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Abstract 

Sri Lanka is one of the greatest producers and exporters of quality tea in the world. The tea 
industry plays a key role in the economy and there is a great interest of continuously improving it 
in order to stay competitive. The process of drying tea requires thermal energy which currently is 
supplied through combustion of fuel woods on which the industry is highly dependent. With the 
rising prices on fuel woods over the past recent years it has become increasingly urgent to find 
substitutes, or complements to this source of energy. One potential solution would be to utilize 
solar thermal energy by implementing solar collectors in the tea manufacturing process. Sri Lanka 
is located close to the equator and has ideal conditions for harnessing solar energy, why solar 
applications would be highly suitable in this context.  

This report aims to study an existing simple system of flat plate solar collectors at the University 
of Peradeniya, Sri Lanka. The solar collectors are built using local inexpensive material. The 
objectives are to calculate the collector efficiency and perform a cost analysis in order to 
determine the potential economic benefits of utilizing solar thermal power as opposed to fuel 
woods. Finally the report will present suggestions on improvements for the existing collector 
design, taking the practical and economic feasibility into consideration. 

The collector efficiency of the existing design was calculated to be approximately 35 % and the 
energy produced by the flat plate solar collectors was found to be less expensive than combustion 
of fuel woods, despite the many imperfections of the collector design. Suggestions on 
refinements include improving the selectivity of the absorber surface with a black chrome 
coating, equipping the collector with a sun-tracking system, adding obstacles in the collector air 
duct, using a v-corrugated absorber plate, shifting to downward air blowing, changing heat 
transfer fluid and using multiple sheets of glass as glazing. Through these relatively simple and 
cost-effective improvements on the system the collector efficiency could increase substantially, 
thereby reducing energy costs. Moreover the implementation of solar collectors in the Sri Lankan 
tea manufacturing process would be beneficial from an environmental perspective. 
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Nomenclature 

Denomination Symbol  Unit 

Absorber plate emittance 𝜀!   - 

Air density in collector 𝜌!  kg/m3 

Air density inside pipe 𝜌! kg/m3 

Air mass flow 𝑚 kg/s 

Air velocity in pipe 𝑢! m/s 

Ambient temperature 𝑇! K or ºC 

Angle constant factor in Equation 9 𝐵 Degrees 

Average fluid temperature 𝑇!" K 

Average plate temperature 𝑇!" K or ºC 

Collector life expectancy 𝑁 Years 

Collector slope 𝛽 Degrees 

Cross sectional area of pipe 𝐴!  m2 

Day of year 𝑛 - 

Declination (the sun’s angular position at solar noon) 𝛿 Degrees 

Effective area of solar collector (area which receives 
solar radiation) 

𝐴! m2 

Efficiency of solar collector 𝜂 % 

Emissivity of glass cover 𝜀!   - 

Energy Cost 𝐶!"#$%  !"##$%&"'  !"#$%& Rs./MJ 

Heat production over lifetime 𝐸!"#$%"&$ MJ 

Hour angle 𝜔 Degrees 

Hourly total radiation per daily total radiation 𝑟! % 

Inflation rate 𝑟 % 

Latitude 𝜙 Degrees 

Length of solar collector 𝐿 m 
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Life cycle cost 𝐶!""  Rs. 

Material costs 𝐶!"#$%&"'( Rs. 

Operation and maintenance costs 𝐶!" Rs. 

Overall heat losses 𝑈! W/(m2·K) 

Pipe diameter 𝐷!  m 

Processing and assembling costs 𝐶!&! Rs. 

Rate of useful energy delivered by collector 𝑄! W 

Solar irradiance 𝐺! W/m2 

Solar Radiation  𝐼 W/m2/day 

Specific heat capacity of air in collector 𝑐! J/(kg·K) 

Sunset hour angle 𝜔! Degrees 

Temperature at the collector system inlet 𝑇! K or ºC 

Temperature at the collector system outlet 𝑇! K or ºC 

Total initial cost  𝐶!"#$% Rs. 

Transmittance-Absorptance product 𝜏𝛼 - 

 
 
 
Abbreviation  Denomination 

CTC Crush, Tear, Curl 

FPC Flat Plate Collector 

GDP Gross Domestic Product 

LCC Life Cycle Cost 

NREL National Renewable Energy Laboratory 

Rs.  Sri Lankan Rupees 

TRI Tea Research Institute 

UTC Coordinated Universal Time 
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1 Introduction 
The tea industry has for a long time been an important part of the Sri Lankan economy. It does 
not account for as big a part of the GDP as it did earlier, as its share has decreased from 17%  in 
the 1950’s to the current value of 2% of GDP. However a large part of the foreign exchange 
earnings still come from the tea industry, with tea exports accounting for 70% of agricultural and 
15% of total export (Herath and Weersink, 2009). 

The processes of withering and drying in the manufacturing of black tea require thermal power 
which usually is supplied through combustion of fuel wood, mainly in form of rubber, gum and 
jungle trees. The access to fuel woods is however usually scarce around tea factories which has 
led to increased fuel wood prices as demand increases. Due to the rising energy prices, the Tea 
Research Institute of Sri Lanka has stated the necessity to find alternative energy sources and 
sustainable solutions to decrease the need for energy in tea processing (TRI-a, 2010). 

This study will focus on a method of decreasing fuel wood dependency in the Sri Lankan tea 
industry, namely the implementation of flat plate solar collectors in the tea drying process. 
Heating of air is an essential part of many industrial practices and the possibility of utilizing clean 
renewable solar energy for this purpose has substantial advantages for the industries as well as for 
the environment (U.S. Department of Energy, 2007). The intention of this report is to evaluate 
the possibilities and potential benefits of implementing flat plate collectors in the Sri Lankan tea 
process. 

1.1 Tea manufacturing process and Energy requirement 
To begin with it is suitable to introduce the two main different types of tea production, namely 
the orthodox method and the CTC (crush, tear, curl) method. Tea production according to the 
orthodox method generates top quality tea as the leaves are hand- picked and rolled, where 
strictly the finest leaves from the tea plants are used. The CTC method on the other hand is 
highly mechanized why the tea leaves become damaged to a higher extent, resulting in lower tea 
quality (The Teatropolitan Times, 2008). The most common tea production method in Sri Lanka 
is the orthodox version, perhaps not surprisingly as Ceylon tea has an excellent reputation 
worldwide. The orthodox method is naturally more time and labour-demanding, and includes the 
processes illustrated in Figure 1. 

 

Figure 1 Process e s  in  or thodox t ea  produc t ion  (Sr i  Lanka Tea Board ,  2011)  

Withering is a very important subprocess of tea manufacturing, during which the moisture of the 
tea leaves is reduced to prepare them for the upcoming process of rolling. The raw leaves are 
spread out on racks and dried to a desired level, a process which usually takes between 18-24 
hours. The quality of the tea depends highly on how well the withering process is executed, thus 
it requires careful monitoring and precision. Withering is then followed by the rolling process 
where the tea leaves are shaped and essential oils are broken free in order to accelerates the 
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following oxidation process. This preparation for chemical reactions is a key part of determining 
the characteristics of the tea. Roll breaking is the next step with the purpose of filtering out the 
too large and twisted leaves which prevent circulation and return them to the rollers where they 
undergo the rolling process again. Roll breaking also cools the tea leaves which would experience 
a temperature-rise otherwise. After roll breaking, the sufficiently fine particles are fermented and 
the former green leaves are turned into black tea as a result of various enzyme activities. This is 
known as the fermenting process, and it is crucial for the final taste and aroma of the tea. 
Fermenting is followed by the drying process, where the leaves are placed in a dryer to prevent 
further chemical reactions in the leaves. Forced air, normally heated by electrical or thermal 
power, disables the oxidation enzymes and also reduces moisture level. The drying process is 
critical, since failing to deactivate the enzymes would lead to faster deterioration of the tea. The 
last and final process is sorting and grading where the tea is sorted according to size and shape. 
Thereafter the tea is packed and marked according to its grade, weight and other properties 
(Dilmah, 2014). 

The most energy-demanding (thermal energy) part of orthodox tea processing is the withering 
process which accounts for up to 40 % of the total thermal energy usage, followed by rolling, 
grading and finally drying. During the withering process, ambient air is combined with heated air 
from the dryer to obtain a temperature of around 35°C, however at sufficiently warm ambient 
temperature it is not necessary to use the dryer for this purpose. The drying process on the other 
hand requires substantially higher temperatures, more precisely 90-120 °C. Contrariwise this 
process only last between 15-42 minutes, which explains why withering is a more energy-
demanding process (Jayah, 2002). In total, 15 % of the energy used in tea manufacturing comes 
from electrical energy and the remaining 85 % from thermal power (Baruah, Khare, and Rao, 
2012). This indicates the great potential for solar applications in the Sri Lankan tea industry, as 
solar power can be a substitute for wood fuels. 

1.2 Current situation 
The Tea Research Institute is the largest Sri Lankan organization working on research and 
development within the field of tea cultivation and processing. The institution was formed in 
1925 and has been a considerable driving factor for development in the tea sector (TRI-b, 2010). 
The TRI research and development division has several areas of focus, “Alternative energy sources 
and energy-saving techniques” being one of them (TRI-a, 2010). 
 
According to the most recent data from TRI 300 million kilograms of tea is produced in Sri 
Lanka every year. The tea industry uses approximately 283 GWh electrical power and 1833 GWh 
(6600 TJ) thermal power on a yearly basis and accounts for approximately 33 % of the total 
industrial consumption of fuel woods in Sri Lanka. The fuel woods are usually rubber, gum and 
jungle trees and the demand for these sources are increasing (see Table 1). The thermal energy 
obtained from the fuel wood combustion is used to heat up air which can then be utilized in the 
tea drying process. Since petroleum accounts for approximately 45,3 % of the total energy supply 
in Sri Lanka, increasing petroleum-prices will naturally have a great impact on the demand for 
alternative energy sources. As petroleum-prices rise and environmental factors are taken into 
consideration to a greater extent, the demand for biomass is increasing (Pisces, 2009). As a result, 
good quality-fuel wood is becoming an increasingly scarce resource and the prices rise 
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accordingly. This strikes the tea sector significantly since 30 % of their expenses consist of 
thermal and electrical power costs (TRI-a, 2010). 

Table 1 Demand for  b iomass  in  Sr i  Lankan industr i e s  2000-2012 (Sr i  Lanka Susta inable  Energy  
Author i ty ,  2012-b)  

 

In conclusion there is a great need for new innovations and techniques which decrease the energy 
usage in tea factories. Alternative energy sources should be further explored to help decrease fuel 
costs. One possibility is the usage of different solar applications such as solar collectors which 
can be used in the drying process. 

1.3 Solar power potential in Sri Lanka 
Sri Lanka is an island situated close to the equator and due to its favourable geographical 
conditions the country receives a significant amount of solar radiation during all seasons of the 
year. The radiation intensity in different regions can vary depending on whether it is a low- or 
highland area (Sri Lanka Sustainable Energy Authority, 2012-a). According to the National 
Renewable Energy Laboratory (NREL), the island receives a solar radiation between 2,5-5,5 
kWh/m2/day depending on which monsoonal period of the year it is, this implies there are very 
good possibilities to harness solar power in Sri Lanka (Renné et al.,2003).  

The left map in Appendix 2 displays the normal direct solar resources in Sri Lanka and the right-
hand map shows the solar radiation amount received by a solar flat-plate collector oriented at 
latitude tilt. According to this, between 5.0-5.5 kWh/m2/day of solar energy could be harnessed 
in most parts of the island by using this type of collector. In Appendix 3, the two maps illustrate 
the solar radiation received by a flat-plate collector tilted at latitude angle with regards to the two 
main monsoonal periods: the southwest monsoon and the northeast monsoon. During the 
southwest monsoon (May to September) the received solar radiation is at its lowest, yet the 
radiation amount is as high as 4,0 kWh/m2/day at its minimum during this period (Renné et al,. 
2003). However it is important to consider the fact that these data are based on a two-axis flat-
plate collector which means the collector can be adjusted in multiple directions. The upcoming 
experiments and measurements in this report are carried out on a stationary, non-adjustable flat 
plate solar collector, thus the received amount of solar radiation is expected to be lower than the 
data provided by the NREL. 

1.4 Solar heat collectors 
In brief solar heat collectors work as a form of heat exchanger system, which utilise the radiation 
energy from the sun and convert it into internal energy of a transport medium. The solar energy 
is harnessed through absorbing radiation and transferring the heat to a fluid such as water, air or 
oil. The heat can either be utilised as it is or transformed into electrical energy through turbines 
and generators (Karsli, 2007). 
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The use of solar air collectors has many advantages, for example as compared to fuel wood 
combustion. It is a simple and cheap technology, they are easy to operate and maintain, do not 
require a specially trained workforce and the production can be held locally using locally available 
materials. Furthermore they do not require energy to operate and are beneficial for the 
environment.  However, solar air heaters have limitations when it comes to thermal performance 
due to the low volumetric heat capacity, density and heat conductivity of air (Karsli, 2007). 

There are two main forms of solar collectors, concentrating and non-concentrating. A 
concentrating collector focuses the intercepted solar radiation onto a smaller area; usually a 
concave reflective surface absorbs the solar radiation whereas the non-concentrating collector has 
the same area for intercepting radiation and absorbing it. Solar collectors are further divided into 
stationary collectors, which are fixed in one position and tracking collectors (Single-axis and Two-axis ) 
which can track the sun along one or two axis respectively (Kalogirou, 2004). 

The types of solar collectors available in the market are primarily: 

Ø Stationary collectors: Flat plate collectors (FPC), Evacuated tube collector (ETC), 
Compound parabolic collector (CPC),  

Ø Single-axis tracking collectors: Linear Fresnel reflector (LFR), Parabolic trough collector 
(PTC), Cylindrical trough collector (CTC) 

Ø Two-axis tracking collectors: Parabolic dish reflector (PDR), Heliostat field collector 
(HFC) (Kalogirou, 2004). 

 The collectors which are object for measurements in this report are stationary flat plate collectors 
with flat absorber plates. 

1.4.1 Flat plate solar collectors 
Flat plate collectors usually consist of a case where sun radiation is first received through an 
opaque plate fixed on top of a black-painted absorption plate, which creates a layer of stagnant 
air between the two plates. The absorption plate, which is blackened to increase its absorptivity, 
intercepts and absorbs the solar radiation and converts it into heat which is conveyed to the fluid 
contained underneath the absorption plate. Typically, flat plate collectors are heavily insulated at 
the bottom and the sides of the construction in order to minimize heat losses through 
conduction, and the fluid is usually contained within tubes. The opaque plate decreases 
convection losses of the stagnant air and radiation losses from the absorption plate. The latter is 
done by letting shortwave radiation in but keeping long-wave radiation (infrared heat radiation) 
from leaving the collector. The FPC is usually fixed in a position facing the equator, where the tilt 
angle is determined by the location latitude. The angle can then be adjusted with a 10-15° 
deviation from this value depending on the type of practical application (Kalogirou, 2004). 

There are several types of glazing and absorption plates which can be used in constructing FPC’s, 
and various methods of containing the heat transfer fluid. For glazing, low iron glass is 
commonly used, however different types of plastic can be an alternative as well. Plastics can 
generally withstand more than glass before breaking; on the other hand glass often has higher 
tolerance against high temperatures and damages due to solar radiation. Glass is also superior to 
plastic since its transmittance of long wave radiation is far less. Moreover, the absorption plate 
should have a thin upper surface or painted layer with high capacity for absorbing short wave 
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radiation and low emittance of long-wave radiation. The absorption plate and containment of the 
fluid are often integral parts of each other and can be configured in various ways to maximise the 
contact surfaces between plate and fluid. There are several methods of increasing the contact 
surface, such as using tubes, metal matrices or v-corrugated plates in the collector design. Finally, 
the material used for the casing should have the opposite features, such as high reflectance to 
minimize heat leakage (Kalogirou, 2004). 

It has been shown that v-corrugated absorption plates reach higher efficiency than plane surfaced 
plates due to increased heat transfer area and higher rate of heat absorption. The increase in 
efficiency shown by Md Azharul Karim and M.N.A Hawlader was 12%. Efficiency also increased 
with increased airflow due to decreased losses, as shown in the same report (Karim and 
Hawlader, 2005). 

Furthermore, studies indicate that use of obstacles in the air duct create turbulence which 
accelerates the heat transfer rate. The method of adding turbulence-increasing elements such as 
roughened absorber surfaces is recognized to be one of the most effective and economic ways to 
increase the efficiency of solar air heaters. In addition, downward blowing of air through a solar 
collector tilted according to latitude has shown to be more effective than blowing the air upwards 
through the collector (Labed et al, 2012). 

FPC’s are the most commonly used solar thermal collector for low temperature applications, 
where temperatures usually do not exceed 100°C. They can however reach 200°C if specialized 
coatings for the absorption plate are being used. Furthermore FPC’s are ideal in areas where the 
climate is warm and sunny (Kalogirou, 2004). They are relatively simple to operate due to the 
simple construction, have low capital costs and require minimal amount of materials. Moreover 
FPC’s are capable of utilizing both beam and diffuse solar radiation, require very little 
maintenance and do not require tracking of the sun (Duffie and Beckman, 2013). The most 
common use for FPC’s are in the dehydration of industrial products, drying of agricultural crops 
and space heating (Labed et.al, 2012).  

Furthermore a collector field of concentrating solar collectors is substantially more costly than a 
field of flat plate collectors, why the latter is a more attractive alternative from an economic 
perspective. Although solar collector fields can be of arbitrary size, a rough estimation would be 
that an average sized tea factory should install around 200 flat plate collectors to substitute a 
reasonable amount of the energy produced by fuel woods (Koneswaramoorthy et. Al, 2004). 

1.4.2 Comparison between collector types 
Sun tracking concentrating collectors have advantages as well as drawbacks when compared to 
flat plate collectors. They can achieve higher thermodynamic efficiency since the heat transfer 
fluid reach higher temperatures using the same size of collecting surface. Furthermore the heat 
losses are less due to a smaller absorber area and the collector can be constructed to achieve a 
specific temperature for a particular assignment. The reflective surface of concentrating collectors 
is structurally less advanced and requires less material than the corresponding part in FPC’s. 
However concentrator collectors do not collect much diffuse radiation and often require a 
tracking systems. In addition, the reflective surface entails regular cleaning and maintenance since 
it otherwise would gradually lose its reflecting ability (Kalogirou, 2004). 
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1.5 Existing system of flat plate solar collectors 
The preliminary system of the solar flat plate collectors studied in this report has been designed 
and constructed by a student at the University of Peradeniya, Sri Lanka, in 2013. Figure 2 
illustrated the collector design. 

 

Figure 2 Design o f  f la t  p la t e  co l l e c tor 

The system of four solar flat plate collectors, on which measurements will be performed, has a 
simple design. The collectors are placed according to Appendix 1 and are elevated above ground 
and fastened on a frame. The individual collectors bear much resemblance to the solar flat plate 
collector depicted in the previous section and are connected by plastic pipes. Using an electrical 
blower, the air heated by the collectors is blown through the smaller pipes which are connected 
to a larger pipe. The electrical blower is placed at the end of the larger pipe. The theoretical idea 
is to incorporate this design in tea production systems, in order to use the heated air for the tea 
drying process. 

The air entering the solar collectors is the ambient air, thus the system inlet temperature and the 
ambient temperature are the same. The flat plate collectors are all tilted at an angle of 23° and 
placed facing south towards the equator to maximize the amount of received solar radiation 
(Kalogirou, 2004). The collector has an aluminum casing and the absorber plate is made of 
galvanized iron, which is painted black to increase absorptivity. The insulation consists of the 
natural material coir which is made from coconut fibers. Furthermore the insulation inside the 
collector consists of aluminum. Details about the design are presented in Table 2.  
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Table 2 Features  and d imens ions  o f  so lar  co l l e c tor  sy s t em (Krishnaharan e t .  a l ,  2013)  

Component Material Quantity [m2] 

Absorber Plate Galvanized Iron sheet 0,3159 

Side and Bottom cover Aluminium Reign sheet 0,7 

Top Glass Glass (3 mm thickness) 0,3159 

Insulation Rubberized Coir 1,0368 

Further Specifications   

Collector length, 𝐿 0,81 m  

Collector width 0,46 m  

Collector height 0,17 m  

Absorber plate area exposed to the sun, 𝐴! 0,28755 m2  

Air duct width 0,355 m  

Air duct height 0,025 m  

Collector slope, 𝛽 23°  

Number of glass plates 1  

Emissivity of glass cover, 𝜀!   0,834  

Absorber plate emittance, 𝜀!   0,9   

Pipe diameter, 𝐷! 0,08855 m  

Pipe cross-section area, 𝐴! 0,008875 m  

 

1.6 Life Cycle Cost – analysis 
There are several methods of determining the potential gain or benefit of an investment related 
to energy-savings. One common method is LCC-analysis, where the total costs during the entire 
lifetime of the investment are taken into consideration. The LCC of the investment is calculated 
with regards to life expectancy of the system, total initial costs, operation and maintenance costs, 
inflation rate and the required rate of return (discount rate) of the investment. When calculating 
the potential benefit of a future investment or when choosing among several alternatives it is 
important not to solely look at the initial costs. Simply choosing the alternative with the lowest 
initial costs would not provide an accurate basis for comparison (EEF, 2014).  
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As opposed to the commonly used payback-method, the LCC-analysis considers the time-value 
of money, by using inflation- and required return rates to calculate the PWF (Present Worth 
Factor). In a regular payback-analysis, the only parameters included are the initial investment 
costs and the annual cash-flows generated by the investment (Accounting for Management, 
2014). Thus, using the LCC-analysis allows for a substantially better economic overview and 
reduces investment risk. In addition, the LCC-method accounts for the benefits of the 
investment after the point of payback (Betterbricks, 2010). However, there are disadvantages to 
this method as well, since the LCC-analysis is more complex and the data required for 
calculations can be difficult to collect. 

2 Objectives 
The primary objectives of this report are to: 

Ø Investigate the performance of an existing preliminary system of solar flat plate collectors 
through experiments and measurements. 

Ø Relate the performance of flat plate solar collectors to whether it is suitable for 
implementation in the tea industry, more specifically in the drying process. In practice this 
means a cost analysis of the implementation will be done. 

Ø Present feasible suggestions for further improvement of the existing collector system, 
with regards to local possibilities and economic factors. 

3 Method 
Below follows a description of the method used to reach the objectives of the report. As Figure 3 
illustrates, the method can be divided into three sections. The first step is to perform 
measurements on an existing system of flat plate solar collectors, thereafter a cost-analysis on the 
system will be carried out followed by a sensitivity analysis. These steps will provide a basis for 
suggestions on possible improvements of the existing collectors. 

 

Figure 3 Method for  r each ing  ob j e c t iv e s  o f  the  r epor t  – Step  by  s t ep  
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3.1 Measurements and Calculations 
The practical measurements and experiments will be carried out on an existing preliminary 
system of four flat plate solar collectors. The measurements aim to determine the airflow velocity 
and temperatures in various parts of the system, these measurements will then been used for 
profiling the amount of energy generated by the collector. Finally, the collector efficiency as well 
as the heat loss and rate of useful energy produced by the collectors will be calculated using 
mentioned data. 

3.2 Cost Analysis 
A cost analysis of the existing flat plate solar collectors will be carried out by comparing the 
energy costs of using flat plate solar collectors versus the cost of using fuel woods. The purpose 
is to determine which alternative is most profitable for the tea drying process in economic terms. 
Firstly, the LCC (Life Cycle Cost) of one collector will be calculated to obtain the energy cost. 
This value will then be compared to current fuel wood-prices in Sri Lanka. 

3.3 Sensitivity Analysis 
A sensitivity analysis will be performed on the collector efficiency and the cost analysis 
respectively, in order to consider the impact of different parameter errors on the results as this 
will provide a picture of the dynamics of the model. The errors refer to possible deviations in the 
collected data from the real values due to imprecise measuring tools, lack of equipment, the 
human factor etc. The parameters which are expected to have the highest impact on the results 
will be examined. 

4 Model 
Below sections presents the models for the measurements and calculations, the cost analysis and 
the sensitivity analysis respectively. Thereafter results will be presented in section 5 and discussed 
in section 6. 

4.1 Measurements and calculations 
Heat transfer relations are used for estimating collector performance and methods for collecting 
the data used in the calculations will be presented in this section. Furthermore, assumptions and 
possible sources of error linked to calculations and measurements are described.  

4.1.1 Possible errors 
Recognizing the potential sources of errors is vital for appraising the reliability of the final results. 
To begin with the construction of the collector system has many imperfections which are 
unrelated to the theoretical design. The collectors are poorly built which results in many 
unnecessary point of heat leakage. Furthermore the thermocouples and the hot wire anemometer 
used to measure temperatures and air velocity respectively may show slightly inexact results due 
to the unreliability of available equipment. Moreover the plate temperature is solely measured at 
its short edge due to limitations in available equipment. To obtain a more accurate value the plate 
temperature should be measured in several points where after an average value should be 
calculated, which is not the case in these measurements (Karim and Hawlader, 2003). As seen in 
Figure 4, the plate temperature varies over the plate area. Since measurements were made near 
the outlet of the air duct, which in Figure 4 corresponds to the short side towards the plate 
temperature axis, the temperature of the points of measurements were plausibly among the ones 
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with highest temperature. Whereas the temperature decreased towards the long sides of the plate 
and the lowest values would be found near the short side towards the air inlet. Thus, to obtain a 
more accurate average temperature value it would have been preferable to measure the 
temperature at several points of the absorber plate. 

 

 

Figure 4 Temperature  pro f i l e  o f  the  absorber  p la t e  (Kar im and Hawlader ,  2005) 

Likewise the anemometer sensor should be placed at the center of the larger pipe’s cross-
sectional area to obtain the maximum air velocity. Since the anemometer is held fixed by hand 
during the measurements, there might be some errors in the collected velocity values. However 
these errors are expected to be negligible since the velocity differences around the pipe center are 
very small (Chengel and Cimbala, 2010). Furthermore, the main pipe through which the heated 
air is transferred is heated by the sun itself, which might lead to errors in the measurements on 
outlet temperature and show a value which is possibly too high. Additionally the measurements 
of the collector height, width and length might be inexact due to the human factor. All the above-
mentioned errors will affect the collector efficiency calculation. The effect of momentary 
cloudiness has also been neglected which could result in overestimation of the solar radiation 
amount. Moreover the ambient temperature is not measured due to lack of instruments, however 
the values are obtained from the Norwegian weather forecast site yr.no (NRK og Meteorologisk 
institutt, 2007-2013). Thus these values are approximate and could potentially have errors up to a 
couple of degrees Celsius. 

4.1.2 Assumptions 
Firstly, it is assumed that all four solar collectors are identical, meaning they are expected to have 
the same measurements, same efficiency and contributing equally to the heating of the air passing 
through the system. Secondly the plate temperature is only measured on one of the collectors 
which signify that a too low or too high efficiency value might be obtained from the calculations, 
since the four collectors are non-identical in reality. However this error is considered to be 
relatively small.  

for wide range of flow rates. Simulation result show that
e!ciency increases constantly with flow rate up to
0.035 kg/m2 s and, thereafter, increases at a decreasing
rate. The curve tends to be flat after flow rate of
0.05 kg/m2 s. Experimental results show the similar
trend.

Experimental result shows that the e!ciency of the v-
groove collector at a flow rate of 0.033 kg/m2 s is 62%.
Comparison with the flat plate air heaters of Refs.
[22,23] reveals that v-groove collector is about 12% more
e!cient than the flat plate collectors. Above references
reported 50% e!ciency for the flat plate collector at flow
rate of 0.033 kg/m2 s. This comparison can be consid-
ered very reliable as the collector dimension and materi-
als of the present study and the above references are

same. Same materials were used for absorber, plate coat-
ing, glazing and ducting. Also, both studies were con-
ducted in same location and under same
meteorological conditions. Only di"erence was that the
present collector used one glass cover instead of two
glass covers. Increased heat transfer area and better heat
absorption contributed to the higher e!ciency for v-cor-
rugated collectors. V-corrugated collector has the
advantage of absorbing greater quantity of solar radia-
tion than the flat plate and the finned collectors of equal
absorptivity. Parker et al. [14] reported 4–6% more
absorption in v-corrugated absorber. Sparrow and Lin
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Table 2
Slope and intercept values for the curves of Fig. 4

Flow rate (kg/m2 s) 0.011 0.031 0.042 0.054
FRsa 0.41 0.60 0.65 0.71
FRUL 6.64 6.28 5.58 4.75
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The massflow inside the pipe is set to be the same as the combined massflow of the four solar 
collectors, thus four times as high as the massflow in one single collector. This assumption has 
been made neglecting losses due to friction from walls, bends and other design features of the 
pipes which decelerate the flow. 

Furthermore the air humidity is neglected; if this factor was to be considered it would potentially 
give a higher value of the specific air heat capacity and consequently a higher collector efficiency, 
since the humidity around Kandy and Peradeniya is usually quite high (approximately 70-80%) 
(Department of Meteorology-Sri Lanka, 2012). 

4.1.3 Air velocity measurements 
The air velocity inside the pipe is measured using a thermal hot wire anemometer, which is a 
device for measuring wind speed (National Geographic Education, 2014). The anemometer 
measures the heat convection loss caused by the fluid, in this case air, and uses this loss to 
calculate the air stream velocity. Anemometers have good frequency response and a wide velocity 
range which makes them appropriate for these types of measurements (Chopra, 2008). Having 
set the electrical blower fix at a certain constant effect giving a constant flow, the velocity in the 
pipe is measured using the anemometer by placing the hot wire-part of the device at the cross-
sectional center of the pipe through a carved hole at half the pipe length. This means that the 
maximum velocity of the air stream is measured (Lipták, 2003). 

4.1.4 Temperature measurements  
Two temperatures will be measured during the experiments; the absorber-plate temperature and 
the outlet temperature of the heated air streaming out of the system of collectors. These 
temperatures are acquired by using thermocouples, which are devices that convert voltage 
differences into temperature (Thermocouple Info, 2011). 

4.1.5 Efficiency calculation 
Table 3 Equations used in calculations of efficiency, heat loss and useful energy lists the equations used in the 
calculations of collector efficiency, useful energy and losses. These equations are collected from 
the books Solar Engineering of Thermal Processes, Heat transfer and Process Measurement and Analysis-
Instrument Engineers' Handbook (Duffie and Beckman 2013; Holman, 2010; Lipták 2003). 
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Table 3 Equat ions  used  in  ca l cu la t ions  o f  e f f i c i ency ,  hea t  lo s s  and use fu l  energy  

.Equation 1 

Q! = A![G!τα − U!(T!" − T!)] = mc![T! − T!] 

Rate of useful energy delivered by 
collector 

Equation 2 

η =
Q!
A!G!

= τα −
U! T!" − T!

G!
=
mc! T! − T!

A!G!
 

Efficiency of solar collector 

Equation 3 

U! =
G!τα −

mc! T! − T!
A!

T!" − T!
 

Overall heat losses 

Equation 4 

G! = G! ∙
sin α + β
sin α

 

α = 90 − ϕ + 

Total solar energy incident on tilted 
collector 

Equation 5 

G! = r! ∙ Average  daily  solar  radiation 

Total solar energy incident on 
horizontal collector=daily total radiation 

Equation 6 

r!   =
π
24 cosω − cosω!

sinω! −
πω!
180   cosω!

 

 

Hourly total radiation per daily total 
radiation 
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Equation 7 

ω = Time  in  number  of  hours − 12 ∙ 15° 

Hour angle – Uses time in hours e.g 
12:39 = 12,65° 

Equation 8 

ω! = acos(−tanϕtanδ) 

Sunset hour angle 

ϕ = lattitude  

Equation 9 

δ   = (180/π)(0.006918   − 0.399912  cos  B  
+   0.070257  sin  B − 0.006758  cos  2B  
+   0.000907  sin  2B − 0.002697  cos  3B  
+   0.00148  sin  3B)  

B = n − 1
360
365

  

Declination, the sun’s angular position 
at solar noon 

n =   day  of  year  
e.g February 21st ;    n =   52 

Equation 10 

m = ρ!u!A! = 4 ∙ ρ!u!A! 

  

Mass flow  

Index p stands for pipe and index c for 
solar collector 

Equation 11 

u!"#$!%#
u!"#

= 0.5          Laminar  
0.81          Turbulent 

Correlation between average and 
maximum velocity in pipe 

Equation 12 

m = ρ!u!A! = ρ!u!π
D!
2

!

 

Mass flow 

Equation 13 

T!" =
T! + T!
2

 

Average fluid temperature inside 
collector air duct 

Equation 14 

𝛕𝛂 = 𝛆𝐩 ∙ 𝛆𝐠 

Transmittance-absorptance product 
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The useful heat delivered by the solar flat plate collector during steady-state conditions, is equal 
to the heat transfer fluids absorption of energy subtracted by direct and indirect heat losses to the 
surroundings from the surface. Rate of useful energy delivered by the collector can thus be 
described by .Equation 1.The efficiency of the collector, 𝜂, can then be determined as the ratio 
between rate of useful energy delivered by the collector and the total solar energy incident on the 
collector, 𝐺! (Equation 2). The overall heat loss coefficient can be determined using equation 
Equation 3. The parameters included in these equations must now be determined. 

Solar energy incident on the collector, 𝐺! is determined for the different dates and times of the 
day when measurements are made and with regards to the slope of the collector(Equation 4). 𝐺!, 
the global horizontal radiation, is determined using Equation 5. Here, the daily total radiation for 
a specified month, which is determined using data for sunny days from different cities in Sri 
Lanka during the month of April, is multiplied to hourly total radiation per daily total 
radiation, 𝑟!. The value of 𝑟!  is determined using Equation 6 where the values for the hour angle, 
(Equation 7) and sunset hour angle (Equation 8) are used. These equations include known 
latitude of Peradeniya (approximately 7.267°) (Google Maps, 2014) as well as the suns angular 
position at solar noon, known as the declination (Equation 9)(NREL, 2014). 

The air mass flow in the pipe will be the same as the air mass flow in the solar collectors, 
however divided by four since there are four collectors contributing to the mass flow in the pipe. 
This assumption implicitly means that losses through friction are neglected and that the massflow 
is the same regardless of varying air speed, density and diameter according to Equation 10. The 
value of velocity which is used to determine the massflow, is obtained through measuring the 
maximum air velocity in the pipe and thereafter calculating the average air velocity according to 
Equation 11. As airspeed is measured near the collector outlet, the collector outlet temperature 
will be used to determine the density of the air flowing in the pipe. The density is found using 
linear interpolation of values found in Table 4. Thereafter the mass flow can be calculated 
according to Equation 12, using the properties of airflow in the pipe also using values found by 
interpolating between values in Table 4. 
 
The specific heat of the air in the collector will however be determined at average fluid 
temperature (Equation 13). The transmittance-absorptance product is determined through 
multiplying the emissivity of the glass cover and the emittance of the absorption plate (Equation 
14). Through inserting the values of measured average plate temperature, inlet- and outlet 
temperature and the rate of useful energy, the efficiency and overall heat losses of the flat plate 
collector can be calculated. To clarify, the overall heat losses are calculated by solving for 𝑈!, in 
.Equation 1, and obtaining Equation 3.  

Table 4 Table  o f  a i r  proper t i e s  a t  a tmospher i c  pres sure  (Holman,  2010) 

Temp., K 𝜌 
kg/m3 

𝑐! 
kJ/(kg °C) 

300 1,1774 1,0057 
350 0,9980 1,0090 
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4.2 Cost analysis 
For the calculations in this report a somewhat simplified LCC-analysis will be carried out, in the 
sense that some parameters are roughly estimated and some are considered negligible. Figure 5 
shows the cost-elements included in the analysis. 

 

Figure 5 Elements  in  the  cos t  analys i s 

4.2.1 Assumptions and Parameter estimations 
To begin with some assumptions need to be made before calculating the energy cost of the flat 
plate collector: 
Ø The inflation rate is set to the present value in Sri Lanka: 4,2 %. This rate has fluctuated 

dramatically during 2012-2014 and is currently at its lowest within this time-period. 
According to recent prognoses, the inflation is likely to rise again during 2014. (Trading 
Economics, 2014; Central Bank of Sri Lanka, 2014). Thus, the inflation rate in this LCC-
analysis might need to be adjusted if the same calculations are repeated in the future.  
 

Ø Based on previous reports and articles the lifespan of a solar collector is generally expected to 
be between 20-25 years (Good Energy, 2014; Jayah, 2002; Level – The Authority of 
Sustainable Building, 2003). Since the solar collector object to this LCC-analysis consists of 
low-cost materials and due to the many imperfections of the construction, the lower limit of 
this span is chosen. Hence the life expectancy is set to 20 years.  
 

Ø The operation and maintenance costs of solar collectors are generally low largely thanks to 
the fact that solar collectors do not require energy to function (NC Public Power, 2012; Solar 
Direct, 2013). In this LCC-analysis the operation and maintenance costs are estimated to be 3 
% of the total initial costs (Jayah, 2002). 

 
Ø The energy required to produce 1 kg made tea is estimated to range between 22,0-22,7 MJ 

with an average value of 22,35 MJ, of which approximately  85 % is thermal energy from fuel 
woods. If no other source of thermal energy is used, the estimated required amount of fuel 
woods is 1,8-2,4 kg/kg made tea depending on the moisture content. This gives an average 
value of roughly 2 kg fuel woods/kg made tea assuming moisture content of 30 % and an 
average calorific value of 11,5 MJ/kg fuel wood (Jayah, 2002). 

Life	  
Cycle	  
Cost	  

Materials,	  
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Ø Solar heating systems are generally characterized by high initial costs and low annual costs, 

such as expenses for operation and maintenance (Sukhatme and Nayak, 2008). The initial 
costs for the collector in this analysis are divided into three components: 
 

o Material costs 
The material costs for one collector has been calculated by using material prices in Sri Lanka 
during 2012 (Ministry of Irrigation and Water Resources Management, 2012). This data has been 
complemented with prices taken from receipts from the material purchase for this specific 
collector system, available at the University of Peradeniya. However, the prices taken from the 
receipt are likely to be lower if a larger quantity of the material is purchased by a company This 
would be the case if an actual tea factory purchases material for a larger system of solar collectors, 
assuming a quantity discount. Thus the receipt prices are higher than the actual value and this has 
been taken into consideration. The total cost of materials for one collector is estimated to be Rs. 
2500, though the exact number is very hard to determine due to unavailable data and local price-
differences.  

o Production and Assembling costs 
Firstly, it is assumed that then construction of the collector will be performed by a welder, 
fabricator or a worker with similar job tasks and thus within similar salary-range. Furthermore it 
is assumed that it takes 2 full-time working days by one person to complete the work1. Based on 
the average salary of a welder in Sri Lanka (1075 Rs./day), working 9 h/day, the labor cost of 
assembling and constructing one collector is estimated to be 2150 Rs. However, the wages can be 
as low as 900 for less skilled labor (Ministry of Irrigation and Water Resources Management, 
2012). Due to the simplicity of constructing this particular design of solar collectors, it would be 
reasonable to assume a salary of 1000 Rs./day in this cost analysis, which is also confirmed to be 
an accurate value according to local information2. By assuming a 1000 Rs./day salary instead the 
result would be a production and assembling cost of 2000 Rs./collector. 

o Installation costs 
The installation includes reconstructing the drying process, connecting tubes to each collector 
which will lead the heated air into the dryer and investing in electrical blowers which are used to 
transfer the air. Additionally labor- and overhead expenses as well as other cost factors should be 
included. The quantity discount when implementing a large number of collectors should also be 
considered. To simplify the calculations, the installation of one collector is assumed to take half a 
working day (including building the frame, based on the same salary as above), and material costs 
of for example the connecting pipes is estimated to be Rs. 500/collector. Furthermore the cost of 
air-blowing equipment can be neglected since it is distributed over a large number of collectors. 
Based on this, the installation cost for one collector is estimated to be 1000 Rs./collector.  
 
Ø The thermal efficiency- value obtained from the measurements and calculation (see section 

4.1.4) will be used in the cost analysis. 
 
 

                                                        
1 Primal Fernando, Senior Lecturer, University of Peradeniya, Supervisor of this Bachelor Thesis Project, 2014-04-16 
2 Primal Fernando, Senior Lecturer, University of Peradeniya, Supervisor of this Bachelor Thesis Project, 2014-04-16 
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Ø Based on information from various sources, the price range of fuel wood in Sri Lanka is 
between 2000-3000 Rs./tonne, which gives an average value of 2500 Rs./tonne fuel wood 
(K.P.S.P. Perera, 2008; Kumardasa et al, 1999; BEASL, 2006-2007; Jayasinghe, 2010). The 
price fluctuations are highly related to the price of petroleum, as it is the main substitute for 
biomass in Sri Lankan energy supply (Pisces, 2009). The prices are also likely to vary based on 
geographical location and fuel wood mixture. 

 
Ø It should be noted that the solar radiation values used in the efficiency-calculations (section 

4.1.4) were calculated based on the specific values of latitude, date and exact time of the day 
when the measurements were taken in order to obtain as exact results as possible. The solar 
irradiance (Gt) is measured in unit W/m2 in the efficiency calculations.  In the cost analysis 
however, the aim is to determine whether this particular design of solar collectors would be 
economically beneficial to implement in the Sri Lankan tea industry. Therefore the most 
appropriate for this analysis would be to choose the average value of solar radiation (I) 
received by Sri Lanka as whole per day. This value is found to be 15-20 MJ/m2/day which 
corresponds to approximately 4,2-5,6 kWh/m2/day (Jayah, 2002; Punyawardena and Kulasiri, 
1996).  Thus the solar radiation is set to 17,5 MJ/ m2/day or equivalently 4,9 kWh/m2/day , 
which is the average value of this range.  
 

Ø As in previous calculations it will be assumed that the four solar collectors are identical 
regarding efficiency, size, and amount of materials used to construct them etc. Consequently, 
the cost per unit energy is assumed to be the same for each collector. 
 

Table 5 lists the parameters used in the LCC-analysis. 

Table 5 Parameter s  in  LCC-analys i s  

Parameter Denomination Value 

Solar irradiation I  4,9 kWh/m2/day 

Inflation rate r 4,2 % 

Life expectancy N 20 yrs 

Total cost of materials CMaterials  2500 Rs./Collector 

Processing and Assembling costs CP&A 2000 Rs./Collector 

Installation costs CInstallation 1000 Rs./Collector 

Energy required/kg made tea EMadeTea 22,35 MJ 

Calorific value of Fuel wood hFW 11,5 MJ/kg 
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4.2.2 Calculation model 
Below, Table 6 shows the equations needed to calculate the cost per unit energy produced by one 
solar collector. 

Table 6 Equat ions  used  in  the  LCC-analys i s  

 
Equation 15 

 

 

 

𝑃𝑊𝐹 𝑁, 𝑟,𝑑 = 1 −
1 + 𝑟

   1 + 𝑑 ! /(𝑑 − 𝑟) 

 
𝑑 ≠ 𝑟 

 
Present Worth Factor 

 

Equation 16 

 

 
𝐶!"#$% = 𝐶!"#$%&"'( + 𝐶!&! + 𝐶!"#$%&&%$'(" 
 

 
Total Initial Cost 

 

Equation 17 

 

 
𝐶!" = 0,03 ∙   𝐶!"#$% 

 
Operation & Maintenance costs 
 

 

Equation 18 

 

 
𝐶!"" = 𝐶!"#$% + 𝐶!" ∙ 𝑃𝑊𝐹 
 

 
Life Cycle Cost 
 

 

Equation 19 

 

 
𝐸!"#$%"&$ = 𝐼 ∙ 365 ∙ 𝑁 ∙ 𝜂 
 

 
Heat production over lifetime 

 
Equation 20 

 

 

𝐶!"#$%  !"##$%&"'  !"#$%& =
𝐶!""

𝐸!"#$%"&$
 

 

 
Energy Cost 

 

The present worth factor is calculated using Equation 15Equation 15 and plays an important part 
in the analysis since it includes the inflation rate and collector life expectancy, thus taking the 
time-value of money into consideration. Furthermore the total initial cost of the collector is 
calculated using Equation 16. Thereafter, having calculated the operation and maintenance costs 
by using Equation 17, the life cycle cost of the collector can be obtained by Equation 18. The total 
energy produced during the collector’s lifetime and finally the cost per unit energy is calculated 
using Equation 19 and Equation 20 respectively. 

4.3 Sensitivity analysis 
The sensitivity analysis is divided into two parts; one analysis will be performed on the efficiency 
calculations and the other on the cost calculations. 
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4.3.1 Collector performance 
The collector performance is measured through its efficiency; consequently errors in some of the 
measured parameters and other factors influencing the efficiency will be examined. In the analysis 
one parameter at a time will be changed as the others are held fix.  

Using data from the measurements (presented in Appendix 1), average values of the analyzed 
parameters for a certain percentage of error and the corresponding efficiency for that level of 
error will be calculated. Thereafter the values are plotted against each other to display the 
relationship between errors in the chosen parameters and the collector efficiency. The baseline 
values are: efficiency 35 %, solar radiation 896.8 W/m2, air velocity 2.3 m/s, ambient 
temperature 27°C and outlet temperature 56.4 °C. The parameters examined in the sensitivity 
analysis are: 

Ø Solar irradiance 
Assumptions about the level of solar irradiance for the specific times of measurements are made 
with data from previous years. These values are for days with high levels of solar irradiance, 
which is accurate for this analysis since the measurements are made during sunny days, during the 
same time-period as the used data was collected. However some clouds did occur during the 
measuring hours, which would suggest that some values could be too high since the values of 
solar irradiance has only been calculated with reference to the time of the day. Furthermore the 
values are based on estimations, which mean they are not exact. A probable deviation span for 
the estimate errors is -25% +10%, based on observed fluctuations from Open EI data (2007). 

Ø Mass flow 
The temperature at the site of the airflow measurements is assumed to be the same as the outlet 
temperature, thus not regarding temperature losses that occur from the point of the outlet 
temperature measurements downstream towards the point of airflow measurements. This affects 
the computed mass flow, which will be lower if the temperature is in reality lower. Leaking in of 
air to the system would also mean that the mass flow is higher the further downstream the flow is 
measured, also implying that the mass flow would in reality be lower. Furthermore the 
anemometer measurements might not be completely accurate due to the human factor, and due 
to the measuring technique the largest possibility is that the measured value is too low. Thus, a 
deviation span of ±25% for the measurements has been chosen. 

Ø Outlet temperature 
A deviation span of ±10% is chosen for the measurements of outlet temperature which signifies 
a span of approximately ±6°C. This is considered to be a large enough estimation of the error, 
due to the fairly accurate values obtained by measuring the outlet temperature with a 
thermocouple.  

Ø Ambient temperature 
With a baseline temperature of 27°C, a likely span of error is considered to be between -10% to 
+30% which signifies a temperature range between 24.3-35.1 °C, based on climate data from 
Kandy (Climate-Data.org, 2014). This error is likely to have occurred since the ambient 
temperature is not measured; instead the temperature data is collected from a metrological 
website which usually shows temperatures in the shade, and not in direct sunlight. Thus the 
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higher values within the span are more likely to be accurate due to the calm weather conditions 
on the measuring site and no shading of the solar collector occuring.  

Table 7 lists the deviation spans in the sensitivity analysis. 

Table 7 Deviat ions  used  in  s ens i t i v i t y  analys i s  per formed on the  cos t  ca l cu la t ions  

Parameter Deviation 
Solar irradiance -25%; +10% 
Air velocity ±25% 
Outlet temperature ±10% 
Ambient temperature -10%; +30% 

 

4.3.2 Cost-analysis  
A sensitivity analysis will be carried out on the cost calculations as well, considering the following 
parameters which are expected to have the highest impact on the results: 

Ø Lifespan of the solar collector 
The lifespan of a flat plate solar collector may vary depending on materials used, maintenance 
and operation conditions as well as collector design. The most common life expectancy ranges 
between 20-30 years. However the lower limit could be pushed further due to the many 
imperfections of the existing design. Hence a deviation of 25 % will be studied in the analysis 

Ø Solar irradiance 
The amount of solar radiation received in Sri Lanka is a key parameter when determining the 
potential economic benefits from implementing flat plate solar collectors in the tea industry.  The 
solar irradiance is set to 17,5 MJ/m2/day in the LCC-analysis, however this is an average value of 
the interval 15-20 MJ/ m2/day which corresponds to a deviation of roughly ± 15 %. However to 
fully explore the impact of solar radiation fluctuations on the energy price, the deviation is set to 
± 50 % in the sensitivity analysis.   

Ø Collector efficiency 
The collector efficiency is based on measurements with many possible sources of errors due to 
the many imperfections of the construction as well as the human factor. Furthermore the 
measuring tools and parameter assumptions contribute to the error. Due to these uncertainties 
the efficiency deviation is set to 50 %. 
 

Ø Inflation rate 
Inflation rates in Sri Lanka have been highly volatile over the past two decades, and as Table 8 
shows the rate has varied between 3,56 % -21,52 %. According to forecasts by the International 
Monetary Bank, the inflation rate in Sri Lanka will increase to 7,10 % during 2014(GDP Inflation, 
2014).  However, Trading Economics predict a slighter increase to only 5,29 % (Trading 
Economics, 2014). Based on these data, the deviation span in the analysis is set to 50 %. 
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Table 8 In f la t ion Rates  in  Sr i  Lanka 1990-2013 (Trading  Economics ,  2014)  

2013 2012 2011 2010 2009 2008 2007 2006 
6.94% 7.53% 6.74% 6.22% 3.56% 22.53% 15.95% 9.98% 
2005 2004 2003 2002 2001 2000 1999 1998 
11.05% 8.99% 9.03% 9.55% 14.10% 6.28% 4.75% 9.44% 
1997 1996 1995 1994 1993 1992 1991 1990 
9.73% 15.88% 7.76% 8.55% 11.79% 11.36% 12.27% 21.52% 
Table 9 Deviat ions  used  in  s ens i t i v i t y  analys i s  per formed on the  cos t  ca l cu la t ions  

Parameter Deviation 
Life expectancy of solar collector ± 25 % 
Inflation rate ± 50 % 
Collector efficiency ± 50 % 
Solar Irradiance ± 50 % 

5 Results 
In this section the results from the measurements and calculations, the cost calculations and the 
sensitivity analysis will be presented. 

5.1 Collector efficiency  
From the efficiency calculations for different measurements the average value of collector 
usefulness is found to be approximately 35 % (for measurements during two days) as seen in 
Appendix 6. As seen in Figure 6 the outlet temperature has a linear dependency on the average 
plate temperature when plotted together and thus the collector usefulness is shown to have a 
linear relationship with the absorber plate temperature, since collector outlet temperature and 
efficiency or usefulness are linearly dependant in the used equations (see Figure 7). Rather than 
using the average value of usefulness, the usefulness should be considered in correlation to plate 
temperature. The plate temperature in its turn should be linearly correlated to solar radiation 
(Karim and Hawlander, 2005). However this correlation is not seen in this report as shown in 
Figure 8, probably due to estimations of solar irradiance rather than actual measurements.  
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Figure 6 Outle t  t emperature  o f  so lar  co l l e c tor  -  corr e la t ion wi th  average  p la t e  t emperature  

 

Figure 7 Usefu lness  o f  so lar  co l l e c tor  -  corr e la t ion wi th  average  p la t e  t emperature  

 

Figure 8 Correlation between average plate temperature and solar irradiance. 
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If solar irradiance values, which are linearly correlated to plate temperature, were to be used 
instead, the opposite relationship presents itself. As shown in Figure 9, an almost linearly 
dependent and negatively correlated trend line shows the relationship between plate temperature 
and collector usefulness with these values of solar irradiance.  

Figure 9 corresponds well to the relationship between efficiency and collector temperature found 
in literature and elsewhere as shown in  

Figure 10, which presents this relation for different solar collectors. This could indicate that the 
method chosen for estimating and calculating the solar irradiances is preferably not to be applied 
in this case. Instead the establishment of a linear relationship between solar irradiances and plate 
temperatures could be applied, or measurements of solar irradiance taken. However, these values 
are only used to show the point and are too rough of an estimate to be used further in the report. 

 

Figure 9 Correlation between average plate temperature and collector usefulness with linear relationship between solar 
irradiance and plate temperature. 

 

Figure 10 Temperature dependency of the collector efficiency for different solar collectors (Solarpro, 2009) 
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and solar irradiance have e linear relationship the values of solar irradiances necessary to achieve 
this could be found, however this has not been further investigated in this report.  

Furthermore 𝑄!, the rate of useful energy from the solar collector, have a linear dependency on 
the plate temperature similar to that of the collector usefulness, since the usefulness itself has a 
linear relationship to 𝑄!. The average value of 𝑄! was found to be approximately 91 W as seen 
in Appendix 6, thus the energy output from all four collectors adds up to 364 W. Moreover, the 
average overall heat loss coefficient 𝑈! was found to be approximately 5,7 W/(m2·K) as seen in 
Appendix 6. 

5.2 Cost Analysis 
According to the assumptions explained in section 4.2.2., the cost of energy produced by the flat 
plate solar collectors was found to be approximately 0,18 Rs./MJ. The corresponding price for 
fuel woods was found to be circa 0,22 Rs./MJ, assuming 30 % moisture content and an average 
calorific value of 11,5 MJ/kg fuel wood and the average price of fuel wood being 2500 
Rs./tonne. According to these results solar thermal energy is an economically preferable 
alternative. 

It should be noted that the estimated price of materials, installation, processing, assembling and 
maintenance used in the cost analysis are approximate due to the difficulties of finding accurate 
information on local costs in Sri Lanka. Furthermore the biomass prices in Sri Lanka are highly 
correlated to petroleum-price fluctuations, why there have been some difficulties in finding 
accurate values on fuel wood prices in Sri Lanka. However the prices often range between 2000-
3000 Rs/tonne fuel wood (K.P.S.P. Perera, 2008; Kumardasa et al, 1999; BEASL, 2006-2007; 
Jayasinghe, 2010). 

5.3 Sensitivity Analysis 
The results from the sensitivity analysis on the efficiency- and cost calculations respectively are 
presented in the following section.  

5.3.1 Collector efficiency 
This section presents the results from the sensitivity analysis on the efficiency-calculations. The 
parameters solar irradiance, air velocity, ambient temperature and outlet air temperature have 
been altered respectively as the other parameters have been held fix to identify how errors in 
values of one parameter at a time impact the calculation of efficiency. Thus the impact the 
change in one parameter has on the other parameters has thus been neglected since the other 
parameters are assumed to be measured, or estimated correctly. 

As seen in Figure 11 potential solar irradiance-errors have a large impact on calculated values of 
efficiency, especially if the values of solar irradiance are underestimated. It can however be noted 
that values smaller than a certain value would give an efficiency of over 100% which is not 
possible to obtain and such errors would thus be easy to rule out. The analysis shows that a -25% 
error in solar irradiance would result in an efficiency-error of +33%, whereas an error of +10% 
would give an efficiency error of -9%. 
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Figure 11 Sens i t iv i t y  ana lys i s  o f  so lar  i r rad iances  impac t  on e f f i c i ency  

 

The relation between mass flow and efficiency is linear as can be seen in  

Figure 12. An error span of ±25% yields an equally large error in efficiency. 

 

Figure 12 Sens i t iv i t y  analys i s  o f  a i r  v e lo c i t y ’ s  impac t  on e f f i c i ency   

The ambient temperature also shows an almost linear relation to efficiency. Since the ambient 
temperature not only is used in the equation for rate of useful energy (.Equation 1), but also has 
an impact in the way specific heat constants used in mass flow calculations in this sensitivity 
analysis are determined, the relationship will not be entirely linear. The correlation is negative, 
which means that an increase in ambient temperature gives a decrease in efficiency, as seen in 
Figure 13. The estimation of the error has been made with regards to local temperature variations 
using weather data from Kandy. A maximum decrease in temperature of -10°C led to an 
efficiency increase by 9% and a maximum increase in temperature of +30% led to a decrease of 
efficiency by -28%. 
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Figure 13 Sens i t iv i t y  analys i s  o f  ambient  a i r  t emperatures  impac t  on e f f i c i ency 

 

Errors in the outlet temperature also show a large impact on the efficiency as seen in Figure 14, 
where a deviation of ±10% yields an efficiency error of ±17%. As demonstrated a negative error 
in outlet temperature results in a positive efficiency fluctuation. 

 

Figure 14 Sens i t iv i t y  analys i s  o f  out l e t  a i r  t emperature  impac t  on e f f i c i ency  

In conclusion, all parameters show large impacts on the efficiency. However, in the chosen error 
intervals solar irradiance and mass flow have the greatest influence on efficiency. 

 

5.3.2 Cost Analysis 
The following section presents the results from the sensitivity analysis on the cost-calculations. 
The parameters life expectancy, inflation rate, collector efficiency and amount of solar irradiance 
have been altered respectively as the other parameters have been held fix. 

As seen in Figure 15, the expected lifespan of the collector has some notable effect on the energy 
costs, reaching a maximum price difference of Rs. 10 when life expectancy is gradually increased 
from 15 to 25 years.  
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Figure 15 Energy  Cost  a t  Various  Li f e  Expec tanc i e s  

Figure 16 illustrates how the energy cost changes in accordance with varying inflation-rates. As 
shown by the graph, the inflation rate has practically negligible effects on the energy cost. 

 

Figure 16 Energy  Cost  a t  Vary ing  in f la t ion Rates  

Furthermore, Figure 17 demonstrates that the collector efficiency has a great impact on the 
energy cost, showing a price difference on approximately 24 Rs/MJ when the efficiency value is 
varied within the deviation span. 
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Figure 17 Energy  Cost  a t  Various  Col l e c tor  Ef f i c i enc i e s  

 

Similarly, the solar radiation shows a great effect on the energy cost as is shown by Figure 18. 

 

Figure 18 Energy  Cost  a t  Vary ing  Amounts  o f  So lar  Irrad iance  

In conclusion the values on collector efficiency and solar irradiance appear to have the most 
significant impact on the energy cost. 

6 Discussion and Suggestions for improvements 

6.1 Collector Efficiency 
The efficiency of the solar collectors was found to be around 35 %. This value can be compared 
to the efficiency found in other reports, which ranges from 23.5-57% (Karim and Hawlader, 
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2005). A close look at Figure 19 shows that the efficiency for a flat plate collector around noon 
with an irradiance of around 600 W/m2 is 12 %. If the irradiance level, as in this report, was to 
be higher, a higher efficiency is to be expected and would match the efficiency in this report.  

The values of efficiency can differ due to the many assumptions unique for the various cases. If 
the humidity of air was to be considered, a higher efficiency would be obtained since the 
humidity around Kandy and Peradeniya is usually quite high (relative humidity ~70-80%) 
(Department of Meteorology-Sri Lanka, 2012). Furthermore, an overestimated value of solar 
irradiance due to the disregarding of cloudiness would yield a different value of the collector 
efficiency. 

As seen in Figure 19 the efficiency of different types of solar collector varies with the solar 
radiation. Solar irradiance is not measured but estimated in this report explaining why a linear 
correlation between it and the plate temperature, as is usually the case, is not seen as shown in 
Figure 8 (Karim and Hawlander, 2005). This would further suggest that the solar radiation values 
are erroneous. 

 

Figure 19 Eff i c i ency  for  d i f f e r en t  so lar  co l l e c tor s  dur ing  a  day (Benl i ,  2012)  

As seen in the sensitivity analysis all the parameters analysed had a large impact on the efficiency. 
These parameters are considered likely to be associated with errors, why the calculated results are 
likely to be imprecise.  However two errors occurring at the same time could cancel each other 
out, which could also suggest a lesser impact off errors on the efficiency. Two errors likely to 
occur, an overestimated value of solar irradiance and an underestimated ambient temperature, 
could give this result. 

Considering the many possible sources of error in the calculations of collector efficiency, it is 
difficult to say if the obtained result is sufficiently accurate. However the result lies within the 
range of what the efficiency of a flat plate solar collector is be predicted to be. What is important 
to note is that the measured outlet temperature shows rather high values as seen in Appendix 6. If 
the measurements with the thermocouple were considered accurate enough this would suggest 
that the solar collector solar collector has a desired outcome, to warm air to as high temperatures 
as possible. 
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6.2 Cost Analysis 
According to the results from the cost analysis, the energy produced by the flat plate solar 
collectors would be less expensive than energy produced through combustion of fuel woods by 
0,04 Rs./MJ. However, this is the case when assuming ideal conditions and disregarding several 
limitations that comes with the use of solar energy.  

The drying process requires higher temperatures as compared to the withering process and it is 
essential to keep a steady inlet temperature to the drier. Therefore it is important to complement 
the solar thermal energy with other heat sources during hours with insufficient irradiance 
(Koneswaramoorthy et. al, 2004). The tea drying process requires temperatures between 90-120 
ºC which means that the energy produced by the flat plate collectors during early (~6-9 am.) and 
late sunshine hours (~15-18 pm.) is not sufficient to alone cover the energy requirement (Jayah, 
2002).  

Figure 20 shows how the amount of global horizontal irradiation received varies during one day in 
Colombo. The time is given in UTC with Sri Lanka being +05:30 UTC (Worldtimeserver, 2014). 
As the figure depicts the solar irradiance levels will be very low during some parts of the day. 
Consequently, the solar energy will not be sufficient to meet the energy required for the tea 
drying process. 

 

Figure 20 Variat ion o f  a  y ear ly  average  o f  g loba l  hor izonta l  i r rad ia t ion dur ing  a  day  in  Colombo,  2003 
(OpenEI,  2007) 

To compensate for the lack of energy, the requirement must be met by a hybrid of solar power 
and an alternative source of energy such as fuel wood combustion. Although the flat plate 
collectors fail to meet the entire need, it is both economically and environmentally beneficial to 
replace some of the energy usage with solar power. The cost savings can be even greater if the 
current collectors are improved such that their efficiency or life span increases.  
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Another limitation when using solar thermal energy in the tea drying process is the varying tea 
production seasons which depend on the monsoonal periods at different geographical locations 
in Sri Lanka. These production fluctuations are depicted in Appendix 4 and Appendix 5 clearly 
show that production decreases during specific periods of the year. Consequently the thermal 
energy produced by the solar collectors will not be taken advantage of at full extent all year 
around, which implicates that the cost of energy produced by the solar collectors is actually 
higher than the price obtained from the LCC-analysis.  

On the other hand the prices on fuel wood in Sri Lanka have been rising during recent years and 
the trend indicates a continuous increase. As a result the calculated energy price of 22 Rs./MJ is 
likely to rise in the future which makes it all the more beneficial for tea industries to invest in 
solar collectors, viewing from a long-term perspective. Moreover it should be stressed that the 
collectors analyzed in this study have been very poorly built, with many imperfections in the 
construction. The collector efficiencies would rise simply by having a professional building the 
exact same design, and as shown by Figure 17 in the sensitivity analysis in section 5.3.2 the 
collector efficiency is one of the parameters with highest impact on the energy cost.  

6.3 Suggestions for Improvements 
In the below text, the most important suggestions regarding improvements on the existing solar 
collector design are listed. Although there are many possibilities when it comes to refining the 
existing design, only suggestions which are considered practically and economically feasible will 
be presented. 

Ø First of all the most evident suggestion is to have a professional welder rebuilding the 
design. The current construction is poorly built with many imperfections and unnecessary 
leakage areas which easily can be eliminated, thereby increasing the collector efficiency. 
 

Ø One potential way of increasing the collector efficiency would be to improve the 
performance of the absorber plate, which is currently a black-painted sheet of galvanized 
iron. Black paint absorbs a great amount of solar radiation but also loses much of the 
energy through emittance. In ideal cases an absorber plate should absorb maximum 
amount of solar radiation and transfer the heat to the collector fluid with a minimum of 
heat losses to the atmosphere and the collector casing. In other words a high value of 
solar radiation absorptance and low value of long-wave emittance is desired to reach 
maximum collector efficiency (Kalogirou, 2004). A selective surface has these properties 
and the selectivity of the absorber plate determines its energy absorbing abilities. There 
are several methods of creating selective surfaces, one of the most prominent techniques 
is to utilize black chrome coatings which has shown to be a very stable and high 
performing alternative. The technique is more advanced than simply painting the 
absorber plate since it involves electroplating and electrodepositing processes which also 
makes it more expensive (Madhukeshwara and Prakash, 2012). However black chrome 
still goes under the category of relatively low-cost coating alternatives and the high 
durability makes it cost-effective (McDonald, 1974). 
 

Ø As illustrated by Figure 11 and Figure 18 in the sensitivity analysis section, the amount of 
solar irradiance received by the collector has a great impact on the collector efficiency as 
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well as the energy cost. One way to increase the received amount of solar irradiance is to 
equip the currently stationary flat plate collectors with a sun-tracking system.  
Photovoltaic-systems can collect up to 30 % more solar radiation when accompanied 
with a sun-tracking system and the similar effect can be expected for solar collectors. Sun 
tracking systems are relatively expensive for small scale-applications since it requires 
additional maintenance and installation of tracking technology. However in contexts such 
as in the tea industry it would be a potentially beneficial long-term investment (Lakeou, 
2012). As opposed to fixed solar collectors, a sun tracking system would help to follow 
the sun’s movement during the day and thereby collect a substantially higher amount of 
solar energy.  
 

Ø Another possible modification of the absorber plate would be to use a v-corrugated plate 
rather than the currently flat form. By using a corrugated absorber-plate the collector 
efficiency could increase up to 12 % (Karim and Hawlader, 2006). The modification 
would be highly cost-effective and require very low extra production expenses.  
 

Ø A simple way of increasing the efficiency of the overall system is done simply by 
reposition the pipe and blower connected to the collectors in order to shift from the 
current installation with upward blowing to downward blowing. According to Labet et. 
al.(2012) the blowing direction  influences pressure loss and by shifting to downward 
blowing the blower will require less electrical energy. This modification applies for all air-
heating systems, regardless of energy source. 
 

Ø One very effective and inexpensive way to increase collector efficiency is to add obstacles 
in the air duct, which create turbulence and thereby accelerates the rate of heat transfer. 
One example is to use an absorber plate with roughened surface (Labed et. al, 2012). 
 

Ø An additional way of reducing heat leakage from the collector would be to increase the 
insulating ability of the glazing by using several sheets of glass. This would be a simple 
and rather inexpensive way of improving the collector efficiency (Kalogirou, 2004). 
 

Ø Using another heat exchange medium than air could also improve the efficiency, since 
water has relatively low heat transfer-capacity. Water flowing in pipes connected to the 
absorber plate is one suggestion, being an inexpensive and non-toxic medium with high 
heat capacity. There are however other fluids which could be preferable since water with 
high mineral content could cause clogs in the collector pipes, thus requiring additional 
maintenance. Another possibility would be to use phase changing refrigerants, which are 
fluids with high heat capacity. Furthermore they are highly responsive to solar heat, thus 
being preferable among other alternatives during cloudy hours. Examples of phase 
changing fluids are methyl alcohol and ammonia, which require more safety-precautions 
(U.S. Department of Energy, 2013). Although phase changing fluids are more costly than 
air and water, they could be economically beneficial due to increased collector efficiency. 
However the availability of these fluids in Sri Lanka needs to be further examined.  
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7 Conclusions 
The usefulness of the existing collector was found to be approximately 35 %. This value is 
relatively high considering the poor construction and many imperfections of the design. This 
indicates great potential for future improvements which would lead to an efficiency increase.  

According to the cost analysis, solar thermal energy is an economically preferable alternative 
when compared to fuel wood combustion; moreover it is environmentally beneficial to produce 
clean and renewable solar energy.  Despite the many imperfections of the design, the solar 
collectors produce energy at a lower cost than fuel wood combustion. Considering the great 
potential for relatively low-cost improvements on the design as well as the increasing prices on 
fuel woods in Sri Lanka, the economic benefits of using solar thermal energy could be even 
greater. However, it should be noted that there are several limitations associated with the use of 
solar thermal energy. Due to varying tea production seasons and solar irradiance variations during 
daily sunshine hours, solar collectors cannot alone meet the energy required by the tea drying 
process. Nevertheless solar energy can be a complement to fuel wood combustion, thereby 
saving costs and reducing carbon dioxide-emissions. 

There are many possible ways to improve the existing system of solar collectors and increase the 
efficiency. Considering economical and practical feasibility with regards to conditions in Sri 
Lanka, the following suggestions are found to be most relevant: 

Ø Improve the efficiency through simply rebuilding the design and thereby eliminating 
unnecessary heat leakage 

Ø Improve selectivity of the absorber plate, where one cost-effective alternative is using 
black chrome coating 

Ø Equip the flat plate collectors with a sun-tracking system in order to increase the amount 
of received solar radiation  

Ø Changing from flat to a v-corrugated absorber plate to increase efficiency 
Ø Convert to downward blowing to reduce electrical power used by the blower 
Ø Add obstacles in the collector air duct to accelerate the rate of heat transfer 
Ø Increase the insulating ability of the glazing by using several sheets of glass 
Ø Using heat transfer fluids with higher heat capacity, such as phase changing refrigerants 

Finally, the implementation of flat plate solar collectors in air-heating processes would be a 
feasible and desirable option for Sri Lankan tea industries, the main advantages being: 

Ø Solar energy is clean, renewable and environmentally friendly  
Ø The collectors can be built using local, inexpensive material 
Ø The collectors have relatively low initial costs 
Ø The collectors have very low maintenance costs 
Ø The collectors can be installed on roofs, thus requiring a minimum field area   

Hence, Sri Lankan tea industries can partly substitute the more expensive and less 
environmentally friendly energy supplied by fuel wood combustion. However, the heat provided 
by the collectors is limited and cannot entirely substitute fuel woods as a source of energy for the 
tea drying process.  
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8 Future work 
The objectives of this study were to determine the efficiency of the existing design of solar flat 
plate collectors at the University of Peradeniya, Sri Lanka. Furthermore a cost analysis was 
performed to determine the potential cost benefits of using thermal energy produced by the 
collectors as opposed to fuel wood combustion. The main idea was to investigate the overall 
possibility and feasibility of implementing solar collectors in the Sri Lankan tea drying process. 

The study could be extended by further investigating possible improvements on the current 
design, as well as by actualizing the presented suggestions and conclude to which extent they 
influence the collector efficiency and energy cost. Furthermore better techniques and measuring 
equipment should be used and the values of solar irradiance and ambient temperature should be 
measured rather than estimated from data. These corrections would most likely yield a more 
accurate collector efficiency value. Finally, the economic aspect should continue to be a central 
part of the research, as it is probably is the most influential element if tea industries were to 
consider implementation of solar collectors in the tea drying process. 
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10 Appendices  

10.1 Appendix 1 - Existing system of flat plate solar collectors at the University of 
Peradeniya, Sri Lanka 

 

Appendix 1 Exist ing  sys t em o f  f la t  p la t e  so lar  co l l e c tor s  a t  the  Univers i ty  o f  Peradeniya ,  Sr i  Lanka  
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10.2 Appendix 2 - Annual average daily total solar resources for fixed flat plate collector 
tilted at latitude and direct normal irradiation in Sri Lanka  

 

Appendix 2 Annual  average  da i ly  to ta l  so lar  r e source s  fo r  f ixed f la t  p la t e  co l l e c tor  t i l t ed  a t  la t i tude  (Lef t/top 
map) and d ir e c t  normal  i r rad ia t ion in  Sr i  Lanka (r igh t  /bot tom map) (Renné e t  a l , .  2003) 
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10.3 Appendix 3 - Fixed flat plate collector oriented at latitude tilt for the Southwest and 
Northeast monsoon periods  

 

 

 

Appendix 3 Fixed f la t  p la t e  co l l e c tor  or i en ted  a t  la t i tude  t i l t  fo r  the  Southwes t  ( l e f t/top map) and Northeas t  
( r i gh t/bot tom map) monsoon per iods  (Renné e t  a l .2003) 
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10.4 Appendix 4 - Average monthly tea production of Sri Lanka from 2008-2012 
 

 

Appendix 4 Average  month ly  t ea  produc t ion o f  Sr i  Lanka f rom 2008-2012 in  mi l l ion  kg (Anojan ,  2013) 

10.5 Appendix 5 - Tea production in every monsoon period in Sri Lanka 
 

 

Appendix 5 Tea produc t ion in  every  monsoon per iod  in  Sr i  Lanka in  mi l l ion  kg (Anojan ,  2013)  
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10.6 Appendix 6 - Measurement data, calculated efficiency, useful energy and overall 
heat loss coefficient 

Appendix 6 Data f rom measurements  and ca l cu la ted  e f f i c i ency ,  ra te  o f  use fu l  energy  and overa l l  heat  lo s s  coe f f i c i en t  

 

Time   Weather   G_h   G_t   T_pm   T_a   T_o   T_fm     m   Q_u   U_L   Efficiency  

2014-‐‑04-‐‑09  12:30  
  

981,924   903,755   103   27   52   312,5   0,00312   78,504   5,334   30,209%  

2014-‐‑04-‐‑09  12:34  
  

992,823   913,787   101   27   61   317   0,00303   103,627   4,399   39,438%  

2014-‐‑04-‐‑09  12:36  
  

991,004   912,113   102   27   61   317   0,00303   103,627   4,323   39,510%  

2014-‐‑04-‐‑09  12:38  
  

989,084   910,346   102   27   61   317   0,00303   103,627   4,306   39,587%  

2014-‐‑04-‐‑09  12:40  
  

987,063   908,485   101   27   60   316,5   0,00304   100,918   4,472   38,631%  

2014-‐‑04-‐‑09  12:42  
  

984,940   906,532   101   27   61   317   0,00303   103,627   4,325   39,754%  

2014-‐‑04-‐‑09  12:44   Cloudy   982,718   904,486   95   27   59   316   0,00305   98,188   4,962   37,752%  

2014-‐‑04-‐‑09  12:46   Cloudy   980,395   902,348   97   27   59   316   0,00305   98,188   4,798   37,842%  

2014-‐‑04-‐‑09  12:48  
  

977,973   900,119   100   27   60   316,5   0,00304   100,918   4,448   38,990%  

2014-‐‑04-‐‑09  12:50  
  

975,452   897,799   99   27   59   316   0,00305   98,188   4,617   38,033%  

2014-‐‑04-‐‑11  10:42  
  

931,764   852,876   100   27   60   316,5   0,00304   100,918   3,962   41,150%  

2014-‐‑04-‐‑11  10:44  
  

935,609   856,396   101   27   61   317   0,00303   103,627   3,817   42,081%  

2014-‐‑04-‐‑11  10:46  
  

939,364   859,832   100   27   60   316,5   0,00304   100,918   4,033   40,817%  

2014-‐‑04-‐‑11  10:48  
  

943,028   863,186   99   27   59   316   0,00305   98,188   4,256   39,558%  

2014-‐‑04-‐‑11  10:50   cloudy   946,600   866,456   98   27   60   316,5   0,00304   100,918   4,217   40,505%  

2014-‐‑04-‐‑11  10:52  
  

950,079   869,641   85   27   52   312,5   0,00312   78,504   6,547   31,394%  

2014-‐‑04-‐‑11  10:54  
  

953,466   872,741   82   27   51   312   0,00313   75,610   7,130   30,129%  

2014-‐‑04-‐‑11  10:56   Light  cl.   956,759   875,755   79   27   51   312   0,00313   75,610   7,585   30,025%  

2014-‐‑04-‐‑11  10:58   Light  cl.   959,958   878,683   79   27   50   311,5   0,00314   72,696   7,822   28,772%  

2014-‐‑04-‐‑11  11:00  
  

963,061   881,524   82   27   51   312   0,00313   75,610   7,250   29,829%  

2014-‐‑04-‐‑11  11:02  
  

966,069   884,277   82   27   52   312,5   0,00312   78,504   7,104   30,874%  

2014-‐‑04-‐‑11  11:04  
  

968,981   886,942   88   27   54   313,5   0,00310   84,231   6,112   33,026%  

2014-‐‑04-‐‑11  11:06  
  

971,796   889,519   90   27   54   313,5   0,00310   84,231   5,948   32,931%  

2014-‐‑04-‐‑11  11:08   Cloudy   974,513   892,006   91   27   55   314   0,00309   87,063   5,731   33,943%  

2014-‐‑04-‐‑11  11:10  
  

977,133   894,404   91   27   55   314   0,00309   87,063   5,759   33,852%  

2014-‐‑04-‐‑11  11:12  
  

979,654   896,711   91   27   56   314,5   0,00308   89,875   5,633   34,856%  

2014-‐‑04-‐‑11  11:14  
  

982,076   898,929   93   27   57   315   0,00307   92,667   5,341   35,850%  

2014-‐‑04-‐‑11  11:16  
  

984,399   901,055   93   27   57   315   0,00307   92,667   5,365   35,765%  

2014-‐‑04-‐‑11  11:18  
  

986,622   903,089   94   27   58   315,5   0,00306   95,437   5,164   36,751%  

2014-‐‑04-‐‑11  11:20  
  

988,744   905,032   93   27   57   315   0,00307   92,667   5,410   35,608%  

2014-‐‑04-‐‑11  11:22  
  

990,765   906,882   93   27   57   315   0,00307   92,667   5,431   35,535%  

2014-‐‑04-‐‑11  11:24  
  

992,686   908,640   94   27   58   315,5   0,00306   95,437   5,226   36,527%  

2014-‐‑04-‐‑11  11:26  
  

994,505   910,305   95   27   57   315   0,00307   92,667   5,309   35,402%  

2014-‐‑04-‐‑11  11:28  
  

996,221   911,876   94   27   57   315   0,00307   92,667   5,406   35,341%  

2014-‐‑04-‐‑11  11:30  
  

997,836   913,354   95   27   58   315,5   0,00306   95,437   5,201   36,338%  

2014-‐‑04-‐‑11  11:32   Cloudy   999,348   914,738   85   27   58   315,5   0,00306   95,437   6,116   36,283%  

2014-‐‑04-‐‑11  11:34  
  

1000,757   916,027   95   27   58   315,5   0,00306   95,437   5,230   36,232%  

2014-‐‑04-‐‑11  11:36   Cloudy   1002,062   917,223   94   27   58   315,5   0,00306   95,437   5,322   36,185%  

2014-‐‑04-‐‑11  11:38  
  

1003,265   918,323   86   27   55   314   0,00309   87,063   6,551   32,971%  

2014-‐‑04-‐‑11  11:40  
  

1004,363   919,329   79   27   53   313   0,00311   81,378   7,828   30,784%  

2014-‐‑04-‐‑11  11:42  
  

1005,358   920,239   73   27   49   311   0,00315   69,761   9,742   26,363%  

2014-‐‑04-‐‑11  11:44  
  

1006,248   921,054   71   27   48   310,5   0,00316   66,805   10,432   25,224%  

                          
90,872   5,666   35,253%  

 


