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Abstract --The performance of a thermosyphon solar 
water heating system which was simulated using 
TRNSYS under the weather data of Zaria Nigeria 
(latitude 11.2 oN and longitude 7.8 oN) was 
experimentally determined. The results of the 
experiment were compared with the simulated 
performance using TRNSYS in order to validate the 
predicted annual performance of the system.  Firstly, a 
two day experiment was conducted and during the 
experiment, the ambient temperature, solar radiation 
and the inlet temperatures and outlet temperature of 
the solar collector and storage tank were recorded at an 
interval of one hour daily from 8.00 am to 6.00 pm   
local time.   The results obtained from the experiment 
were compared with the simulated results, in order to 
compare the trend and the level of agreement between 
of the experimental results and the simulated ones. 
Secondly, the Nash-Sutcliffe coefficient (NSE) statistical 
tool was employed to analyse the difference between the 
experimental results and the simulated results in order 
to determine the predictive power of the simulation 
software. The comparison of the experimental results 
with the simulated result show good agreement and 
trend. The computed NSE values of 0.956 and 0.885 
between the modeled tank inlet temperature and the 
observed tank inlet temperature for the two days test  
confirms that the model formulation using TRNSYS 
software proposed here for the performance simulation 
of the system is valid and realistic owning to the good 
quality of fit between experimental results and the 
simulated results. 
 
Key word: Simulation, TRNSYS Software, Tank 
inlet temperature, Validation. 
 
 

	  
	  
	  

I.	  Introduction	  
Energy is considered to be a prime agent in the 
generation of wealth and a significant factor in 
economic development. The importance of energy in 
economic development is recognized universally, and 
historical data verified that there is a strong 
relationship between the availability of energy, 
economic activity and the environmental problems 
now observed ((Soteris, 2004, Christopher and 
Homola , 2006).  In the early seventies, after the oil 
crises, the concern was on the cost of energy, 
however during the past two decades, the risk and 
reality of environmental degradation arising from the 
use of fossil fuel to meet our energy need, have led to 
even greater concern.   It is also feared that the world 
demand for fossil fuels (starting with oil) is expected 
to exceed annual production, probably within the 
next two decades (Mirunalini et al., 2010). This is 
due to increase in world population, energy 
consumption and industrial activities.  In achieving 
solutions to the problems that are associated with the 
consumption of energy from fossil fuel, a long term 
potential action for sustainable development is 
required. In this respect, renewable energy resources 
appear to be one of the most efficient and effective 
solutions.  

It is also worth noting that the total annual 
solar radiation falling on the earth surface is more 
than 7500 times the world’s total annual primary 
energy consumption of 450 EJ. The annual solar 
radiation reaching the earth’s surface, approximately 
3,400,000 EJ, is an order of magnitude greater than 
all the estimated (discovered and undiscovered) non-
renewable energy resources, including fossil fuels. 
(Mirunalini et al. , 2010).  
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Extensive works have been carried out in 
this area of research: Rhushi et al. (2011) studied and 
simulated with a computer programme in C-language 
the performance of a solar water heater using a flat 
plate collector. The Programme calculates 
instantaneous beam and diffuse radiations for the 
given location of the collector, number of days for 
the given date, angle of incidence of beam radiation 
on the collector, total solar flux incident on the 
collector, transmissivity – absorbtivity product for 
beam and diffuse radiations, incident flux absorbed 
by the absorber plate, collector heat removal factor, 
overall loss coefficient, water outlet temperature and 
the instantaneous efficiency. The developed 
simulation program not only predicts performance of 
a given solar collector system, but also could be used 
to size the solar hot water systems for different 
applications. The Comparisons of simulated results to  
collector test results, show that the generalised 
programme predicts the values very near to the 
experimental values and hence the approach of 
design analysis based upon mathematical modeling is 
cheap and efficient compared to the analysis of 
physical models, which in some cases may become 
very tedious. 

Belessiotis and Mathioulakis (2002) 
developed an efficient and simple simulation 
approach for thermosyphon solar water heaters and 
used the proposed methodology for energy 
optimization of the system in the design phase and 
for evaluation of test results of an existing system in 
order to improve it further.  

Delfín et al. (2000) carried out the 
simulation of a solar domestic water heating system, 
with different collector efficiencies and different 
volume storage tanks using a programme based on 
MATLAB. The results of simulations performed on 
an annual basis for a solar system which consists of a 
solar flat collector, a water storage tank, a source of 
auxiliary energy, and a device for blending water. , 
operated in Santander (Spain), which provides hot 
water for a family (four persons) shows that  systems 
with greater volume yield higher solar fraction 
values. However, when a larger storage tank is used, 
the solar fraction is less sensitive to a variation of 
these operation parameters 
 

II.	  	  Theoretical	  Backgrounds	  	  	  
	  	  

A. Tilted beam and diffused components of 
radiation 

For the purposes of solar process design and 
performance calculations, it is necessary to know the 
radiation on the plane of the collector from direct 
measurements or estimates of radiation on horizontal 

surface. Models developed by Reindl et al. (1990); 
and Young (2012), modified the Hay and Klucher 
(1979) and Davies (1980) model  to take into account 
the circumsolar diffuse and horizontal brightening 
components on a tilted surface, giving a model  
referred to as the Hay–Davies–Klucher–Reindl 
(HDKR) diffuse model. The (HDKR) model 
estimates total radiation on tilted surface as: 
  
  𝐻! = 𝐻! + 𝐻!𝐴! 𝑅! + 𝐻! 1 − 𝐴!

!!!"#$

!
1 + 𝑓 sin! !

!
+

  𝐻 !!!"#$

!
     (1) 

 
 𝐴! is an anisotropic index which is a function of the 
transmittance of the atmosphere for beam radiation 
expressed as: 
 

 𝐴! =
!!
!!

    (2) 
𝑓 is the square root of ratio of beam to total radiation 
expressed as: 
 

  𝑓 = !!
!

!/!
       (3) 

 
The geometric factor 𝑅! for surfaces that are sloped 
toward the equator in the northern hemisphere, i.e. 
surfaces with surface azimuth angle =0o, the 
geometric factor is expressed as (Duffie and 
Beckman, 2006).   
                       

𝑅! =
!"# ∅!! !"#! !"#!!!!(

!
!"#)!!

! !"# ∅!! !"#!

!"#∅ !"#! !"#!!!
!
!"#!! !"#∅ !"#!

      (4) 

 
Where   

𝜔!! = 𝑚𝑖𝑛 !"#!! ! !"#∅ !"#!
!"#!! ! !"# ∅!! !"#!        (5) 

 
Where “min” means the smaller of the two in the 
bracket. 
 

B. Collector useful energy 
In steady state, the performance of a flat-plate solar 
collector can be described by the useful gain from the 
collector, 𝑄!, which is defined as the difference 
between the  solar collector absorbed solar radiation 
and the collector thermal loss. Duffie and Beckman, 
(1991) expresses the useful energy gain of a solar 
collector for glazed or evacuated collectors as: 

      𝑄! = 𝐹! 𝑆 − 𝑈! 𝑇! − 𝑇! !   (.6) 

The + superscript indicates that only positive values 
of the terms in the square brackets are to be used. 
Thus, to produce useful gain greater than zero the 
absorbed radiation must be greater than the thermal 
losses. 
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C.  Sensible heat requirement 
 The sensible heat requirement is the energy needed 
to raise the temperature of water to desire 
temperature. If water flowing at the rate of 𝑚! is to 
be heated from a mains supplied temperature 𝑇! to a 
desire temperature𝑇!, the energy requirement over a 
specified time horizon may be expressed as follows 
(Alireza, et al., 2009) 

 𝑄! = 𝑚!𝐶! 𝑇! − 𝑇!   (7)  

D. Storage tank temperature 
Assuming solar radiation intensity on tilted surface, 
ambient temperature , and load demand  to be 
constant over the specified time step, Solution of the 
energy balance equation of the solar water heating 
system   can be obtained using simple Euler’s 
integration, to solve for the tank storage temperature 
𝑇!"!  (Duffie and Beckman, 1991) as: 

𝑇!"! = 𝑇!" +
∆!

!!!"!! !
𝑄! − 𝑄!" − 𝑈!"𝐴!" 𝑇!" − 𝑇!     

            (8) 

Where 𝑇!"  is the initial storage tank temperature at 
the start of the day 

Where  ∆𝑡 is the time horizon which may be a day, a 
month or a year depending on the period of interest.  
For satisfying the entire thermal demand, (solar 
fraction S.F=1) storage tank temperature during the 
time of the demand must be greater than the desired 
load temperature. 

E.  System solar fraction. 
Solar fraction, is the fraction of the total hot water 
energy that is supplied by solar system, is calculated 
using the equation from Buckles and Klein (1980), 

 𝑆𝐹 = !!!!!"#
!!

    (9)  

Where,  𝑄! is the total energy removed from the 
system to support the water heating requirements.  

 𝑄!"# is the total auxiliary energy supplied to the 
system to support the portion of the total load that is 
not provide by the solar energy. The solar fraction is 
a better indicator of the system performance 
compared to the other parameters such as collector 
efficiency or heat removal factor, since it manifests 
the overall performance of the entire system not a 
component.    

F. Collector efficiency 
The Hottel-Whillier equation defines the efficiency 
for a solar collector in terms of the collector heat 

removal factor FR, given in equation form as (Govind 
et al., (2008) : 

     𝜂! =
!!
!!!!

= !! !!!! !!!!! !  
!!

  (10) 

III.  Materials	  and	  Method. 
A.  Description of experimental set up. 

The system consists of a flat plate solar collector, 
tilted from the horizontal at angle of 12o, a thermally 
insulated horizontal storage tank and interconnecting 
pipes connecting the solar collector and the storage 
tank. The flat plate collector casing is made of dry 
wood to minimise heat loss.  The flat plate collector 
has 12 evenly spaced copper pipes called risers 
embossed by semi-circular grooves formed in the flat 
plate absorber. The casing is covered at the top with a 
4 mm thick glass sealed with a rubber gasket. The 
absorber plate is painted with black fine matte paint 
to achieve high absorption coefficient. The underside 
of the absorber is insulated with dry wood to reduce 
conduction losses.  The hot water storage tank which 
is molded from a mixture of fibre glass and chemical 
binders is properly lagged with saw dust to minimise 
heat loss to the surroundings. The hot water storage 
tank is linked to a source of water from the mains 
water supply through the cold water inlet as seen in 
figure 1. Control valves to control the inflow of water 
into the storage tank from the main supply are 
incorporated along the length of the pipe linking the 
mains water supply to the storage tank. To prevent 
draining back of water into the collector when the 
temperature in the collector is lower than that in the 
tank, especially in the night when there is no solar 
radiation, another control valve is installed between 
the pipe connecting the collector hot water outlet and 
storage tank hot water inlet. The hot water to meet 
the domestic load is collected through the hot water 
outlet.  
 
Each day experiment was conducted between 8.00 
hrs and 18.00 hours by measuring the initial and end 
of day inlet and outlet water temperatures in the 
storage tank at one hour intervals. To accomplish the 
above, the storage tank and the solar collector were 
modified by installing thermocouples at their inlet 
and outlet points. The amount of solar radiation on 
the collector surface and the ambient conditions were 
measured with a Zonen pyranometer and digital 
thermometer respectively. The solar irradiance was 
measured and recorded every fifteen minutes and 
integrated over an hour. During the experiments the 
K-type thermocouple wires were used to measure the 
inlet and outlet temperatures of storage tank and solar 
collector. In order to measure these temperatures all 
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thermocouples were calibrated against a high 
accuracy temperature recorder to ±0.3oC accuracy. 
  

  
Figure1. Pictorial view of the thermosyphonsystem 
used for the experiment 
 

B. System performance simulation 
The performance of the systems for the two days the 
experiment were conducted was numerically 
simulated using model developed from TRNSYS  
software based on Typical Meteorological Year 
(TMY) weather data of  Zaria Nigeria (latitude 
11.2oN and longitude 7.8oE ) with the system 
characteristics as  in table 1 and design parameters 
and component sizes as described in previous work  
(Zwalnan etal., 2014). 

Table 1: System characteristics 
Description Value/Type 
Total aperture area 2.2 m2 
Storage tank capacity 100L 
Riser tubes material Copper 
Number of riser tubes 12 
Absorber surface Painted matt black 
Glass type 4 mm low iron glass 
Collector insulation Saw dust 30 mm thick 

for both sides and  back 
insulation. 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 

C.  Validation of Simulation Model 
In order to validate the predicted system performance 
by the model, the temperature of water in the storage 
tank and weather data measured during the 
experiment were used as the validation parameters. 
The experimental results recorded during the two 
days test were compared with the system simulated 
results in other to compare the trend and level of 
agreement between the experimental and the 
simulated results.  

To analyse the predictive power of the model, the 
Nash-Sutcliffe Coefficient of Efficiency (NSE) 
statistical analysis was employed. This statistical 
criterion is considered objective and provide 
unbiased indicators of the model predictive power 
(Julien et al., 2013). The NSE measures the quality of 
the fit between the actual data and the predicted data 
from the model.  The Nash-Sutcliffe Coefficient of 
Efficiency (NSE) is defined as follows (Neil,  (2010): 

  𝑁𝑆𝐸 = 1 − !!"#,!!!!"#$%,!
!!

!!!

!!"#,!!!!"#
!!

!!!
  (11) 

Nash-Sutcliffe efficiencies can range from -∞ to 1. 
An NSE value closer to 1 corresponds to a better 
match between model and observations. An 
efficiency of 0 indicates that the model predictions 
are as accurate as the mean of the observed data, 
whereas an efficiency less than zero (-∞ < E < 0) 
occurs when the observed mean is a better predictor 
than the model (Julien et al., 2013).  
 

IV.	  	  	  	  Results	  and	  Discussions	  
A. Comparison of simulated results with 

experimental results. 
Figure 2 and figure 3 show the comparison of the 
experimental hourly solar radiation and hourly 
ambient temperature with the predicted result from 
the model (solar data processor, Type 109 of 
TRNSYS). The figure shows that the model slightly 
over predicts the hourly solar radiation for most part 
of the day for the said location (Zaria) on this day (30 
March, 2014). However figures 2 and 3 also reveal a 
good trend and good agreement between the 
experimental result and the simulated results.  
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Figure 2: Comparison of hourly solar radiation of 
Zaria recorded during the experiment with the values 
obtained using TRNSYS 16 software.  (March 30, 
2014.) 

The hourly solar radiation as predicted by the model 
in figure 2 slightly over estimated the solar radiation 
over the experimental result for some time and under 
estimate for other time during the test. The 
experimental and simulated ambient temperatures 
shown in figure 3 also show good trend as seen in 
figure 2. The difference observed between the 
simulated and the observed results is due to the 
assumption made in the simulation model that the 
solar radiation and weather data remind constant 
during a period of one hour.  
 

                   
Figure 3: Comparison of hourly ambient temperature 
of Zaria recorded during the experiment with the 
values obtained using TRNSYS 16 software.  (30th 
March, 2014.) 
 
 

Figure 4 shows the variation of the storage tank and 
solar collector hourly inlet temperatures recorded 
during the experiment in comparison with the 
simulated results.  The figure shows an increase in 
experimental tank inlet temperature from an initial 
temperature of 38oC at the start of the experiment 
(8.00 hrs) reaching its peak temperature of 81.5 oC at 
15 hrs.  The figure also reveals that the storage tank 
inlet temperature starts decreasing after 15hrs to 
temperature of 55 oC at the end of the experiment at 
18hrs. The variation in hourly collector inlet 
temperature also followed the same trend, with the 
maximum temperature of 72 oC recorded at 16hrs.  
Figure 4 shows that the simulated hourly variation of 
the storage tank and collector inlet temperature 
recorded during the experiment shows very close 
agreement with the experimental results for most part 
of the experiment 
 
         

 
Figure 4: Comparison of hourly simulated inlet and 
outlet temperatures of storage tank and solar collector 
with experimental results (30 March, 2014).            

Figure 5 to 7 shows the results of the experiment 
conducted on the 30 March 2014 in comparison with 
the simulated results. The results from these figures 
shows very similar trend as reported on the 30th 
March 2014.  The experiment of 31st was conducted 
to ensure that the simulation model could also be 
used to predict the system performance with good 
repeatability.  
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Figure.5: Comparison of hourly solar radiation of 
Zaria recorded during the experiment with the values 
obtained using TRNSYS 16 software.  (March 31, 
2014) 
           

 
Figure 6: Comparison of hourly ambient temperature 
of Zaria recorded during the experiment with the 
values obtained using TRNSYS 16 software. (  
March 31, 2014.) 
     

 
Figure 7: Comparison of hourly simulated inlet and 
outlet temperatures of storage tank and solar collector 
with experimental results (March 31, 2014) 
 
 
 

4.2 Analysis of the predictive power of the 
simulation software (TRNSYS 16)  
Table 2 and tablet 3 shows the results of  statistical 
analysis performed between the experimental storage 
tank inlet temperatures (TKexpt )  and the simulated 
storage tank inlet temperatures (TKsim)  of 30th  and 
31st March, 2014 respectively. This analysis was 
performed using the Nash-Sutcliffe efficiencies ( 
NSE) to analyse the predictive power of the 
formulated system model using TRNSYS. The 
computed NSE values of 0.956 and 0.885 between 
the model and the experimental results indicates a 
good quality of fit between the experimental data and 
the system model since the closer NSE value to 1 the 
better the predictive power; hence a good model 
predictive power (Julien etal, 2013).   
 
Table 2: Validation of simulated result with 
experimental result of 30 march 2014 using the NSE 
statistical tools. 
   NSE Calculation 
Time TKsim            TKexpt 𝑻𝑲𝒆𝒙𝒑𝒕 − 𝑻𝑲𝒆𝒙𝒑𝒕

!
 

8.00 33.5 32.0 856.73 
9.00 40.8 41.0 410.87 
10.0 46.1 48.0 176.09 
11.0 50.8 52.0 85.93 
12.0 59.0 63.0 2.99 
13.0 68.1 72.0 115.13 
14.0 77.4 80.0 350.81 
15.0 82.8 86.0 611.57 
16.0 84.4 78.0 279.89 
17.0 80.0 75.0 188.51 
18.0 42.1 47.0 203.63 

𝑿
𝒏

𝒊!𝟏
 665.0 674.00 3282.18 

 
Ave. 60.45 61.27  
 

        𝑁𝑆𝐸 = 1 − 𝑻𝑲𝒔𝒊𝒎!𝑻𝑲𝒆𝒙𝒑𝒕
!!

!!!

𝑻𝑲𝒆𝒙𝒑𝒕!𝑻𝑲𝒆𝒙𝒑𝒕
!!

!!!
  (Neil, 2010). 

     = 1 − !"#.!"
!"#".!"

= 0.9556   
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Table3: Validation of simulated result with 
experimental result of 31 March 2014 using the NSE 
statistical tools. 
   NSE Calculation 
Time TKsim            TKexpt 𝑻𝑲𝒆𝒙𝒑𝒕 − 𝑻𝑲𝒆𝒙𝒑𝒕

!
 

8.00 34.2 33.0 799.19 
9.00 41.0 44.0 298.25 
10.0 46.2 49.0 150.55 
11.0 50.9 52.0 85.93 
12.0 59.3 62.0 0.53 
13.0 68.5 65.0 13.91 
14.0 77.6 78.0 279.89 
15.0 82.8 79.0 314.35 
16.0 84.3 82.0 429.73 
17.0 80.2 79.0 314.35 
18.0 42.2 58.0 10.69 

𝑿
𝒏

𝒊!𝟏
 667.2 681.0 2697.40 

 
Ave. 60.65 61.91  
        

     𝑁𝑆𝐸 = 1 − 𝑻𝑲𝒔𝒊𝒎!𝑻𝑲𝒆𝒙𝒑𝒕
!!

!!!

𝑻𝑲𝒆𝒙𝒑𝒕!𝑻𝑲𝒆𝒙𝒑𝒕
!!

!!!
     (Neil,  (2010). 

         = 1 − !"#.!!
!"#$

= 0.8850   
 

V.	   Conclusion	  
The simulated performance of a thermosyphon solar 
water heating system  with collector area 2.2 m2 
installed at a tilt angle of 12.0o  to supply 100  litres  
of domestic hot water in Zaria (latitude 11.2oN and 
longitude 7.8o E) was validated through experiment. 
The Nash-Sutcliffe efficiencies (NSE) statistical tool 
was employed to analyse the experimental results 
with the simulated results in other to validate the 
predictive power of the simulation software. The 
results  from the simulated performance shows 
similar trend and close agreement with the 
experimental result The computed NSE values of 
0.956 and 0.885 between the modeled tank inlet 
temperature and the observed tank inlet temperature 
for the two days test led to the conclusions that  the 
model formulation using TRNSYS 16 software 
proposed here for the performance simulation of the 
system is valid and realistic owning to the good 
quality of fit between experimental results and the 
simulated results.  This is because the closer the 
model efficiency is to 1, the more accurate the model. 
 

 
 
     Nomenclature 
Ac  Collector area (m2) 
𝐴!   Anisotropic index 
𝐴!"   Tank surface area (m2) 
𝐶!   Fluid specific heat (KJ/kgK) 
𝑓   Square root of ratio of beam to total 

radiation 
𝐹!   Heat removal factor 
S.F  Solar fraction over a specified time horizon 
𝐻!  Header diameter (m)  
𝐻   Monthly average daily radiation on a 

horizontal surface ( MJ/m2 day) 
 𝐻!   Monthly average extraterrestrial daily 

radiation on a horizontal surface 
𝐻!   Monthly average total radiation on tilted 

surface (MJ/m2day) 
𝐻!   Total beam radiation on horizontal surface 

(MJ/m2day) 
𝐻!   Total diffuse radiation on horizontal surface 

(MJ/m2day) 
𝑚!   Desired load mass flow rate, kg/s 
𝑄!     Useful energy gain   per unit time 

(MJ/m2day) 
𝑄!   Quantity of heat required to meet load 

(MJ/day) 
𝑄!"#   Auxiliary energy requirement to meet the 

desired load (MJ/day) 
𝑄!"   Load met by solar energy (MJ/m2day) 
𝑅!   Monthly average ratio of beam radiation on 

a tilted to horizontal surface 
Ta  Ambient temperatures (K) 
𝑇!   Desired load (hot water) temperature, oC 
𝑇!"   Storage temperature (oc) 
𝑇!  Storage tank inlet temperature (oc) 
𝑈!  Overall collector Loss Coefficient (kJ/ 

m2hr.k) 
𝑈!"  Tank loss coefficient (KJ/hr.m2.K).  

Greek	  Symbols	  
𝛽 Collector slope (degrees)  
𝜃!  Incident angle of beam radiation on tilted 
surface (degrees) 
δ Declination (Degrees) 
∅  Latitude of the location (Degrees) 
𝜔   Solar angle hour (Degrees). 
𝜔!  Sunset hour angle (Degrees). 
𝜌   Density of water (kg/m3) 
𝜂!   Collector efficiency over a specified time 
horizon 
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Abbreviations. 
TKexpt  Hourly experimental tank inlet temperature  
TKsim  Hourly simulated tank inlet temperature 
𝑇𝐾!"#$  Daily average experimental tank inlet 
temperature 
𝑅𝑀𝑆𝐸  Root Means Square Error 
𝑁𝑆𝐸  Nash-Sutcliffe Coefficient of Efficiency 
𝑇𝑀𝑌  Typical meteorological year 
Ave   Average 
Xobs   Observed values  
 Xmodel  Modelled values at time/place i.  
𝑋!"#   Mean of the observed values. 
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