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1. Introduction 

With version 3.4 of energyPRO is introduced two new energy units, solar collector producing heat 
and photovoltaic producing electricity. Settings up the new units are based on time series with solar 
radiation and ambient temperature, information about location, orientation and performance (found 
in datasheets from the manufacturer).  

2. User interface 

The new units are added to a project by right clicking the folder Energy units: 
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2.1 Solar collector 

The window for the solar collector has the following appearance: 
 

 
 
We have three groups of information: size and position of the solar collector, input time series and 
collector specification.  
 
The size and position of the collectors includes four input fields. Total area of collectors has to be 
in square meters. It is important that the collector area match the area used when determining the 
values is the collector specification. Typically, efficiency curves are provided for gross area in the 
US and aperture area in Europe. 
 
The latitude has to be in accordance with the latitude of the time series with the radiation. 
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The inclination of the solar collector is measured from horizontal: 
 
  
 
 
 
 
 
 
 
 
The orientation of the solar collector has the value 0 degrees when the collector faces due south. 
West is positive, while east is negative. 
 
The input time series includes a time series with ambient temperatures. For more accurate results 
you should use a time series with hourly values. 
 
The solar radiation can be one time series with aggregated values or be two separate time series 
with direct radiation and diffuse radiation, respectively. 
 
The time series has to be included as time series under External conditions. 
 
Information to be entered in the fields in the collector specification has to be delivered by the 
manufacture of the collectors. For detailed information on the values, please look into section 3. 
 
However, the field “Collector temperature” is not defined by the manufacture, but is estimated as 
the average between the temperature of the cold water entering the collector and the hot water leav-
ing the collector. 
 
The incidence angle modifier can either be defined by a coefficient or as its value at an incidence 
angle of 50 degrees. In both cases the resulting incidence angel modifier can be seen graphical.  

Inclination 
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2.2 Photovoltaic 

This is the window for the production unit photovoltaic: 
 

 
 
As for the solar collector, we have three groups of information: size and position of the photo-
voltaic, input time series and photovoltaic specification.  
 
The first two groups are very similar to the solar collector. The only difference is that for photo-
voltaic the installed capacity is measured not in m2 but in kW or MW. 
 
Information to be entered in the fields in the PV module specification has to be delivered by the 
manufacture of the photovoltaics. For detailed information on the values, please look into section 3. 
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3. Method of calculation 

3.1 Definitions 

a [°] Solar altitude angle (90o - qz) 
f  [°] Latitude 
d [°] Solar declination angel 
g [°] Orientation of inclined plane, south = 0°, west = 90° 
gt [] Temperature coefficient for photovoltaic module efficiency 
q [°] Angel of incidence of beam radiation on inclined plane 
w [°] Hour angel 
r  [] Reflection factor 
qz  [°] Solar zenith angle (Angel of incidence of beam radiation on horizontal)  
l misc [] Losses from the photovoltaic-module to the grid 
a [] Incidence angle modifier coefficient 
A [m2] Total solar collector area 
I [W/m2] Total radiation on a horizontal plane 
Ib [W/m2] Beam radiation on a horizontal plane 
Id [W/m2] Diffuse radiation on a horizontal plane 
Idiff [W/m2] Diffuse radiation on an inclined plane 
Idir [W/m2] Beam radiation on an inclined plane 
Io [W/m2] Extraterrestrial radiation on a horizontal plane 
Iref [W/m2] Ground reflected radiation on an inclined plane 
Is [W/m2] Total radiation on an inclined plane 
Isc [W/m2] Solar constant, 1367 W/m2 
ISTC [W/m2] Radiation at standard conditions (1000 W/m2) (photovoltaic) 
Kq [] Incidence angle modifier 
k0 [W/(m2 °C)2] First-order coefficient in collector efficiency equation 
k1 [W/(m2 °C)] Second-order coefficient in collector efficiency equation 
KT  [] Ratio of total radiation on a horizontal plane to extraterrestrial radiation 
n [] Day of year 
n0 [] Intercept (maximum) of the collector efficiency 
NOCT  [°C] Nominal Operating Cell Temperature (photovoltaic) 
Ppv  [W] Electricity production from a Photovoltaic module 
Pmax [W] Installed capacity, photovoltaic 
Pelec  [W] Electricity production to the grid from the photovoltaic plant 
Rb [] Ratio of beam radiation on an inclined plane to beam on horizontal 
Rd [] Ratio of diffuse radiation on an inclined plane to diffuse on horizontal 
Rr [] Ratio of reflected radiation on an inclined plane to total radiation on  

horizontal 
s [°] Inclination of surface 
ta [°C] Ambient temperature 
tm [°C] Solar collectors average temperature 
Tcell [°C] Photovoltaic operation cell temperature  
TSTC [°C] The cell temperature at standard conditions (25 °C) (photovoltaic) 
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3.2 External conditions 

External time series are needed to calculate the solar radiation on an inclined plane in energyPRO. 
These time series include solar radiation. Optimally, the solar radiation is divided into beam radia-
tion, Ib and diffuse radiation, Id. Alternately, the solar radiation comes as total radiation, I. 
 
If the solar radiation comes as total radiation the diffuse and the beam radiation can be calculated as 
follows (Reindl, D.T, et al., ”Diffuse Fraction Correlations” Solar Energy, vol. 31, No 5, October 
1990): 
 
Interval: 0 £ KT £ 0,3 Constraint: Id/I £ 1,0 asin*0123,0*254,0020,1/ +-= Td KII  

Interval: 0,3 < KT < 0,78 Constraint:  0,1£ Id/I £ 0,97 asin*177,0*749,1400,1/ +-= Td KII  

Interval: 0,78 £ KT Constraint:  0,1£ Id/I asin*182,0*486,0/ += Td KII  

 
Where KT is the ratio of total radiation on a horizontal plane to extraterrestrial radiation: 
 

o
T I

I
K =  

 
Io is defined as: 
 

zsco II qcos*=  
 
where  Isc is the solar constant, 1367 w/m2 
 qz is the solar zenith angle, described in section 3.3.1. 
 
The beam radiation is  
 

db III -=  

3.3 Radiation on solar collector or photovoltaic 

The time series with solar radiation are radiation on horizontal plane. Most often the solar collector 
or photovoltaic is inclined. Therefore the first task is to convert the radiation on horizontal to the in-
clined plane.  

3.3.1 Beam radiation 
The relation between the beam radiation on an inclined plane and the beam radiation on horizontal 
is giving by the factor Rb. 
 

z
bR

q
q

cos
cos

=  

 
where  qz Angel of incidence of beam radiation on horizontal. 
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Angel of incidence of beam radiation on horizontal is specified by the formula: 
 

wfdfdq cos*cos*cossin*sincos +=z  
 
where d is the solar declination angel 

f  is the latitude  
w is the hour angel 

 
The solar declination angel is approximately specified by: 
 

�
�

�
�
�

� +
=

365
284

*360sin*45,23
n

d  

 
where n is the day of the year. 
  
The hour angel is identified by (”European simplified methods for active solar system design”, Ber-
nard Bourges, July 1990): 
 

)12(*15 -= hw  
 
The beam radiation on an inclined plane is found by the following formula: 
 

wgd
wgfd

wfd
gfdfdq

sin*sin*sin*cos

cos*cos*sin*sin*cos

cos*cos*cos*cos

cos*sin*cos*sincos*sin*sincos

s

s

s

ss

+

+

+

-=

 

 
where  s is the inclination of the plane 
 g is the plane’s  orientation. 
 
The beam radiation on an inclined plane: 
 

bbdir RII *=  

3.3.2 Diffuse radiation 
The ratio between the diffuse radiation on an inclined plane and horizontal is given by 
 

)cos1(*5,0 sRd +=  
 
Hereby the diffuse radiation on the inclined plane: 
 

dddiff RII *=  



Method of calculation 
 
 

 
Solar Collector and Photovoltaic in energyPRO Version: 1 
Date 10-02-2009 Page 10 af 12 

                             
EMD International A/S, Niels Jernesvej 10, 9220 Aalborg Ø, tel: 9635 4444, fax: 9635 4446, email: emd@emd.dk, Web: www.emd.dk 
     

3.3.3 Reflected radiation 
The contribution from radiation reflected from the ground is defined as follows: 
 

r*)cos1(*5,0 sRr -=  
 
where  r  is the reflection factor 
 
r  depends on local conditions, a typical value is 0.2, equal to ground covered by grass. 
 
Hereby the reflected radiation becomes 
 

rref RII *=  

 

3.3.4 Total radiation 
The total radiation on the inclined surface is the sum of the beam, diffuse and reflected radiation: 
 

refdiffdirs IIII ++=  

 

3.4 Solar Collector 

The formula for a solar collector is as follow (without Incidence angle modifier): 
 

( ) ( )( )2
21 **** amamos ttkttknIAY ----=  

 
where 
Y: heat production, [W]. 
A: Solar collector area [m2] 
Is: Solar radiation on solar collector, [W/m2] 
tm: The collectors average temperature, [oC], that is an average between the temperature 

of the cold water entering the collector and the hot water leaving the collector  
ta: The ambient temperature, [oC]. For the best results the ambient temperatures should 

be hourly. 
 
The efficiency of the solar collector is defined by three parameters: 
 
no: Intercept (maximum) of the collector efficiency, [-] 
k1: The first-order coefficient in collector efficiency equation, [W/(m2 °C)]  
k2: The second-order coefficient in collector efficiency equation, [W/(m2 °C)2] 
 
Those 3 parameters are available for collectors tested according to ASHRAE standards and rated by 
SRCC (ASHRAE, 2003; SRCC,1995), as well as for collectors tested according to the recent Euro-
pean Standards on solar collectors (CEN, 2001). Many examples of collector parameters can be 
found on the internet (e.g. SPF, 2004). 
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Note: It is important to make sure that collector area entered as a parameter match the area used 
when determining the values of no, k1 and k2. Typically, efficiency curves are provided for gross 
area in the US and aperture area in Europe. 
 
Furthermore, the model includes Incidence Angle Modifier, IAM or Kq. The sun is not always lo-
cated perpendicular to the collector plane; the incidence angle generally changes both during the 
course of a day and throughout the year. The transmittance of the cover glazing for the collector 
changes with the incidence angle.  
 
Typically, the Incidence angle modifier looks as below: 
 

 
 
It can also be defined as follow:  
 

)2(tan1 q
q

aK -=  

 
where  q is the incidence angel on the collector. 
 a is the measured coefficient. 
 
Including Kq the formular for the heat production from the solar collector becomes: 
 

( ) ( ) ( )( )2
2160 ****)(** amamodiffusebeam ttkttknKIKIAY ----+= °q  

 
The radiation is split into beam radiation and diffuse radiation. Since the diffuse radiation per defi-
nition has no incidence angel is used the IAM at 60o. 
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3.5 Photovoltaic 

The electricity production from a Photovoltaic module, Ppv, can be expressed as follows: 
 

( )[ ]STCcells
STC

s
Maxpv TT

I
I

PP --= *1** g  

 
where 
Pmax: Installed capacity [W] 
Is: Solar radiation [W/m2] 
ISTC: Radiation at standard conditions (1000 W/m2) [W/m2] 
gs: Temperature coefficient for module efficiency [-]  
Tcell: Operation cell temperature [°C] 
TSTC: The cell temperature at standard conditions (25 °C) [°C] 
 
The operation cell temperature is calculated by the following formular (Antonio Luque and Steven 
Hegedus (2003)): 
 

�
�

�
�
�

� °-
+= 2/800

20
*

mW
CNOCT

ITT sacell  

 
where:  
Tat: Ambient temperature 
NOCT:  Nominal Operating Cell Temperature 
 
Hereto come losses from the pv-module to the grid, l misc, such as miscellaneous PV array losses 
and other power conditioning losses. 
 
The power production at grid becomes: 
 
Pelec = Ppv * (1 - l misc) 
 
 


