinations (roof and wall) as a function of the 

cloudiness and the wind speed are presented in Fig. 5.23. The data was derived from the 

measurements with the miniaturized thermal boxes. In the 3D-plot, the chosen wind 

speed ranging from 0 m s-1 to 4 m s-1 were obtained from the measured data. The wind 

speed of 4 m s-1 has been used previously as an average wind speed for the study location 

(Tantau, 1983; von Zabeltitz, 1982). The cloudiness factors were grouped into four 

categories (0.25, 0.5, 0.75 and 1) which lie in the range of 0 to 1. The 3D-plot shows that 

the Ucs-value is proportional to the wind speed and inversely proportional to the 

cloudiness. The influence of cloudiness on the Ucs-value is less marked than in the case of 

the wind speed. The transparency effect in the 3D-plot distinguished the two colours 

(cyan for the roof and grey for the wall). It is apparent that the Ucs-values differ from each 

other by approximately 0.45 W m-2 K-1. Generally, the roof had higher Ucs-values than the 

walls under all wind and sky conditions. 
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Fig. 5.23. Ucs-value as a function of cloudiness and wind speed for roofs and walls (n = 4). 

 

A multilinear approach was used to check the influence of the cloudiness factor C and the 

wind speed v on the roof and wall Ucs-values. A coupled effect of both variables (C and v) 

was initially included. However, from statistical tests, the coupled effect of both variables 

presented a high p-value (p > 0.05). This points out that the combined effect (C ∙ v) is less 

sensitive to the Ucs model compared to the individual C and v variables. Since this coupled 

effect appeared to be an insignificant independent variable, it was therefore eliminated 

from the multilinear model. For a single glass greenhouse, the relationships between the 

Ucs-value, the cloudiness factor and the wind speed are expressed as: 

Roof:  vxCxxU wuusfgcs  6,9,8,,     (5.2) 

Wall:  vxCxxU wuusfgcs  7,11,10,,    (5.3) 

where, 

Ucs,sfg : greenhouse Ucs-value for a single float glass [W m-2 K-1] 

v : wind speed     [m s-1] 

C : cloudiness factor    [-] 

xu,8 : coefficient = 6.48 (empirical)   [W m-2 K-1] 

xu,9 : coefficient = -0.81 (empirical)   [W m-2 K-1] 

xw,6 : coefficient = 0.415 (empirical)   [W s m-3 K-1] 

xu,10 : coefficient = 6.01 (empirical)   [W m-2 K-1] 
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xu,11 : coefficient = -0.88 (empirical)   [W m-2 K-1] 

xw,7 : coefficient = 0.421 (empirical)   [W s m-3 K-1] 

 

A summary of the Ucs-values for the selected extreme wind and sky conditions is 

presented in Table 5.6. These values represent the four edge points of the 3D-plot for 

both roof and wall surfaces (see Fig. 5.23). The Ucs-values are generally low under calm 

(not windy) and cloudy conditions, and high under windy and clear-sky conditions. For a 

ground area of 10000 m2, the roofs and the walls (side and end walls) constitute about 

73 % and 27 % of the total Venlo greenhouse surface area, respectively. In this case, and 

assuming a wind speed of 4 m s-1 and an average cloudiness of 4 octas, the calculated 

area-weighted Ucs-value for an entire greenhouse is 7.57 W m-2 K-1. This standardized 

value (Rath, 1992; von Zabeltitz, 1982) represents a greenhouse covered with a single 

float glass under average wind and sky conditions. 

 

Table 5.6. Ucs-values of roofs and walls under different wind and sky conditions. 

Surface 

Calm, 

Clear-sky 

Calm, 

Cloudy 

Average wind 

speed, Clear-sky 

Average wind 

speed, Cloudy 

Roof 6.73 6.02 7.89 7.34 

Wall 6.25 5.56 7.48 6.73 

Note: Ucs-values in W m-2 K-1; Calm: ≈ 1 m s-1; Average wind speed: 4 m s-1; Clear-sky: < 2 octas; 

Cloudy: ≈ 8 octas 

 

A correction factor CF is necessary for adjusting the Ucs-values especially for well-insulated 

greenhouses. This correction should consider the prevailing outdoor conditions, such as 

wind and cloudiness. For this reason, the data was obtained from measurements with the 

thermal boxes. The Ucs-values from HORTEX (Rath, 1992) are only wind-corrected. The 

strong interaction between radiative and convective exchanges at the exterior surface 

(sub-section 5.3.2) points out that it is necessary to consider both cloudiness and wind 

speed parameters, hence the need to correct the existing Ucs-values. If a model is known 

for a single glass (Ucs,st = 7.56 W m-2 K-1) greenhouse, one can transform it to other Ucs,st 

values with a CF as follows (assuming a multiplicative effect similar to Rath (1992)): 
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where, 

CF : correction factor    [-] 

Ucs,st : standard greenhouse Ucs-value at 4 m s-1 [W m-2 K-1] 

xu,12 : coefficient = 7.56 (Rath, 1992)  [W m-2 K-1] 

 

The roof and wall Ucs-values were computed using Eqs. (5.2) and (5.3), respectively, with 

the wind speed of 4 m s-1 and the selected cloudiness factors C (0, 0.385 and 1). The 

average Ucs-values for roofs and walls are compared with the existing wind-corrected data 

as shown in Fig. 5.24. The Ucs-values deviate from each other at the C values of 0 and 1. 

The Ucs-values are in best agreement at a C value of 0.385. This indicates that the former 

measurements were done at an average C of 0.385 (approximately 3 octas). 
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Fig. 5.24. Comparison of average Ucs-values and the equivalent wind-corrected data (n = 8). 

 

At a wind speed of 4 m s-1 and a cloudiness factor C of 0.385 (value from Fig. 5.24), the 

average Ucs-value is 7.56 W m-2 K-1. With this standard Ucs-value, the correction factor CF 

is 1. An appropriate CF is necessary to ensure that there is no change in all other average 

Ucs-values at the wind speed of 4 m s-1 and the C of 0.385. For other Ucs-values less than 

7.56 W m-2 K-1, the CF is expected to be less than 1. With the Ucs-value of 4.5 W m-2 K-1, for 
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example, the CF is 0.6 (i.e. 4.5 divided by 7.56). At an even lower Ucs-value of 1.5 W m-2 K-1, 

the corresponding CF is 0.2. The CF is therefore generally useful for calculating the new 

corrected Ucs-values (Ucs,n). The existing wind-corrected Ucs-values (Ucs,v) have Ucs,st and v 

as the model inputs (Rath, 1992). Hence, for a single float glass and the CF created with 

the measured values from this study, the Ucs,n is expressed as follows: 
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where, 

Ucs,n : new corrected Ucs-value   [W m-2 K-1] 

Ucs,sfg : greenhouse Ucs-value for a single float glass [W m-2 K-1] 

xu,12 : coefficient = 7.56 (Rath, 1992)  [W m-2 K-1] 

Ucs,st : standard greenhouse Ucs-value at 4 m s-1 [W m-2 K-1] 

yc,8 : coefficient = 7.56 (Rath, 1992)  [-] 

xv,1 : coefficient = 0.35 (Rath, 1992)  [s m-1] 

v : wind speed     [m s-1] 

yc,9 : coefficient = -1.4 (Rath, 1992)   [-] 

 

The multilinear versions of Ucs,n for roof and wall surfaces as a function of Ucs,st, C and v 

are thus obtained by incorporating Eqs. (5.2) and (5.3) into Eq. (5.5). The influences of the 

two variables (cloudiness factor and wind speed) are included in the individual models. 

The overall expressions of Ucs,n for the roof and wall surfaces are given by: 

Roof:    
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Wall:    
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where, 

Ucs,n : new corrected Ucs-value   [W m-2 K-1] 

C : cloudiness factor    [-] 

v : wind speed     [m s-1] 

xu,8 : coefficient = 6.48 (empirical)   [W m-2 K-1] 

xu,9 : coefficient = -0.81 (empirical)   [W m-2 K-1] 
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xw,6 : coefficient = 0.415 (empirical)   [W s m-3 K-1] 

xu,12 : coefficient = 7.56 (Rath, 1992)  [W m-2 K-1] 

Ucs,st : standard greenhouse Ucs-value at 4 m s-1 [W m-2 K-1] 

yc,8 : coefficient = 7.56 (Rath, 1992)  [-] 

xv,1 : coefficient = 0.35 (Rath, 1992)  [s m-1] 

yc,9 : coefficient = -1.4 (Rath, 1992)   [-] 

xu,10 : coefficient = 6.01 (empirical)   [W m-2 K-1] 

xu,11 : coefficient = -0.88 (empirical)   [W m-2 K-1] 

xw,7 : coefficient = 0.421 (empirical)   [W s m-3 K-1] 

 

Transforming the measured Ucs-values into those of roofs and walls is then possible with 

the obtained CF. The new corrected multi-effect Ucs model (Ucs,n) can be expressed with 

the standard greenhouse Ucs-value at 4 m s-1 (Ucs,st), the cloudiness factor C and the wind 

speed v as the model inputs. The simplified Ucs,n models are therefore expressed as: 

Roof:  2
7,8,2,11,10,,, vyvCxvxCyyUU uwvccstcsncs   (5.8) 

Wall:  2
8,9,3,13,12,,, vyvCxvxCyyUU uwvccstcsncs   (5.9) 

 

where, 

Ucs,n : new corrected Ucs-value   [W m-2 K-1] 

Ucs,st : standard greenhouse Ucs-value at 4 m s-1 [W m-2 K-1] 

C : cloudiness factor    [-] 

v : wind speed     [m s-1] 

yc,10 : coefficient = 0.697 (empirical)   [-] 

yc,11 : coefficient = -0.087 (empirical)  [-] 

xv,2 : coefficient = 0.084 (empirical)   [s m-1] 

xw,8 : coefficient = -4.9 ∙ 10-3 (empirical)  [W s m-3 K-1] 

yu,7 : coefficient = 2.5 ∙ 10-3 (empirical)  [W s2 m-4 K-1] 

yc,12 : coefficient = 0.646 (empirical)   [-] 

yc,13 : coefficient = -0.095 (empirical)  [-] 

xv,3 : coefficient = 0.081 (empirical)   [s m-1] 

xw,9 : coefficient = -5.3 ∙ 10-3 (empirical)  [W s m-3 K-1] 

yu,8 : coefficient = 2.6 ∙ 10-3 (empirical)  [W s2 m-4 K-1] 
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To check the performance of the developed models, another step involved comparing the 

new corrected Ucs-value (Ucs,n) with the former wind-corrected Ucs-value (Ucs,v). A 

comparison of the roof and wall Ucs,n-values (including their averages) and the Ucs,v-values 

is shown in Fig. 5.25. The values were similarly selected at intervals of 1.5 W m-2 K-1 

between the two set fixpoints (0 W m-2 K-1 and 7.56 W m-2 K-1). Based on the model 

improvements, the Ucs,n-values of the roof are slightly higher than those of the wall. This 

was more pronounced for high Ucs-values close to 7.56 W m-2 K-1. However, it is seen from 

the figure that the average Ucs,n-values are very close to the 1:1 line. This was generally 

the case for all average Ucs,n-values ranging between 0 W m-2 K-1 and 7.56 W m-2 K-1. 
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Fig. 5.25. Comparison of new corrected Ucs-values and the existing wind-corrected data 

with C = 0.385 and v = 4 m s-1 (n = 6). 

 

In order to check the effect of the model inputs in Eqs. (5.8) and (5.9) on the Ucs,n, some 

assumptions were subjectively set to define a given range in each of the variables. For 

instance, in HORTEX, the standard greenhouse Ucs-values (Ucs,st) at a wind speed of 4 m s-1 

are about 7 W m-2 K-1 and 3 W m-2 K-1 for fairly bad and good glass insulations, 

respectively (Rath, 1992). From this work, the average cloudiness factors C of 0.1 and 0.9 

define the clear-sky and overcast conditions, respectively. It is also assumed that the Ucs,n 

models work well within the wind speed v range of 0 m s-1 to 7 m s-1, and are thus less 
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suitable for v > 7 m s-1. With the selected ranges of Ucs,st, C and v, the following 

assumptions were therefore taken into consideration: 

a) ΔUcs,st = 4 W m-2 K-1 

b) ΔC = 0.8 

c) Δv = 7 m s-1 

 

where, 

ΔUcs,st : difference in standard greenhouse Ucs-values [W m-2 K-1] 

ΔC : difference in cloudiness factors   [-] 

Δv : difference in wind speeds    [m s-1] 

 

Based on the set assumptions, the effects of the individual variables on the corrected Ucs,n 

models are presented in Table 5.7. The model inputs and their coefficients for the roof 

and the wall were obtained from Eqs. (5.6) and (5.7), respectively. In the linear 

combination of the model variables, Ucs,st and Ucs,st ∙ v showed the highest influence for 

roofs and walls. However, Ucs,st ∙ C ∙ v was the least influential input in the models. Despite 

the variation in rating, the independent variables jointly contribute in calculating the Ucs,n 

for roofs and walls (p < 0.05). The quadratic effect in the Ucs,n models with the input v 

resulted from the new correction (with both C and v parameters) applied to the existing 

wind-corrected Ucs-values (Rath, 1992). 

 

Table 5.7. Effects of the model inputs on the new corrected Ucs-values for roofs and walls. 

Model input 

(with coefficient) 

Absolute factor effect on Ucs,n [W m-2 K-1]  Input influence on Ucs,n [%] 

Roof Wall  Roof Wall 

ΔUcs,st > 2.7 > 2.5  45.57 44.13 

ΔUcs,st ∙ ΔC > 0.2 > 0.3  4.54 5.19 

ΔUcs,st ∙ Δv > 2.3 > 2.2  38.45 38.73 

ΔUcs,st ∙ ΔC ∙ Δv < 0.12 < 0.12  1.83 1.91 

ΔUcs,st ∙ (Δv)2 > 0.5 > 0.5 
 

9.61 10.04 
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6 DISCUSSION 
 

6.1 Radiation Exchange as Influenced by Surface Inclination and Orientation 

6.1.1 Surface inclination effects 

Unlike in the big south-facing thermal box where the view factor remained unchanged, 

the case was different in the miniaturized thermal boxes. By changing the inclination 

angle β, the view factor is similarly altered (Evins et al., 2014). In this respect, when β 

changes from 24° (roof) to 90° (wall), the view factor of the exterior surface to the sky Fsky 

is reduced while that to the surrounding ground objects Fgnd is increased. Based on the 

equations in the literature which depend on the inclination angle (Romila, 2012; 

EnergyPlus 8.0, 2013; Walton, 1983), the roof has a sky view factor Fsky of 0.94 while the 

vertical wall has an Fsky of 0.35. At an inclination angle of 24°, the roof is the most exposed 

component of the greenhouse structure. This in turn led to lower surface-to-air 

temperature differences ∆Ts-a of the roofs compared to those of the walls. This implies 

that the sky-oriented exterior roof surfaces are cooled more than the vertical walls 

(Ronoh and Rath, 2015b; Algarni and Nutter, 2015; Kehrer and Schmidt, 2008). 

 

However, under an overcast condition, the variation in inclination angles did not show any 

significant changes (p > 0.05) in the net longwave radiation loss. This supports the fact 

that the radiative heat flux is not well connected to the surface inclination as it merely 

depends on the temperature difference (Dimitriadou and Shea, 2012). As expected, the 

exposed roof loses more heat to the sky than the walls under clear-sky conditions. The 

surface of interest represents that of the Venlo greenhouse design where the roof 

fraction is low (von Elsner et al., 2000). This outcome agrees well with the observation 

that the nighttime heat loss by longwave radiation affects any building surface whose roof 

fraction is high (Porson et al., 2010). This is equivalent to saying that the sensible heat flux 

is higher when the roof area is more than the wall area. The reduced roof surface area (an 

area of major heat loss) in Venlo greenhouses is therefore beneficial in the overall 

reduction of the heating costs. 

 

Despite the differences in the view factors of the surfaces (roof and wall) to the sky, the 

variability of the radiative exchange is more restricted at night than during the day (Oliveti 

et al., 2012). The high view factor of the roof surface to the sky increases the greenhouse-
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sky radiative heat exchange. However, the heat loss through the walls is compensated by 

the radiative exchange to the air and the surrounding objects. This explains the 

insignificant effects (p > 0.05) of the surface inclination on the measured net radiation Rn 

values. The effect was more pronounced during overcast nights (about 6 to 8 octas) with 

less negative Rn values. Li et al. (2014) also noted that the roof effect does not have a 

significant impact on the nighttime heat loss due to the energy limitation. The case would 

be different during the day when solar radiation is present. It was, however, noticed that 

the Rn values were more negative (increase in radiative loss) under clear-sky conditions 

(less than 2 octas) than under overcast conditions (about 8 octas). During the clear-sky 

nights, the configuration of the surface (and thus the view factor effect) contributed to 

the variation in the net radiation loss. Due to the exposure of the roof to the sky, the 

mean Rn was higher at the roof than at the wall. The net radiation data served not only as 

an additional parameter (other than temperature and wind speed) but also as a 

tremendous insight of heat loss from the exterior surface. 

 

The presence of radiation influences the roof and the wall surface temperatures to 

various extents depending on the emissivity and the view factor effect. The surface 

temperature in turn influences the weak natural convection flows. An observation by 

Sharma et al. (2008) indicates that the effect of surface radiation on turbulent natural 

convection depends strongly on the inclination of the surface. Thus, the interaction of 

these heat transfer mechanisms at the cover surface (natural convection and surface 

radiation) is of practical interest. The smaller surface-to-air temperature differences ∆Ts-a 

of the roof compared to those of the wall at various wind speeds can be explained by the 

fact that the exposed roofs have higher forced convective heat loss, especially at the 

windward side (Liu et al., 2015). A study by Svensson (2004) reported an insignificant 

effect of the surface geometry (thus the view factor) and the air temperature, and hence 

an indication that the view factor is strongly correlated to the surface temperature. This 

relationship is in agreement with observations by other authors for several areas (Eliasson, 

1996; Chapman et al., 2001; Nunez et al., 2000). 
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6.1.2 Surface orientation effects 

Southerly and westerly wind directions were generally dominant during the measurement 

period. This agrees well with an observation by Voigtländer et al. (2006) about the 

distribution of wind directions in Germany. It is also worth noting that the dominant wind 

speed class was that between 1.5 m s-1 and 3 m s-1. It was also apparent that wind was 

very variable both in direction and speed. An increase in wind speed reduces the surface 

resistance (Jones, 2014); this generally leads to an increased heat loss which is largely 

brought about by convection. 

 

Based on the trends of the surface-to-air temperature difference ΔTs-a, the deviation 

between the ΔTs-a values of the roof and the wall (i.e. ΔTW-R) was not significantly affected 

by the box orientation. In a study by Nie et al. (1992), the difference in average daytime 

net radiation Rn can be as high as 15 % to 20 %, especially when the north and south 

orientations are considered. Interestingly, this effect of orientation on nighttime Rn from 

this study was insignificant (Ronoh and Rath, 2015b). This indicates that the Rn was little 

affected by varying the orientation of the thermal boxes. Generally, these orientations are 

applicable, especially during the day, in maximizing winter sunlight and heat gain 

depending on whether the greenhouse is a single-span or a gutter-connected type 

(Sanford, 2011). 

 

6.2 Modelling of Thermal Radiation Exchange 

6.2.1 Radiation model and its effects for night situation 

The radiation exchange is an important factor in the thermal environment of building and 

ground surfaces (van Thanh, 1973). At night, longwave radiation is the sole source of 

radiant energy to the surface. During this time, the exterior surface exchanges longwave 

radiation with the sky, the ground and the surrounding elements (Ronoh and Rath, 2015a). 

The longwave radiation exchange between surfaces is dependent on the surface 

temperatures, spatial relationships between the surfaces and the surroundings, and 

relevant material properties (emissivity and absorptivity) of the surfaces. The sum of the 

sky downwelling longwave radiation and the longwave radiation from the surrounding 

gives the total modelled downwelling longwave radiation LWRd,t. An additional 

component accounted for the longwave radiation from the surrounding objects such as 
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trees adjacent to the measurement site. This is in agreement with an observation by 

Howard and Stull (2013) while modelling the downwelling longwave radiation under clear 

skies. Although the work of Howard and Stull (2013) was applied on alpine ski racing 

(groomed ski run), the longwave radiation phenomena at the reference surface remain 

comparable. This implies that integrated contributions from the entire upper hemisphere 

above the surface of interest are of great concern while modelling the radiation exchange. 

The individual contributions of radiation are sequentially weighted by their view factors 

(Howard and Stull, 2013). These view factors determine which part of the total radiation is 

directly intercepted by the surface (Vollebregt and van de Braak, 1995). The simulated 

LWRd,t values compared well with the measurements by the CNR 4 net radiometer. 

 

In modelling of the downwelling longwave radiation from the sky LWRd, the clear-sky 

atmospheric emissivity εcs parameterizations, which use water vapour pressure and air 

temperature, had the best scores. This confirms that the near-surface water vapour 

pressure is an important variable due to its impact as a greenhouse gas and should be 

applied in conjunction with the air temperature (Sedlar and Hock, 2009). The best 

parameterization for εcs estimation under both day and night situations was the Sugita 

and Brutsaert model (see Tables 5.2 and 5.3). It requires only the air temperature and 

water vapour pressure measurements. Generally, the Duarte et al. (2006) and the Kruk et 

al. (2010) models underestimated the εcs values while the Idso (1981) model registered an 

overestimation of the εcs. Accurate estimation of the εcs directly influences the 

computation of the effective atmospheric emissivity. According to Ryu et al. (2008), LWRd 

estimation becomes challenging because complex atmospheric components might affect 

atmospheric emissivity and could be the main reason of model uncertainties (Choi, 2013). 

Rizou and Nnadi (2007) pointed out that heterogeneous land cover types could affect 

atmospheric emissivity as well as air temperature and water vapour. 

 

The estimated cloudiness factors (Coctas from weather watcher and Cmaps from analysed 

weather maps) were necessary for the radiation modelling (Table B2, Appendix B). These 

cloudiness factors were then implemented into the effective atmospheric emissivity εa 

parameterization. The inclusion of the cloudiness factor in the model parameters provides 

an appreciable improvement on the simulation (Ronoh and Rath, 2014). Clouds are known 
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to alter longwave radiative profile through emission of longwave radiation from cloud 

base (Key and Minnett, 2004). Generally, the presence of clouds increases atmospheric 

irradiance received at the surface. This could be attributed to the fact that radiation from 

water vapour and carbon dioxide in the lower atmosphere gets supplemented by 

emission from clouds in the waveband which the gaseous emission lacks (Iziomon et al., 

2003). However, clouds should not be expected to increase sky radiation by more than 

40 % even under completely overcast conditions (Kimball et al., 1982). Cooler clouds, on 

the other hand, reduce the amount of heat that radiates into space by absorbing the heat 

radiating from the surface and re-radiating some of it back down. Despite this scenario, 

this cooling effect of clouds is partly offset by a blanketing effect (reflection of infrared 

radiation from the undersides of clouds). 

 

With precise computation of the effective thermal radiation exchange Qs,eff and the 

reflected component of atmospheric downwelling longwave radiation LWRd, the 

upwelling longwave radiation LWRu,t can then be obtained (Ronoh and Rath, 2014). The 

effective surface temperature Ts,eff  (for glass and glazing bars) and the surface emissivity 

strongly influence the output of LWRu,t. To a certain degree, vegetation influences the 

LWRu,t since a thick vegetation cover can act to retard the radiation emitted from the 

ground via multiple reflections. 

 

6.2.2 Radiation model and its effects for day situation 

The thermal radiation exchange influences the entity of the maximum thermal loads 

which act of any building surface (Oliveti et al., 2012). The thermal radiative heat transfer 

consists of the shortwave solar radiation against the external surfaces of buildings (such 

as greenhouses) during the day and the longwave radiation exchange which occurs 

throughout the day and night (Liu and Harris, 2013). Detailed thermal radiation models 

that count for the thermal exchange between the exterior surfaces of buildings and the 

surroundings are necessary to calculate the energy balance on the exterior surfaces 

(Romila, 2012). Unlike measurement of solar radiation, longwave radiation 

instrumentation (e.g. pyrgeometer) is nowadays usually deployed at weather stations 

specifically designed for scientific purposes (Sicart et al., 2006). It is not so common in the 

most habitual automated weather stations. Hence, all energy balance models estimate 
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longwave components independently through different physical relations and 

parameterizations. 

 

The daytime longwave radiation exchange at the greenhouse surfaces, just like at night, 

was also influenced by the air temperature, the water vapour pressure and the cloudiness 

factor. The greenhouse surfaces receive energy from the sky and the nearby objects in the 

form of longwave radiation which is continuously present during the day and at night. In 

addition to the longwave radiation, these surfaces receive a substantial amount of energy 

from the sun in the form of solar radiation (van Thanh, 1973). Due to presence of this 

solar radiation during the day, the measurement system was however not heated. This 

allowed exclusion of solar radiation data from the longwave radiation data and thus a 

possibility to test the models. Under daytime situation, therefore, the magnitude of net 

shortwave radiation was higher than the net longwave radiation. The diffuse-to-global 

solar radiation correlation, originally developed by Liu and Jordan (1960), has been used 

extensively as a technique providing accurate results, although it is latitude-dependent. 

The 4th order polynomial expression helps to establish the relationship between the 

hourly diffuse fraction Fd and the hourly clearness index Ic using the measured data on a 

horizontal surface (Jacovides et al., 2006). From the available dataset (2009 to 2013), this 

polynomial expression showed a good agreement for 0 ≤ Ic ≤ 0.75. Another important 

observation is that for Ic > 0.75, the diffuse fraction Fd does not decrease further. Despite 

a paucity of data for Ic > 0.75, Fd is relatively large at high Ic values. For Ic > 0.75, an 

average Fd value of 0.2 was found to be appropriate and this is in agreement with the 

value given by Miguel et al. (2001). 

 

During the day, solar radiation is the dominant flux under clear, dry skies. Solar and 

longwave fluxes are both important with cloudy skies. Cloudiness, similarly, alters the 

solar radiation profile through scattering and absorption of the incident solar radiation. A 

portion of the energy reaching the surface is reflected skyward where it may again 

interact with clouds. These radiative interactions constitute the surface cloud radiative 

forcing over a given area, a factor used to determine the impact of clouds on irradiance 

(Key and Minnett, 2004). The larger insolation increases the surface temperature (Moene 

and van Dam, 2014) and thus resulting in the higher total upwelling longwave radiation 
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LWRu,t. Since the developed measurement system (big thermal box) remained closed 

during the specific daytime investigation period, the effective surface temperature Ts,eff 

was higher than the air temperature Ta. However, the difference between these 

temperatures (Ta and Ts,eff) was not great unlike for the night situation where the system 

was heated. At temperature Ta, air is brought in contact with the surface by the turbulent 

winds and thereafter it warms up and takes heat out of the surface since Ta < Ts,eff. 

 

For inclined surfaces such as those used in this study, it is necessary to consider the 

radiation reflected onto the surface by adjacent surfaces (Hay, 1979). According to Gulin 

et al. (2013), the classical approach to the modelling of the reflected radiation assumes 

that the reflected rays are diffuse. This means that the coefficients of reflection of the 

beam and the diffuse rays are identical. The global and diffuse solar irradiance on 

horizontal are commonly measured at the meteorological stations. The developed 

radiation models are then useful in estimating the total solar irradiance (beam, diffuse 

and reflected) on the tilted surfaces. The tested models can be useful in accurately 

predicting the annual collectable solar radiation on south-facing surfaces. Quantification 

of the total irradiance is very important on different exterior building surfaces such as in 

the energy-efficient control of indoor greenhouse climate. 

 

6.2.3 Net radiation balance 

The net radiation Rn is a measure of the fundamental energy available at greenhouse 

surfaces. The Rn at the surface is typically positive during the day (gain of energy) and is 

somewhat close to the net global radiation. On the other hand, the nighttime Rn is 

negative (loss of energy) and this loss can increase for heated systems (Castilla, 2013). At 

night, with the absence of solar radiation, the incoming longwave radiation from sky and 

surroundings are usually not enough to compensate for the upwelling longwave radiation 

from greenhouse surfaces (van Thanh, 1973). A negative sign of net radiation (net 

radiation loss) during nighttime implies the radiation flux off the reference cover surface 

to the sky. Hence, it follows that the surface loses energy by longwave radiation. This 

radiation heat loss is intensive under some weather conditions. In particular, this 

phenomenon frequently happens during clear-sky nights (Mesmoudi et al., 2010). This 
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explains the fact that radiation loss to space decreases with increasing cloudiness. 

Basically, the increased clouds do not encourage emission of heat from the objects below. 

 

The results attests the fact that energy demand of a greenhouse is often based on the 

heat balances at the exterior surfaces, inner surfaces (linked via conduction) and zone air 

(linked via convection). The exterior atmospheric conditions are therefore useful in 

calculation of the energy needed to maintain a given inside air temperature range (Evins 

et al., 2014; Pedersen et al., 1997). The nature of surface affects its net radiation 

exchange with the sky. From the thermograms, surface temperatures slightly dropped 

due to light rain influence. This implies that rain is less strongly affecting the upwelling 

longwave radiation from the surface LWRu. An observation by Katsaros and Buettner 

(1969) supports the fact that rain falling on a warmer or cooler surface can greatly alter its 

temperature. This can happen especially when the film of water on the surface reaches a 

certain thickness. However, rain is rarely singly associated with very low temperature 

(Nijskens et al., 1984). In a nutshell, the surface temperature and the effective surface 

emissivity are the main parameters which enable quantification of LWRu from the surface 

(Ferreira et al., 2012). Since the sensor field of view was identical for all the net 

radiometers, the heating system (due to placement of heating rods) contributed to 

variation in the surface temperatures. This effect was clearly evident (see Fig. 5.18) at 

night when heating of the big south-facing thermal box system was necessary. 

 

6.2.4 Applicability of the models 

6.2.4.1 Evaluation of the radiation models 

The developed solar radiation models with the respective conversion factors compared 

well with the measurements. The values of coefficient of determination (R2) for total solar 

irradiance on the inclined surface and the reflected radiation component were 0.983 and 

0.965, respectively. The results imply that it is practical to calculate the total solar 

irradiance on any surface (inclined or horizontal) and for any location other than the 

measurement site considered in this study. Based on the global and the diffuse radiation 

data for any location, the coefficients of the 4th order polynomial correlation relating the 

diffuse fraction with the clearness index need, however, to be rechecked. 
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Other than the cloudiness, the variables in the longwave radiation models (downwelling 

and upwelling) can be either measured, computed or obtained from the agricultural 

weather stations. Thus, in essence, these radiation models are transferable and can be 

used to predict the radiation exchange at the exterior surfaces of greenhouses or any 

other buildings in virtually all regions with different climatic conditions. Under both day 

and night situations, the R2 for the longwave radiation simulation with the cloudiness 

factor Coctas (by weather watcher) were in all cases less than those obtained due to 

simulation with the cloudiness factor Cmaps (from analysed weather maps). Additionally, 

simulation of longwave radiation with Cmaps led to the lowest errors (BIAS, RMSE, MAE and 

PMRE) compared to simulation with Coctas. This means that for this kind of energy 

application the map-based simulation data are accurate and precise enough. For both 

LWRd,t and LWRu,t models, the nighttime simulation was better and more accurate than 

the daytime simulation. This can be attributed to the solar radiation effects on the 

cloudiness prediction. Despite these slight variations, the usage of the cloudiness factors 

showed no significant difference (p > 0.05) in terms of radiation simulation. 

 

6.2.4.2 Model sensitivity analysis 

The downwelling longwave radiation LWRd,t varies with air temperature Ta, cloudiness C 

and relative humidity RH. The trend (see Fig. 5.16) attests to the fact that Ta is the major 

factor in the model. Additionally, the sensitivity index SI of Ta is greater than one while for 

the parameters C and RH, the SI < 0.2. The higher the SI, the higher the sensitivity of 

results to changes in that parameter. Just like RH, clouds did not show appreciable effect 

on the LWRd,t (Long, 2005). This also explains the fact that errors related to longwave 

radiation simulation with the two cloudiness approaches (values from the weather 

watcher and the analysed weather maps) are not significantly different (p > 0.05).  

 

The parameter C appears to be more sensitive in the effective thermal radiation exchange 

Qs,eff model (SI > 0.2) than in the LWRd,t model (SI < 0.2). Although clouds reflect some 

downward radiation back to space, they also reradiate infrared energy back towards the 

earth's surface. This implies clouds increase the longwave radiation to the surface, 

thereby enhancing the net cooling effect in the daytime but a net warming at night. These 

factors (Ta, C and RH) are interrelated and they jointly influence the radiation model 
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output. Overall, Ta and the temperature difference between the exterior surface and air 

ΔTs-a are the key parameters in the LWRd,t and Qs,eff models, respectively (see Table 5.5). 

This is in agreement with the Stefan-Boltzmann law where the rate of longwave energy 

emission is proportional to the absolute surface temperature raised to the fourth power. 

 

6.3 Significance of Radiative Heat Transfer in the Ucs-value Model 

6.3.1 Interaction between radiation and convection at the greenhouse surface 

The heat exchange by radiation is very important at the greenhouse surfaces (Vollebregt 

and van de Braak, 1995). However, at the exterior surfaces, there is an interaction 

between radiation and convection. Convection occurring at the external building surfaces 

is predominantly wind-driven forced convection. This implies that the exchange with the 

outside air is directly influenced by wind speed. This is in agreement with a similar 

explanation reported by Jolliet et al (1991) in terms of radiative and convective losses for 

a cladding material with or without screens. Based on the different models for calculating 

the convective heat transfer coefficient Ucv, convection dominates the heat loss as wind 

speed increases. However, as the wind speed decreases, radiation takes over as the 

dominant mode. At low wind speeds, there was scattering of data describing the ratio of 

radiative heat transfer coefficient Ulir to Ucs-value (see Fig. 5.22(a)). With free convection 

in air (low Ucv) and moderate temperatures that produce small radiative fluxes (low Ulir), 

the radiative transfer is comparable to convection. This behaviour of free convection and 

radiation at the boundary surface was similarly noted by Howell et al. (2011).  

 

For the Ucs-value measurement, the temperature difference between the interior part of 

the developed system (big thermal box) and the outside air was maintained at 15 K. As a 

result, the variation in the temperature difference between the exterior cover surface and 

the air was slight. This means that the scattering of the Ulir to Ucs-value ratio can be 

attributed to the cloudiness behaviour. At night, the lack of cloud cover means that any 

energy from the sun absorbed by the ground during the day is radiated back to space and 

thus bringing cold weather. It therefore implies that the proportion of heat losses through 

radiation during cold, clear-sky nights will be high. This corroborates the findings by Liu 

and Harris (2013) on the external surface of a low-rise building. 
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The Ucs-value, Ulir and Ucv were strongly affected by wind speed (Ronoh et al., 2015). As 

expected, the ratio of Ucv to Ucs-value increased with an increase in wind speed (Liu and 

Harris, 2013; Suhardiyanto and Romdhonah, 2008). Even at wind speed of 0 m s-1 (still air), 

Ucv ≠ 0 W m-2 K-1 and thus revealing that the convection heat transfer at the exterior cover 

surface was not forced. Apart from the free convection due to temperature difference, 

forced convection took a substantial part of the exchange. This agrees well with 

observations noted by Suhardiyanto and Romdhonah (2008) and Al-Mahdouri et al. 

(2014) that, in most cases, the mixed convection (free and forced convection) exists at the 

outside cover. The decrease in Ulir to Ucs-value ratio at high wind speeds was less marked 

due to the convection which takes over as the dominant mode of heat loss. A strong 

interaction between Ulir and Ucv as a function of the wind speed was generally observed. 

The results highlight the importance of measurement of local wind speed rather than the 

bulk velocity at the meteorological site (Liu et al., 2015). 

 

6.3.2 Ucs-values of roofs and walls 

The results from the four miniaturized thermal boxes indicated that the roof was mostly 

affected by convection due to its exposure compared to the wall and hence the variation 

in the surface-to-air temperature difference ΔTs-a. Depending on the surface exposure, 

and thus the view factors, the air adjacent to the surface drains heat from it by conductive 

and convective heat transport mechanisms. The two transport phenomena are mostly 

lumped together in the form of convective heat transfer. Owing to the fact that the roof 

has a larger sky view factor Fsky than the vertical wall, low ΔTs-a for the roof and high ΔTs-a 

for the wall were expected. Due to the surface orientation, the wind effect favoured the 

dominance of mixed convection (free and forced convection) at the vertical walls unlike 

the movement of wind (forced convection) over the roofs. The free convection due to 

high ΔTs-a (Liu et al., 2015) at the walls can increase the Ucs-value compared to the roofs. 

This can be further explained by the surface-to-wind angle (Emmel et al., 2007) which is 

higher for vertical walls than for the roofs. Moreover, the surface-to-wind angle 

dependency becomes even more important when the windward walls are considered 

(Emmel et al., 2007). 
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According to Howell et al. (2011), the walls are unequally heated and thus an asymmetric 

free convection velocity distribution develops. In this way, the radiative exchange tends to 

equalize the convective heat transfer at the wall surfaces and this leads to an improved 

Ucs-value. This then implies that the Ucs-value is increased as a result of the convective 

heat transfer which increases with a rise in the surface inclination (Antretter et al., 2008). 

Based on the temperature regulation in the thermal boxes (inside temperature set to only 

8 K higher than the air temperature), this convective effect on the roof and the wall 

surfaces did not solely impact on the energy consumption (Liu et al., 2015). It was, 

however, noticed that the net radiation loss (negative net radiation) was higher at the 

roofs than at the walls especially on clear-sky nights. Under these clear-sky conditions, the 

roofs lost about 5 W m-2 to 10 W m-2 more than the walls. This implies that high energy 

was required to maintain the set-point temperature of 8 K for the exposed roofs. Based 

on these findings, the strong interactions of the radiative and the convective exchanges at 

the exterior surfaces are evident and the two heat transfer mechanisms jointly influence 

the Ucs-value. 

 

Heat transfer via conduction, convection and radiation contributes to the Ucs-value of the 

cover material when used as a roof or a wall covering (Basak et al., 2015; Dimitriadou and 

Shea, 2012). In addition to the heat loss due to air leakages, this phenomenon was 

similarly noticed from this work. The Ucs-values from the big south-facing thermal box 

were in agreement with the standard values (see Fig. 5.21) as reported in the HORTEX 

system (Rath, 1992). This was notably the case for a single float glass-covered surface, 

with an average Ucs-value of 7.56 W m-2 K-1 at a wind speed of 4 m s-1. The corrected 

values took into consideration the air leakages from the thermal box (approximately 1 h-1 

air exchange rate) and the errors related to temperature measurement. Efforts have been 

put in place to comprehensively address the challenges related to the surface 

temperature measurement (Langner and Rath, 2015) in order to enhance a precise 

computation of the Ucs-value. 
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6.4 Practical Usage of the Corrected Roof and Wall Ucs-values 

With a wind speed of about 1 m s-1 (calm condition), the convection gains are low 

compared to the radiation losses. In that case, the cloudiness plays an important role in 

influencing the Ucs-value (see Fig. 5.23). The Ucs-value is generally higher on clear-sky 

conditions (0-2 octas) than on cloudy skies (6-8 octas). However, as wind speed increases 

to 4 m s-1, the same effect of clouds is exhibited but the Ucs-values are higher than at low 

wind speeds. This clearly shows that the radiant mechanism when the sky is clouded over 

is different from a clear-sky condition. Overall, the surfaces of cloudy skies do not 

encourage more radiative losses (McMullan, 2012) from the external greenhouse surfaces. 

At a wind speed of 4 m s-1 and a mean cloudiness of 4 octas (i.e. cloudiness factor C = 0.5), 

the calculated area-weighted Ucs-value of an entire Venlo greenhouse was 7.57 W m-2 K-1 

(see Eqs. (5.2) and (5.3)). This value was based on a ground area of 10000 m2 whereby the 

roof and the walls constitute about 73 % and 27 % of the total greenhouse surface area, 

respectively. This further confirms the fact that the exposed roof is a major part of heat 

loss in greenhouses (Algarni and Nutter, 2015; Castilla, 2013; Sanford, 2011). In fact, 

unlike the wall, the roof is exposed to several environmental factors such as dust, rain, 

sunlight, snow and wind, all of which contribute to variations in the roof’s thermal 

properties. Hence, an improvement of the roof thermal performance results in a major 

reduction in the greenhouse energy consumption (Algarni and Nutter, 2015). 

 

The conventional wind-corrected Ucs-values (Ucs,v) for greenhouses (Rath, 1992) can be 

transformed into separate values for roofs and walls. This is possible by taking into 

account the outdoor conditions such as wind speed and cloudiness. Hence, a correction 

factor CF (see Eq. (5.4)) was incorporated in the new corrected models (Ucs,n). In principle, 

the CF should have a full effect on the model (i.e. CF is 1) for a standardized Ucs-value of 

7.56 W m-2 K-1 at a wind speed of 4 m s-1. However, at a lower Ucs-value of approximately 

4 W m-2 K-1, the CF is halved. This implies that the model effect is reduced (thus low CF) 

for low Ucs-values and this characterizes a well-insulated greenhouse. This is true since the 

glass surface temperature is close to the outside air temperature. The multiplicative CF 

effect (with no offset) was found to be appropriate and this is in agreement with the 

previous correction to wind speed (Rath, 1992). Due to the cloudiness C and wind speed v 

corrections, the new corrected Ucs,n models for roofs and walls (see Eqs. (5.8) and (5.9)) 
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are therefore applicable in practical situations. These key parameters (C and v) are 

important since they influence the radiative and convective heat transfer interaction at 

the greenhouse surfaces. Initially, the coupled effect of wind and cloud variables was 

integrated in the multiple linear regression models. However, based on the model 

coefficients and statistics, this coupled effect (C ∙ v) seemed to have a relatively less 

impact on the corrected models compared to the individual variables. 

 

The calculated average Ucs-values (with the new corrected models) compared well with 

the old wind-corrected Ucs-values (R2 = 0.995) from the HORTEX system (Rath, 1992), with 

the best comparison being noted at a mean cloudiness factor C of 0.385. Despite the 

prevalent variations in cloudiness conditions, the previous measurements in the same 

study location (Rath, 1992) were done at approximately 3 octas. The new corrected 

models (Ucs,n) for both roofs and walls have the standard greenhouse Ucs-value (Ucs,st), the 

cloudiness factor C and the wind speed v as the independent variables. In the multilinear 

roof and wall Ucs,n models, Ucs,st and Ucs,st ∙ v had the highest effect of about 45 % and 38 %, 

respectively. The impact of C in the Ucs,n models was relatively minimal. In each of the 

models, the influence of Ucs,st ∙ C and Ucs,st ∙ C ∙ v amounted to < 5.2 % and < 2 %, 

respectively. However, all individual model variables (Ucs,st, C and v) jointly play an 

important role in the calculation of the new corrected Ucs-values both for roofs and walls. 

 

A quadratic term for the wind speed v in the Ucs,n models is in agreement with the physical 

argumentation. The Newtonian approximation of kinetic energy at low speeds, for 

instance, has the quadratic effect of v (i.e. ½ ∙ m ∙ v2) with m being the object’s mass and v 

as the wind speed (Katz, 2016). Hence, the quadratic term (Ucs,st ∙ v2) in the new 

multilinear Ucs,n models is sufficient for both surface inclinations (roof and wall). For all 

the terms in the new models, the common factor is the Ucs,st which expresses the extent 

of glass insulation. The standard Ucs-value (i.e. Ucs,st) of 7.56 W m-2 K-1 is generally 

applicable for greenhouses covered with a single float glass and at an average wind speed 

of 4 m s-1 (Rath, 1992; von Zabeltitz, 1986). Overall, the new corrected Ucs,n models from 

this study are useful in the accurate calculation of distinct roof and wall Ucs-values under 

all wind and sky conditions. 
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6.5 General 

The vertical positioning of a net radiometer from the surface affects the view angle of the 

instrument. From the preliminary tests, an appropriate vertical height of the five net 

radiometers from the big south-facing thermal box was found to be 0.2 m. With this 

vertical height and the cover surface dimensions, a view angle of about 150° was attained. 

This is within the field of view of the net radiometer (Kipp & Zonen, 2009). As noted by 

Anthoni et al. (2000), view angles of at least 86° are expected to contribute to less than 

0.5 % of the net radiation. On the other hand, the net radiometer (240-8110 type) in each 

of the four miniaturized thermal boxes was positioned at a vertical height of 0.07 m above 

the cover surface. This was necessary to guarantee the radiometer field of view since the 

surface design was scaled down from that of the big thermal box. In addition, this vertical 

height enabled closer capturing of the upwelling radiation from the surface. In analysing 

the exchange of radiant energy between surfaces, their emission, reflection and 

absorption characteristics are very necessary (Sparrow and Cess, 1967). This implies that 

for a glass-covered greenhouse surface, the individual properties of the glass and the 

glazing bars should be known. The condition of the surface is affected by the physical and 

chemical contamination which can change the surface properties (e.g. emission, reflection 

and absorption). These effects should be taken into account when modelling the thermal 

radiation exchange. 

 

Infrared thermography helps in the determination of the thermal status of building 

surfaces such as in greenhouses (Lehmann et al., 2013). The surface temperature and the 

heat distribution at the glass-covered greenhouse surface was adequately assessed using 

the infrared thermography technique. Generally, the application of thermal imaging is 

gaining popularity in agriculture in recent years. This is due to the major advantages of the 

thermal imaging such as non-contact, non-invasive, and rapid technique which could be 

used for online applications. Since thermal imaging cameras look at heat and not light, 

they can be used in total darkness (Vadivambal and Jayas, 2011). In the recent past, the 

development of infrared imaging together with the issue of energy consumption of 

buildings has led to an enhancement in the application of infrared thermography 

(Lehmann et al., 2013). 
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7 CONCLUSIONS AND OUTLOOK 

7.1 Conclusions 

7.1.1 Surface inclination and orientation effects 

In radiative exchange processes at the greenhouse surfaces, the usual factors of interest 

are local temperatures and energy fluxes. The results indicated that the sky-oriented roofs 

cooled more than the walls. The exposed roofs thus led to more heat loss to the sky than 

the walls especially under a clear-sky condition. This implies that the configuration of the 

surface contributed to the variation in the net radiation loss. The clear-sky acts as a better 

absorber of radiant heat than a cloudy sky. This effect causes the surface temperatures of 

the roof to fall significantly especially at night. Due to the nighttime clear-sky radiation, 

the roofs therefore suffer from a great thermal stress compared to the walls. However, 

under an overcast condition, the variation in inclination angles did not show any 

significant changes in the net longwave radiation loss. Interestingly, there was an 

insignificant effect of orientation of the thermal boxes on the nighttime net radiation. 

 

7.1.2 Modelling of thermal radiation exchange 

At the greenhouse surfaces, the weighted contributions of thermal emissions from the sky, 

the surrounding air and the ground objects are explained by the view factors. During a 

clear night, the greenhouse surface loses more heat as it radiates to the very cold clear 

sky. On a regional scale, clouds play a critical role in the radiation balance at the surface. 

The findings from the present study demonstrate that the prediction models provide a 

more realistic understanding of the thermal radiation exchange between the greenhouse 

surfaces and the sky if all the required parameters can be accurately determined. The 

clear-sky atmospheric emissivity parameterizations that include both the near-surface 

water vapour pressure and the air temperature tend to outperform those consisting of 

only the air temperature. Under both day and night situations, the study delivers reliable 

results in terms of the calculation of parameters necessary for the radiation models. The 

parameters which have an influence on the daytime and nighttime net radiation are 

surface and atmospheric emissivities, surface and atmospheric temperatures, and albedo. 

 

Generally, the simulation models help to address the challenges related to the high costs 

of directly measuring longwave radiation. The simulation results further allow the 
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estimation of the thermal exchange on any building surfaces. It is evident from the results 

that neglecting to consider thermal radiation (shortwave and longwave) exchange in 

sufficient detail can lead to serious inaccuracies in the model predictions. For the energy 

balance under daytime conditions, the solar irradiance on greenhouse surfaces plays a 

very important role and should, therefore, be accounted for precisely. The solar radiation 

data is readily available from most weather stations particularly for horizontal surfaces 

and this, together with other parameters, can be utilized in calculating the total irradiance 

on tilted surfaces with an acceptable accuracy. Knowledge of the thermal radiation 

exchange is vitally important for numerous applications in agriculture requiring surface 

radiation and energy balance. 

 

7.1.3 Influence of the radiation exchange on the Ucs-value 

The findings showed a strong interaction between the radiative and the convective heat 

transfers at greenhouse surfaces. The simulation results contribute to a more accurate 

evaluation of thermal losses. The exterior surfaces transfer heat to the outside 

environment both by radiation and convection. The radiative heat transfer depends on 

the temperature difference while the convective heat transfer increases with a rise of 

inclination. As wind speed increased from 0 m s-1 to 4 m s-1 , the ratio of the radiative heat 

transfer coefficient Ulir to the Ucs-value reduced by 41 % while the ratio of the convective 

heat transfer coefficient Ucv to the Ucs-value increased by 59 %. Generally, the correlations 

related to the interactions between the convective and radiative heat losses at the 

greenhouse surfaces should be integrated into the energy simulation programs. 

 

7.1.4 Application of the new corrected roof and wall Ucs-values 

From the results of this study, the Ucs-value was generally higher on clear-sky conditions 

than on cloudy skies. As wind speed increases from 0 m s-1 to 4 m s-1, the convective gains 

lead to high Ucs-values. At the exterior greenhouse surfaces, the exposed roofs registered 

higher Ucs-values than the walls under different sky and wind conditions. For a ground 

area of 10000 m2, an average wind speed of 4 m s-1 and an average cloudiness of 4 octas, 

the calculated area-weighted Ucs-value for an entire standard Venlo greenhouse was 

obtained as 7.57 W m-2 K-1.  The developed models for transforming the conventional 

wind-corrected Ucs-values to the distinct values for roofs and walls are generally 
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applicable under all wind and sky conditions. At an average wind speed of 4 m s-1 and a 

cloudiness factor of 0.385, the corrected models ensure that all average Ucs-values (for 

roof and wall surfaces) remain unchanged. The multilinear models of the new corrected 

Ucs-values (Ucs,n) depend on the standard greenhouse Ucs-value at 4 m s-1, the cloudiness 

factor and the wind speed. Generally, the Ucs,n models for both surface inclinations (roofs 

and walls) adjusted with the appropriate correction factors are useful in the 

comprehensive calculation of greenhouse heat demands. 

 

7.2 Outlook 

A proper understanding of interrelationships between the critical climatic factors and the 

behaviour of the thermal radiation exchange is very essential in sustainable commercial 

agricultural production. There are a lot of interacting phenomena in the atmosphere 

which have to be taken into account to make precise predictions while modelling the 

thermal radiation exchange. More emphasis on any other techniques which can improve 

the cloudiness prediction needs to be explored. The data from other locations can also be 

useful in validating the developed radiation models. In particular, it is believed that the 

improved polynomial correlation relating the diffuse fraction and the clearness index can 

be efficiently used for the computation of the total solar irradiance in other parts of the 

world. Due to the difference in spatial and temporal resolution, the correlation can be 

assessed as to whether or not it is site-specific or generally applicable. Additionally, it 

would be better to incorporate a cloudiness factor instead of the sky clearness index for 

the solar radiation estimation. 

 

It is important to consider the impact of wind speed specifically for the windward 

greenhouse surfaces in energy simulations. In this case, the data is distinguished from 

those of leeward surfaces and the sensitivity to the variation in wind direction can be 

checked. This becomes more important in uncertainty quantification as a result of 

variations in the surface orientation. Also important is to consider the fact that other 

surface inclination angles between 0° and 90° lead to the calculation of more view factors 

which can be related in detail with the Ucs-value. This information is useful in 

understanding the effects brought about by the inclined greenhouse surfaces on heating 

energy and thus on heat losses.  
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APPENDICES 

A: Physics of Radiation 

Basics 

Radiation transfer is one of the three modes of transferring thermal energy. Conduction 

and convection energy transfer are significantly different from radiation transfer at 

macroscales, where dimensions are much larger than those for atoms and molecules. At 

atomic levels, these three phenomena have similar equations based on statistical 

thermodynamics (Howell et al., 2011). Radiative energy is transmitted between the 

distant elements without requiring a medium between them. The concept for radiation is 

that all materials are constantly emitting infrared radiation that is absorbed by other 

materials. Thermal radiation is the electronic radiation emitted by a body due to its 

temperature. The radiant of the thermal radiation is therefore temperature-dependent. 

The thermal radiation is confined to the infrared, visible, and ultraviolet regions 

(wavelength: 100 nm to 100000 nm) of the electromagnetic spectrum (Howell et al., 

2011; Bahrami, 2005). 

 

Radiation is mostly important when the radiating surface is at a higher temperature than 

the receiving object. Apart from temperature, the heat transferred into or out of an 

object by thermal radiation is a function of other several components. These include its 

surface reflectivity, emissivity, surface area, and geometric orientation with respect to 

other thermally participating objects. In turn, an object’s surface reflectivity and 

emissivity is a function of its surface conditions (roughness, finish, etc.) and composition. 

Like light, heat radiation follows a straight line and is either reflected, transmitted or 

absorbed upon striking an object. Radiant energy must be absorbed to be converted to 

heat (Worley, 2014). Radiation heat transfer between surfaces depends on the 

orientation of the surfaces relative to each other as well as their radiation properties and 

temperatures. A view factor (or shape factor) is a purely geometrical parameter that 

accounts for the effects of orientation on radiation between surfaces (Bahrami, 2005). 

The view factor ranges between 0 and 1. If only two surfaces are involved, radiating and 

absorbing from each other with an emissivity ε equal to 1, the net flux density Qrad from 

the surface with temperature T1 to that with T2 will be the difference between emitted 

and absorbed radiation given by (Vollebregt and van de Braak, 1995): 
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   4

2

4

1 TTFAσQ srad        (A-1) 

where, 

Qrad : net flux density from the surface  [W m-2] 

ε  : emissivity (ε = 1 for a blackbody)  [-] 

σ  : Stefan-Boltzmann constant = 5.67 ∙ 10-8 [W m-2 K-4] 

As  : total surface area    [m2] 

F : geometrical factor    [-] 

T1  : absolute temperature of surface 1  [K] 

T2  : absolute temperature of surface 2  [K] 

 

Thermal Radiation Properties at Interfaces 

The radiative behaviour of a real body depends on many factors such as composition, 

surface finish, temperature, radiation wavelength, opacity, angle at which radiation is 

either emitted or intercepted, and spectral distribution of the incident radiation. To 

describe this radiative behaviour relative to blackbody behaviour, the spectral, directional, 

or averaged emissive, absorptive, and reflective properties are needed (Howell et al., 

2011; Sparrow and Cess, 1967). 

 

a) Emission 

Every material at finite temperature emits radiative energy. In principle, emission is 

directional in nature, and is a function of the local material properties and temperature. 

An ideal body would emit the maximum amount of energy uniformly in all directions and 

at each wavelength interval (Howell et al., 2011). Emissivity indicates how efficiently the 

surface emits energy relative to a black body (no reflection) and it ranges between 0 and 1. 

The emissivity of a real surface varies as a function of the surface temperature, the 

wavelength, and the direction of the emitted radiation. According to Howell et al. (2011), 

the emissivity values averaged with respect to all wavelengths are termed total 

quantities; averages with respect to all directions are termed hemispherical quantities. 

 

The fundamental emissivity of a surface at a given temperature is the spectral directional 

emissivity, which is defined as the ratio of the intensity of radiation emitted by the surface 
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at a specified wavelength and direction (Qλ) to that emitted by a blackbody under the 

same conditions ( *
Q ). The wavelength-dependent emissivity (ελ) is simply expressed as 

(Howell et al., 2011): 

*





Q

Q
ε          (A-2) 

where, 

ελ  : wavelength-dependent emissivity    [-] 

Qλ  : radiation emitted by the surface at a specific wavelength [W m-2] 

*
Q   : blackbody radiation emitted at a specific wavelength [W m-2] 

 

The total directional emissivity is defined in the same fashion by using the total intensities 

integrated over all wavelengths. In practice a more convenient method is used, 

hemispherical properties. These properties are spectrally and directionally averaged. The 

emissivity of a surface at a specified wavelength may vary as temperature changes since 

the spectral distribution of emitted radiation changes with temperature. Finally the total 

hemispherical emissivity is defined in terms of the radiation energy emitted over all 

wavelengths in all directions (Cengel, 2007; Edwards, 1981). In a greenhouse, the various 

surfaces of the different components (crop leaves, cover, soil surface and heating pipes) 

are at an absolute temperature of about 300 K. The surfaces then emit thermal radiation 

with a wavelength ranging from 5000 nm to 50000 nm and absorb radiation emitted in 

the same wavelength from the other surfaces (Bakker et al., 1995). If the emissivities are 

not equal to 1, multiple reflections between surfaces will occur. The effective emissivity 

ε12 between the surfaces depends on the individual emissivities ε1 and ε2 and the 

geometry of the surfaces. For large parallel surfaces a relatively simple relation is 

expressed by (Howell et al., 2011):  

1

21

12 1
11













εε
ε       (A-3)  

where, 

ε12 : effective emissivity between the surfaces [-] 

ε1  : emissivity of surface 1    [-] 

ε2  : emissivity of surface 2    [-] 
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b) Absorptivity 

The absorptivity is defined as the fraction of the energy incident on a body that is 

absorbed by the body. The incident radiation depends on the radiative conditions 

(spectral intensity) at the source of the incident energy. The spectral distribution of the 

incident radiation is independent of the temperature or physical nature of the absorbing 

surface unless radiation emitted from the surface is partially reflected from the source or 

surrounding back to the surface. A blackbody absorbs all the electromagnetic radiation 

incident on it and thus the absorptivity is equal to the emissivity. Compared with 

emissivity, the absorptivity has additional complexities because directional and spectral 

characteristics of the incident radiation must be included along with the absorbing surface 

temperature (Howell et al., 2011). 

 

c) Reflectivity 

Reflectance is the fraction of incident electromagnetic power that is reflected at an 

interface. The reflective properties of a surface are more complicated to specify than the 

emissivity or absorptivity. This is because reflected energy depends not only on the angle 

at which the incident energy impinges on the surfaces but also on the direction being 

considered for the reflected energy (Howell et al., 2011). Real surfaces reflect part of the 

incident radiation which can be measured by a radiometer, first measuring the irradiance 

(radiant flux incident on the surface by unit area) and thence the radiance (radiant flux 

exiting the surface by unit area and unit solid angle). For opaque surfaces, what is 

absorbed is reflected while transparent surfaces reflect a small fraction of incident 

radiation due to the difference in refractive index. Reflection at real surfaces always has 

some scattering. In general, the scattering process occurs when the particles (material or 

electromagnetic) travelling along a given direction are deflected as a result of collision 

with other particles. 

 

d) Transmissivity 

Transmittance at an interface is the fraction of incident radiation energy that propagates 

to the rear of the interface. The transmissivity of radiation across an interface depends on 

the angle of incidence on the interface, the direction at which the radiation is transmitted 

after crossing the surface, and the wavelength of the radiation. Generally for opaque 
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surfaces, the transmissivity across a surface of the material is not needed in radiative 

transfer calculations (Howell et al., 2011). An energy balance indicates that, at any 

interface, absorption plus reflectance plus transmittance must equal unity. 

 

Radiation Laws 

Everything radiates and absorbs electromagnetic radiation. All objects above the 

temperature of absolute zero (-273.15 °C) radiate energy to their surrounding 

environment (Pidwirny, 2006). The radiation laws apply when the radiating body is a 

blackbody radiator. 

 

1) Planck’s law 

The law describes the amount of radiation emitted by a blackbody at each wavelength as 

a function of temperature. The monochromatic irradiance is expressed as (Burke, 1996): 
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      (A-4) 

where, 

*
Q  : blackbody radiation    [W m-2] 

λ : wavelength     [m] 

T : absolute temperature    [K] 

C1 : coefficient = 3.74 ∙ 10-16 (Burke, 1996) [W m3] 

C2 : coefficient = 1.44 ∙ 10-2 (Burke, 1996)  [m K] 

 

In the case of Max Planck’s concept or quantum theory, heat transfer in the form of 

photon or quanta of energy takes place from a body when its temperature is above 

absolute zero (Sawhney, 2010). The photon has energy expressed as: 

fhQp          (A-5) 

where, 

Qp : energy of a photon    [J] 

h  : Planck’s constant = 6.626 ∙ 10-34   [J s] 

f  : frequency of photon    [s-1] 
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2) Stefan-Boltzmann law 

The total amount of radiant energy emitted by a blackbody is proportional to the fourth 

power of the absolute temperature such that (Howell et al., 2011): 

  4T*Q           (A-6) 

where, 

Q* : amount of radiation emitted by a blackbody [W m-2] 

σ : Stefan-Boltzmann constant = 5.67 ∙ 10-8  [W m-2 K-4] 

T : absolute temperature    [K] 

 

3) Wien’s displacement law 

A useful quantity is the wavelength (λmax) at which the blackbody intensity is maximum for 

a given temperature. This maximum shifts toward shorter wavelengths at the 

temperature is increased. The law shows that there is a wide separation between solar 

radiation (shortwave) and terrestrial radiation (longwave). The value of λmax  ∙ T is at the 

peak of the spectral distribution curve and is obtained by differentiating Planck’s 

distribution with respect to λ T (Howell et al., 2011). Its solution is a constant 

(approximately 3000 μm K) and is given by (Howell et al., 2011): 

T

x max
        (A-7) 

where, 

λmax : maximum wavelength    [μm] 

xλ : coefficient = 2897 (Howell et al., 2011) [μm K] 

T : absolute temperature    [K] 

 

4) Kirchhoff’s law 

The law relates the emitting and absorbing abilities of a body (Howell et al., 2011). 

Materials that are strong emitters at a particular wavelength are also strong absorbers at 

that wavelength such that: 

  ελ = αλ         (A-8) 

where, 

ελ : emissivity at a particular wavelength  [-] 

αλ : absorptivity at a given wavelength  [-] 
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5) Lambert’s cosine law 

The law holds that the radiation per unit solid angle (the radiant intensity) from a flat 

surface varies with the cosine of the angle to the surface normal. Such a surface has the 

same radiance when viewed from any angle. When an area element is radiating as a result 

of being illuminated by an external source, the irradiance landing on that area element 

will be proportional to the cosine of the angle between the illuminating source and the 

normal. Thus, the radiation emitted from the surface at a given angle is given by (IESNA, 

2000): 

 cos nQQ        (A-9) 

where, 

Qϑ : emitted radiation at an angle θ  [W m-2] 

Qn : emitted radiation normal to the surface [W m-2] 

θ : angle of incidence    [°] 

 

A surface which obeys Lambert's law is said to be Lambertian, and exhibits Lambertian 

reflectance. The emission of a Lambertian radiator does not depend upon the amount of 

incident radiation, but rather from radiation originating in the emitting body itself. A 

blackbody is an example of a Lambertian radiator. The measurement of the radiation 

falling on a surface (also known as irradiance or radiative flux) is based on two 

assumptions: (a) the sensor surface is spectrally black - i.e. that it absorbs all radiation 

from all wavelengths, and (b) that it has a true field of view of 180°. These two properties, 

taken together, with which the net radiometer needs to comply, are generally known as 

the ‘cosine response’. A perfect cosine response will show maximum sensitivity at an 

angle of incidence of 0° (perpendicular to the sensor surface) and zero sensitivity at an 

angle of incidence of 90° (radiation passing over the sensor surface). At any angle 

between 0° and 90° the sensitivity should be proportional to the cosine of the angle of 

incidence. It is important that radiation sensors (such as net radiometers) closely 

approximate this ideal cosine response in order to avoid a biased estimate of irradiance 

(Jones et al., 2003). 
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B: Tables 

 

Table B1. Cosine correction factors for the Gill UVW anemometer. 

 

(Source: Manual PN 27005-90, 1994) 
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Table B2. Cloudiness factors derived from sample weather maps and octas. 

Weather 
map*a 

Average RGB 
values 

Cloudiness factor 
(from analysed 
weather maps) 

Cloudiness 
in octas*b 

Cloudiness factor 
(from octas) 

 

 
(52, 77, 35) 

 
0 

 
0 

 
0 

 

 
(59, 82, 36) 

 
0.005 

 
0 

 
0 

 

 
(81, 112, 55) 

 
0.091 

 
1 

 
0.125 

 

 
(100, 117, 85) 

 
0.318 

 
2 

 
0.25 

 

 
(122, 130, 115) 

 
0.405 

 
3 

 
0.375 

 

 
(147, 149, 144) 

 
0.523 

 
4 

 
0.5 

 

 
(170, 170, 170) 

 
0.609 

 
5 

 
0.625 

 

 
(199, 199, 199) 

 
0.745 

 
6 

 
0.75 

 

 
(223, 223, 225) 

 
0.864 

 
7 

 
0.875 

 

 
(43, 169, 253) 

 
0.991 

 
8 

 
1 

 

 
(255, 194, 254) 

 
0.995 

 
8 

 
1 

 

*a Source: Weather radar from Weather Online (www.wetteronline.de) 

*b Source: German Weather Service (www.dwd.de) 
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C: Figures 

 

 

 

 

 

 

 

Fig. C1. Experimental setup for the net radiation measurement between two surfaces. 

 

Cooling fans 

Thermostat Lower aluminium plate 

Net radiometer Precision multimeter 

Upper aluminium plate 
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Fig. C2. Back of the CNR 4 with the connector for sensor outputs (left), the temperature 

connector (right) and the mounting rod (middle). 

 

 

 

Fig. C3. The spectral sensitivity of the pyrgeometer window (Source: Kipp & Zonen, 2009). 

 

 

 

Fig. C4. The spectral sensitivity of the pyranometer in combination with the spectrum of 

the sun under a clear sky (Source: Kipp & Zonen, 2009). 
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Fig. C5. The propeller response as a function of the wind angle (Source: Manual PN 27005-90, 1994). 
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Fig. C6. Setup for mounting the thermal camera above the thermal box: (a) Ladder, and 

(b) Hama air bulb remote control release for capturing images. 
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Fig. C7. Downwelling longwave radiation as a function of the sky condition and the air 

temperature blackbody radiation (n = 45).  
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D: Halcon Algorithm for Vision-Based Analysis of Weather Maps 

dev_close_window() 1 
#* choose the right folder in the next command line 2 
list_image_files ('C:/Users/EKR/Desktop/WetterMaps', 'default', [], ImageFiles) 3 
i:=0 4 
tuple_length(ImageFiles,length) 5 
file:=ImageFiles[0]+'.txt' 6 
open_file (file, 'append', FileHandle) 7 
fwrite_string (FileHandle, 8 
'year'+'\t'+'month'+'\t'+'day'+'\t'+'hour'+'\t'+'minute'+'\t'+'cloudiness1'+'\t'+'cloudiness2'+'\t'+'cloudiness3') 9 
fnew_line(FileHandle) 10 
close_file(FileHandle) 11 
for i:=0 to length-1 by 1 12 
  read_image(Image,ImageFiles[i]) 13 
  get_image_pointer1(Image,Pointer,Type,Width,Height) 14 
  dev_open_window (0,0,Width/3, Height/3, 'black', WindowHandle) 15 
  dev_display (Image) 16 
  gen_rectangle1 (Rectangle1, 472, 699, 473, 701) 17 
  gen_rectangle1 (Rectangle2, 482, 695, 483, 697) 18 
  gen_rectangle1 (Rectangle3, 483, 703, 485, 705) 19 
  access_channel (Image, Image1, 3) 20 
  gray_features (Rectangle1, Image1, 'mean', Value1) 21 
  gray_features (Rectangle2, Image1, 'mean', Value2) 22 
  gray_features (Rectangle3, Image1, 'mean', Value3) 23 
  cloudiness1:=(Value1-35)/(255-35) 24 
  cloudiness2:=(Value2-35)/(255-35) 25 
  cloudiness3:=(Value3-35)/(255-35) 26 
  tuple_strrstr (ImageFiles[i],'.jpg', Position) 27 
  tuple_str_first_n (ImageFiles[i], Position-1, imgname1) 28 
  tuple_str_last_n (imgname1, Position-2, minute) 29 
  tuple_str_first_n (ImageFiles[i], Position-3, imgname2) 30 
  tuple_str_last_n (imgname2, Position-4, hour) 31 
  tuple_str_first_n (ImageFiles[i], Position-5, imgname3) 32 
  tuple_str_last_n (imgname3, Position-6, day) 33 
  tuple_str_first_n (ImageFiles[i], Position-7, imgname4) 34 
  tuple_str_last_n (imgname4, Position-8, month) 35 
  tuple_str_first_n (ImageFiles[i], Position-9, imgname5) 36 
  tuple_str_last_n (imgname5, Position-10, year) 37 
  open_file (file, 'append', FileHandle) 38 
  fwrite_string (FileHandle, year+'\t') 39 
  fwrite_string (FileHandle, month+'\t') 40 
  fwrite_string (FileHandle, day+'\t') 41 
  fwrite_string (FileHandle, hour+'\t') 42 
  fwrite_string (FileHandle, minute+'\t') 43 
  fwrite_string (FileHandle, cloudiness1+'\t') 44 
  fwrite_string (FileHandle, cloudiness2+'\t') 45 
  fwrite_string (FileHandle, cloudiness3) 46 
  fnew_line (FileHandle) 47 
  close_file (FileHandle) 48 
  dev_close_window () 49 
endfor 50 
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