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Abstract 

PV/Thermal technology is the combination of solar thermal and photovoltaics - two 

mature and widely understood technologies. Combining the two technologies complicates 

existing standardized rating procedures and performance modeling methods. Currently a 

standardized performance test method does not exist for PV/Thermal (PV/T) panels. Existing and 

developing PV/T panels are commonly tested using separate standardized solar thermal and 

photovoltaic test procedures. Solar thermal performance is rated in terms of temperature 

difference whereas photovoltaic performance is dependent on absolute temperature level. The 

thermal and electrical performance of a PV/T panel is, however, coupled so performance 

equations derived using traditional test methods may not accurately reflect the performance of a 

combined PV/T panel over a wide range of conditions.  

The purpose of this work was to develop an efficiency equation for a PV/T panel which 

can be derived from a minimal amount of empirical test data and still accurately predict its 

thermal and electrical performance over a wide range of conditions.  To accomplish this, a quasi- 

3-dimensional steady-state model of a sheet-and-tube PV/T collector was developed and used to 

generate a broad data set from which a simplified PV/T performance equation was developed. 

Using this numerically generated data set, and introducing additional coefficients into the 

traditional solar thermal performance characteristic, a modified PV/T efficiency equation was 

derived which expressed the electrical and thermal efficiency in terms of ambient temperature, 

incident solar irradiation and the temperature difference between the inlet fluid and the ambient. 

It was also shown, for the case studied, that the efficiency equation can be produced from as few 

as 6 data points and still accurately predicts the performance at a wide range of operating 

conditions. A  TRNSYS [1] model was developed to demonstrate how the performance equation 
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can be used to simulate the annual performance of a PV/T collector in a domestic hot water 

system. It was shown that a performance equation, derived from 6 data points, performed as well 

as a performance map which used over 1000 data points. The annual thermal and electrical 

production predicted by both models was within 1.5% of each other.  The PV/T efficiency 

equations were also shown to perform well for a range of electrical parameters, thermal properties 

and substrate thermal conductivity values.  

Future work is recommended to validate the PV/T performance equation using real 

empirically derived data for a range of collector designs.  
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Chapter 1 

Introduction 

There are several tried and tested methods for harnessing solar energy. Solar radiation 

can be collected and converted into electricity using photovoltaic panels, or it can be collected as 

heat using solar thermal panels.  

Photovoltaic (PV) panels convert solar radiation to electricity. When a PV module is 

exposed to light, electricity is produced. Once installed, PV systems reliably produce electricity 

with little to no maintenance.  Common photovoltaic panels are only 5-20% [2, 3] efficient 

meaning that 80-95% of the incident irradiation is lost. A large portion of the incident irradiation 

is absorbed as heat. Although the efficiency of PV technology is improving, electrical efficiency 

is limited by material properties.  

Solar thermal technology is used to harness solar energy in the form of heat.  Solar 

thermal collectors simply consist of an absorber which converts solar irradiation into heat which 

can be used for space heating, domestic hot water, dehumidification and other processes.  

One of the most common solar thermal collectors is the glazed sheet-and-tube collector. 

The sheet-and-tube solar thermal collector consists of a dark coloured sheet of conductive 

material with tubes bonded to the back. The metal sheet adsorbs solar energy as heat which is 

then transferred to a fluid circulating through the pipes. This type of solar thermal collector is 

commonly used for industrial process heat or space and potable heating. 

Before they are made commercially available, liquid based solar thermal panels are 

empirically tested using standardized test procedures. The result of the test is a thermal efficiency 

equation which is used to rate the performance of the collector so that different technologies can 
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be compared on an even basis [4, 5]. In industry, when investigating the feasibility of a solar 

thermal installation, the performance equations are used in computer simulations to predict the 

thermal output of a particular system design. An accurate estimate of the annual energy 

production is required to predict the economic viability of a solar system and is therefore an 

important part of a feasibility study. Although the efficiency equation is derived under specific 

conditions, it has been shown to adequately predict the thermal efficiency over a range of 

expected conditions [6, 7]. 

PV/Thermal (PV/T) collectors are solar thermal collectors with photovoltaic technology 

on the absorber surface. When the majority of the absorbed energy of a photovoltaic panel is lost 

as heat, it has been proposed to combine photovoltaics with solar thermal in order to increase 

overall efficiency and reduce the required surface area [8]. Although photovoltaic and solar 

thermal technologies are mature with a wide variety of commercially available products, PV/T 

technology is relatively young with few available products, especially liquid based collectors [9]. 

Through theoretical modeling, it has been shown that sheet-and-tube type PV/T collector designs 

are one of the most promising design concepts [3, 8]. Below is a table showing PV/T technology 

suppliers. 
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Table 1.1:  PV/T Suppliers 

Company Product Type 

Grammer Solar (Germany) Glazed solar Air PV/T Collector 

Echo First Inc. (California, U.S.A) Building Integrated Air PV/T 

Onyx Solar (Spain) Building Integrated Air PV/T  

Conserval Engineering (Ontario) 
Building Integrated Air PV/T  

(Solar Wall) 

Power Panel Liquid PV/T Systems 

Dawn Solar (New Hampshire, U.S.A) Building Integrated Liquid PV/T 

Millennium Solar (Israel) Air and Liquid PV/T Collector 

Solimpeks (Turkey) Liquid PV/T Collector 

R.E.S. (Germany) Liquid PV/T Systems 

Wiosun (Germany)  Liquid PV/T Collector 

Absolicon (Sweden) Concentrating Liquid PV/T 

Zenithsolar (Israel) Concentrating Liquid PV/T 

  

Since PV/T technologies are so young, there are limited models available which can be 

used to model the performance of a PV/T system. The combination of the photovoltaics and solar 

thermal panels means that there are two energy outputs: thermal and electrical. In a solar thermal 

collector, solar energy is absorbed on a dark absorber plate. In a PV/T collector, solar energy is 

absorbed in the semiconductor material of the photovoltaic cell [2, 10].  Some of the absorbed 

energy is converted into electricity and some is conducted to the heat transfer fluid.  Since some 

of the incident energy is converted into electricity, the amount of energy available for heat 

collection is reduced, thus altering the thermal characteristics of the panel.  Therefore, solar 

thermal performance modeling and rating methods must be modified to accommodate the 

addition of photovoltaics on the absorber surface and electricity production.  
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Theoretical PV/T models have been developed that can calculate the thermal and 

electrical performance of a variety of different types of panel configurations [8, 11, 12, 13].  

These models calculate the PV/T performance based on theoretical applications of collector 

parameters and not based on measured performance data.  Performance equations are used to 

compare different panels and to predict the performance of an actual system design.  The solar 

panel performance equation should therefore be derived from measured performance data, in 

other words the performance map should be empirically derived. Currently there is no 

standardized test method or performance equation for PV/T panels. It is common practice to 

separately apply standard test methods for PV panels and solar thermal collectors [4]. There is an 

obvious disadvantage to this approach as it does not evaluate the interaction between heat 

collection of the solar thermal component and the electrical production of the photovoltaic 

component.  This has been identified as a key issue of development in the PV/T Road Map by the 

Energy Research Centre of the Netherlands [9].  What is needed is a universal performance 

representation that adequately predicts the thermal and electrical output of a PV/T collector under 

a range of expected operational conditions.  

1.1 Study Approach and Objectives 

The objective of this work was to develop a simplified performance equation which can 

be used to predict the electrical and thermal output of a sheet and tube PV/T collector. The 

performance equation should be derived from empirical performance data measured under 

standard test conditions.  The purpose of the performance equation is to represent the thermal and 

electrical performance of real PV/T panels over a range of expected operating conditions so that it 

can be used for product comparison, performance rating and system design. As well, due to the 

high cost of experimental performance testing, the amount of empirical test data needed to derive 
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a performance equation, that adequately characterizes a products performance,  should also be 

minimized [14].  

At the onset of this study PV/T technology was relatively young, and empirical 

performance data for a range of operational conditions was unavailable. As a commercial PV/T 

panel was not readily available, it was decided to develop a detailed numerical model of a 

combined PV/T solar collector. This was subsequently used to produce both thermal and 

electrical performance data in place of empirically measured data. By applying this numerical 

model for a range of typical operational conditions, a reference set of performance data was 

obtained. This data set was then used to evaluate various performance characterizations and 

“performance plots” that could be used to represent the combined performance and efficiency of a 

typical PV/T collector. By specifying suitable test conditions, an objective of this study was to 

identify a small subset of experimental test conditions that could be used to form the basis of a 

“performance plot” that would be fitted to the experimentally derived data by regression analysis.  

The success of this approach would be evaluated by comparing the accuracy of the fitted 

performance characteristic “curve” in predicting the performance of the PV/T panel at a range of 

operational conditions including those that differed from the test condition.   

To demonstrate the application of the simplified performance representation, a system level 

simulation model was configured in TRNSYS [1] and used to predict both the electrical and 

thermal output of a typical PV/T panel over a year long period.  In addition, a similar TRNSYS 

model was configured based on using the reference data set in a look up table, rather than the 

performance characteristic equation, and the predicted annual performance of the reference PV/T 

panel was compared to the results obtained with the simplified performance representation.   A 

flow chart of the steps followed in completing this study is shown in   Fig. 1.2.1. 
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1.2 Scope of Study 

The following assumptions and limitations were applied during the course of this study: 

1) this study focused on PV thermal collectors configured with a solar absorber consisting 

of a “tube and sheet” liquid cooled absorber plate [11] where PV cells or PV coatings are 

used as the primary solar absorber surface of the PV/T solar collector; 

2) standard analysis techniques for predicting the thermal and electrical output of the 

combined PV/T panel were used throughout this study and are described in the 

subsequent sections; 

3) a simple model of the PV coating or cell output was assumed where the conversion 

efficiency of the PV absorber (for electrical output) depended on its temperature. Other, 

more complex, interactions caused by non-uniform temperature distributions, irradiance 

level and fundamental photovoltaic effects (e.g., solar radiation uniformity and spectral 

irradiance characteristics etc.) were not considered as a part of this study; 

4) the operation of the solar collector was assumed to be in steady-state as is the case in 

standardized test methods and normally assumed for annual performance modeling and 

simulation; 

5) it was not the objective of this study to assess the overall technical or economic 

feasibility of combined PV/T collectors or optimize the collector design, but rather to 

recommend a simple, practical performance representation and test procedure that could 

be used to predict annual energy output and facilitate performance comparisons between 

various commercially available products. 
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  Fig. 1.2.1:  Flow chart of the development of a PV/T performance equation 

Initiate 

Study 

Review solar thermal and 

PV/T literature 

Develop 2-D numerical model of a PV/T 

solar collector  

Produce a set of data using the 2-D 

numerical model for a range of operational 

conditions 

Study and develop a 

Simplified Characteristic 

Performance Curve for PV/T 

Produce a 

performance 

map of data 

Identify minimum data set required to 

produce performance characteristic   

Demonstrate and evaluate the suitability of the simplified 

performance characteristic in annual simulations of PVT system 

performance 

Compare results 



8 

 

Chapter 2 

Background and Review of Previous Work 

2.1 Solar Thermal  

There are many different technologies that collect solar irradiation as heat for various 

applications. Some technologies heat air for space heating or commercial drying processes, other 

technologies heat a liquid for swimming pools, domestic hot water, space heating, industrial 

processes and even cooling. Collectively these technologies are referred to as Solar Thermal 

Collectors.  

A   wide variety of solar collector configurations have been used to convert sunlight to 

heat; however, the classical sheet-and-tube solar thermal collectors are the primary focus of this 

study [15].  

2.1.1 Sheet-and-Tube Solar thermal Collectors 

Figure 2.1.1 shows a section view schematic of a sheet and tube solar thermal collector. 

 

Fig. 2.1.1: A schematic showing a cross-sectional view fo a flat plate solar thermal collector 

[15] 
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2.1.2 Solar Thermal Efficiency Equation 

A solar thermal efficiency equation represents the performance characteristics of the 

thermal panel. The equation relates the performance of a solar thermal collector to the reduced 

temperature [16], which is a function of the ambient temperature (Ta), the fluid inlet temperature 

(Tfi) and incident solar irradiation (G). 

        

(      )

 
 2.1-1 

 

The efficiency equation is used by installers and designers to optimize a system design 

for a given application, or to rank and compare competing commercial products based on their 

energy output and thermal efficiency.  Due to variations in design details and material properties, 

it is typical that various makes and models of thermal collector perform differently and have 

unique performance characteristics. 

 Equation  2.1-1 can be derived theoretically given a panel’s material parameters and 

geometry using the Hottel-Whillier- Bliss (H-W-B) model. The H-W-B model is derived in 

Appendix A.  

The theoretical Hottel-Whillier-Bliss efficiency equation (Eq. 2.1-2) is linear since it is 

based on the assumption that the heat loss coefficient (Ul) is constant. Studies have found that the 

efficiency equation is in fact not linear in all cases [6, 7, 15] but may include higher order 

dependencies that result from the dependence of Ul with absolute temperature. This is discussed 

in detail in Section 2.1.3.2.   

Equation  2.1-1 can also be derived  empirically using the test method specified by the 

Solar Rating and Certification Corporation [4] and the International Standards Organization (ISO) 

[5].  
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2.1.3 Empirically Derived Efficiency Equation 

In practice, the theoretically derived H-W-B efficiency equation is not generally used 

since commercially available products are routinely tested and the empirically derived 

coefficients of the performance equation (Eq. 2.1-1) can be determined by regression.  Each solar 

thermal panel is normally tested using standardized test procedures under controlled test 

conditions.   

The efficiency equation is derived by measuring collector efficiency at various inlet fluid 

temperatures. During testing, both atmospheric and operational conditions are held constant such 

that the solar collector is operating under steady-state conditions, i.e., the solar irradiation, 

ambient temperature, collector flow rate and wind speed are held constant. Figure 2.1.2 shows the 

results from a test performed at the Canadian National Solar Test Facility for a typical 

commercially available solar thermal solar collector [17]. 
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Fig. 2.1.2:  Solar collector thermal efficiency as experimentally measured at the National Solar 

Test Facility [17] 

 

2.1.3.1 First Order Curve Fit 

As a result of a standard thermal performance test, a first order linear performance 

characteristic is fitted to the experimentally determined data by the method of least squares.   The 

curve fit is based on the simplified Hottel-Whillier-Bliss model described above which is 

essentially an energy balance where useful heat gain per unit area (Qu/A) is equated to the 

absorbed solar irradiation (ταG) minus heat losses to the atmosphere (Ul ΔT). The efficiency is 

calculated simply by dividing by incident irradiation.  A detailed derivation of the Hottel-

Whillier-Bliss Model can be found in Appendix A.  
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 ⁄   

 

Where, ΔT is the temperature difference between the plate (Tp) and the ambient (Ta).  

  

  
           

(     )

 
  

 

By applying the collector efficiency factor (F’) (Eq. A.2-19 ), the efficiency equation can 

be written as: 

  

  
      (       

(      )

 
) 

 

 

This can be further modified to be written in terms of fluid inlet temperature (Tfi) by applying the 

heat removal factor (FR) (Eq. A.2-27 ). The theoretical derivation of this equation is described in 

detail in Appendix A. 

  

  
      (       

(      )

 
) A.2-29 

 

It is common in Europe to write the efficiency equation in terms of plate temperature, 

however in North America it is a standard practice to write the efficiency in terms of fluid inlet 

temperature (Tfi) [13, 18]. The benefit of using the fluid inlet temperature is that the efficiency is 

calculated using known and easily measured variables: ambient temperature (Ta), fluid inlet 

temperature (Tfi) and incident irradiation (G). 
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The constants in the efficiency equation are derived by a simple ‘least squares’ linear 

curve fit where FR(τα) is the ‘y-intercept’, and FRUl  is the ‘slope’ of the curve. As an example, 

the first order curve fit of the efficiency test shown in Fig. 2.1.2 is [17]: 

              
(      )

 
  

The linear curve fit is calculated given a set of experimental data points using the Least-

Squares regression analysis on experimental test data. Where FR(τα) and FRUl can be calculated 

using the first order Least-Squares method [4, 19]: 

2.1.3.2 Second Order Curve Fit 

The theoretical Hottel-Whillier-Bliss efficiency equation and first order linear curve fit is 

based on the assumption / approximation that the thermal loss coefficient (Ul) is constant. 

Empirical tests show that this is not always the case [6, 7, 20]. As the temperature differential 

(ΔT) between the inlet fluid temperature (or collector temperature) and the ambient temperature 

increases, the thermal loss coefficient also increases.  The loss coefficient varies with temperature 

since the collector heat loss consists of both convective and radiative components; the latter are 

non-linear and depend on absolute temperature (i.e., not just temperature differentials).   In 

addition, variations in fluid and material properties vary with temperature level and effect the heat 

loss coefficients from the solar collector to the surroundings.  It has also been shown that the 

absorber plate temperature increases with irradiation levels thus the thermal loss coefficient also 

varies with irradiance levels [7]. 

Figure 2.1.3 shows a plot of the thermal top loss coefficient from IEA Task 3 [14] 

showing the relationship between the loss coefficient and ambient temperature.  
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Fig. 2.1.3:  Top Loss Coefficient of a solar thermal panel plotted verses Tpm-Ta [14] 

 

To account for the change in loss coefficient with temperature, a relationship has been 

proposed where the change in loss coefficient is approximated as a linear function [7, 16]:  

               2.1-3 

 

Substituting Eq. 2.1-3 into Eq. A.2-29 : 

     (      
      

 
  

        
 

 
)  

 

For simplicity, this equation is rewritten as: 

        

      

 
   

        
 

 
 2.1-4 
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Equation 2.1-4 accounts for variations in performance due to irradiance levels. In the 

second order term, the denominator (G) is not raised to the power of two, thus the equation can 

have different solutions for a constant value of reduced temperature (
       

 
) at various 

irradiation levels. This produces a series of curves when the solar irradiation levels are varied. As 

an example [14]: 

Tfi (°C) Ta (°C) G (W/m²) (Tfi-Ta)/G (Tfi-Ta)²/G 

30 20 100 0.1 1 

-20 -30 100 0.1 1 

100 0 1000 0.1 10 

70 -30 1000 0.1 10 
 

Thus the efficiency equation (written in terms of (Tfi-Ta)/G) is lower at high irradiation compared 

to lower irradiation levels for the same value of (Tfi-Ta)/G. The second order curve fit is 

calculated given a set of experimental data points using the Least-Squares regression analysis on 

experimental test data [4]: 

 

2.1.4 Assumptions and Limitations of Empirically Derived Efficiency Equations 

Thermal collectors are normally tested under a narrow range of controlled conditions, and it 

is usually not practical to evaluate their performance at all atmospheric conditions. Harrison [6] 

summarized the effects of various atmospheric conditions. As described above, it is standard 

practice to represent the loss coefficient as varying linearly with ΔT (eqn. 2.1-3) however this is 

an approximation. As can be seen in Fig. 2.1.3, the loss coefficient varies with ambient 

temperature, as well as ΔT.  It was shown that with high emissivity absorber coatings, the heat 

lost strongly depends on radiation exchange; whereas with low emissivity absorber coatings, the 

heat loss is dominated by convection. Thus the trend in loss coefficient is highly dependent solar 

collector thermo-optical properties.  Despite the limitations associated with eq. 2.1-4, it is the 



16 

 

standard performance representation used in industry to compare products and perform 

performance modeling simulations [4, 18, 21]. 

2.1.5 Uses of the Solar Thermal Efficiency Equation 

Standardized Comparison 

Before solar thermal panels are placed on the market, their performance is experimentally 

characterized using a standardized test method [4, 18, 21].  The collector is tested under strictly 

controlled conditions to produce an efficiency equation based on eqn. 2.1-4 

The efficiency equation is typically used to compare various collectors. The efficiency over 

a range of conditions is represented by a simple regression equation and is used to evaluate and 

directly compare relative collector performance. This efficiency equation or “efficiency curve” 

provides a simple method for generally identifying the type of collector that is best suited for a 

particular application. 

Performance Modeling 

  When modeling a specific solar thermal system, the efficiency equation, which is derived 

from experimental performance data, is used in the modeling of the complete solar system. A 

solar collector performance characteristics form an integral part of the “system level” analysis 

that consists on interlinked sub system component models. TRNSYS Type 1 [1] is example 

component model which uses the efficiency equation of a solar thermal panel.  

This method of simulating solar thermal panels is ideal for systems where the collector 

model and the performance characteristics are known. It can be used to optimize and size the 

system. Modeling with the standard efficiency equation is required when applying for 

government rebates for solar thermal installations.  
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2.2 PV/T Collectors 

Hybrid PV/T solar collectors simultaneously produce electricity and heat. A typical PV/T 

collector consists of photovoltaic cells and a means to remove and collect heat from the cells.  A 

recent review of PV/T R&D and market potential by X. Zhang et al. [22] described the basic 

concepts and analytical theory behind multiple classifications of PV/T, including: Air-based 

PV/T, Water-based PV/T, Refrigerant-based PV/T (heat pump assisted) and heat-pipe-based 

PV/T.  

In comparing the various classifications of PV/T, Zhang concluded that air and water 

based PV/T have lower cost, as compared to systems using  heat pipes and refrigerant (heat 

pump) type systems. Water and Air type systems are therefore more practical in application.  The 

review paper found that air-based PV/T systems can achieve an electrical efficiency of 8% and a 

thermal efficiency of 42%, however this conclusion is based on one study, by Solanki et al. [23], 

which tested a single, air based, PV/T configuration.  The performance of an air-based PV/T 

collector depends largely on temperature and flow rate. Zhang concluded that air-based PV/T is 

limited due to the low density, heat capacity and thermal conductivity of air. Air is a relatively 

poor heat removal fluid as compared to water.  

Zhang found that liquid- based PV/T collectors are growing in popularity, the most 

common configuration being single-glazed ‘sheet-and-tube’ thermal collector with a PV on the 

collector surface.  Typical water-based PV/T systems can achieve electrical efficiency of 9.5% 

and thermal efficiency of  50%; again this conclusion is based on a single study by Huang et al. 

[24]. The performance of liquid-based PV/T depends on fluid temperature, flow rate, collector 

geometry, PV type and climactic conditions. Zhang concluded that inherent technical difficulties 

can limit the use of liquid-based PV/T. As compared to air-based PV/T, Liquid-based PV/T is 

more complex; there is potential for leaks and freeze protection is necessary in cold climates. 
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Typically, relatively high temperatures are desired in liquid heating application which reduces the 

overall efficiency of the collector.  

Zhang concluded that heat pump assisted and heat-pipe PV/T systems can maintain low 

PV temperatures however the systems are higher in cost and more complex which results in more 

modes of potential failure.  

Through an extensive literature review, Zhang summarized the focus of the previous 

research performed by type of PV/T [22]. 

Air-based PV/T: 

 Study the air flow patterns (natural vs. Forced flow), 

 Optimization of  geometry to maximize air turbulence for heat transfer, and 

 Comparison of glazing methods. 

Water-based PV/T: 

 Determination of appropriate fluid flow rates and temperatures, 

 Optimization  fluid flow channel geometry to optimize heat transfer and,  

 Suggested  PV integration methods.  

Refrigerant-based (heat pump) PV/T: 

 Determine appropriate refrigerant type, flow rate and temperatures, 

 Optimization of flow channel geometry to optimize heat transfer and,  

 Recommendation of PV integration methods.  

Heat-pipe based PV/T: 

 Determination of appropriate heat-pipe design including structure, fluid type etc., 

 Optimization of the geometry of the heat pipe and fluid flow rates and temperatures, and,  

 Recommendation for PV integration methods.  

In general the research in PV/T has been focused on: 

 Understanding heat transfer and energy conversions, 
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 Comparison of system types, 

 Optimization of  collector geometry and system parameters such as temperature and flow 

rates, 

 Linking analytical and experimental results, 

 Analyzing the economic and environmental benefits of PV/T, and 

 Studying the feasibility for long term operation. 

Common conclusion points of the various review papers [3, 22, 25, 26] include: 

 PV/T collectors produce more energy per unit area as compared to side by side PV and 

thermal collectors with the same total surface area, 

 Water PV/T collectors are more efficient that air PV/T collectors, 

 Sheet and tube PV/T collectors are the most promising configuration since it is the easiest 

to manufacture, 

 Glazed PV/T collectors maximize overall energy collected, 

 Unglazed collectors provide better electrical performance, 

 Absorber plate configuration (tube spacing, conductance between PV cells and absorber 

etc.) are key parameters to analyze when optimizing a collector design, 

 Exergy efficiency should be used for objective performance comparisons.  

Zhang also summarized the various methods developed to evaluate PV/T technology and 

found that the performance of a PV/T system is generally evaluated using parameters such as: 

overall efficiency, overall exergy efficiency, primary-energy-saving efficiency and solar fraction. 

The performance standard for PV/T system requires substantial work and the measures may 

depend on the particular use as discussed below. 

Overall Efficiency: 

The overall efficiency of the collector is the ratio of collected heat and electrical energy 

to the solar energy incident on the collector. Combining the two types of energy neglects to 

account for the differences in value between electricity and heat, electricity being high grade 

energy.  
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Exergy Efficiency: 

Exergy can be defined as the theoretical maximum work potential (grade) of a system 

output, where electricity is defined as having the highest grade of energy. Exergy enables 

qualitative evaluation by comparing thermal energy and electrical energy based on the same 

standard [3]. This method can objectively represent PV/T performance as it accounts for the value 

or grade of energy produced.  

Primary-energy-saving efficiency: 

This method also accounts for the grade difference between heat and electricity by using 

conventional energy sources (i.e., fossil fuels) as a reference and accounting for the conversion 

efficiency of typical power generators.  For example, producing electricity from conventional fuel 

sources is in the order of 38% efficient [22] whereas heat production can be over 90% efficient.  

Electricity is therefore more valuable since it requires more fuel in its production.  Using 

electricity to produce heat is considered a loss since heat can be directly produced using 

conventional fuels.  

Solar Fraction: 

Solar fraction is defined as the fraction of the energy savings a PV/T system can provide 

for a given energy demand. It accounts for the difference in demand for heat and electricity but it 

does not account for the difference in values for each energy type.  

Currently, there are no international standards for PV/T collectors.  The IEC is in the pre-

normative research stage, and it is unlikely that a new standard will be developed and published 

in this important area before 2015.  Testing laboratories are currently testing PV/T collectors 

against multiple standards (PV and/or thermal), which does not accurately indicate the combined 

operation of a PV/T collector [27].  A proposal has been submitted to the Canadian Standards 
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Association (CSA) to update CAN/CSA F378 Series-11 Solar Collectors to include three new 

sections including F378.3 Concentrated Solar Thermal Collectors: Test Methods, F378.4 Hybrid 

Solar Photovoltaic / Solar Thermal Collectors: Test Methods, and F378.5 Solar Thermal 

Collector Material Testing [27]. 

Zondag et al. [28] also reviewed the history of PV/T collectors and summarized the 

various types of systems applications including air cooled, liquid cooled, and building integrated 

PV/T systems. Design issues were addressed for each type of collector and recommendations 

were made for further development of each type.  

Zondag et al. [8] also analyzed the yield of various PV/T collector types and determined 

that single glazed sheet-and-tube PV/T collectors are the most promising design for domestic hot 

water applications.  

Charalambous et al. [3], presented a review of literature on PV/T collectors.  Different 

types of PV/T collectors were summarized including flat plate liquid-based, air-cooled and 

concentrating collectors. The analytical and numerical models and experimental work of the 

various types of collectors were addressed. It was concluded that the combined efficiency of 

PV/T panels could reach efficiencies up to 70%, and that the combined electrical and thermal 

output of a PV/T collector can produce more energy for a given surface area than separate PV and 

thermal panels.  It was also concluded that air PV/T collectors are generally less efficient than 

liquid based PV/T collectors.  

Arif Hasan et al. [25] also reviewed the performance of various PV/T design concepts 

and discussed methods of improving the efficiency of the various designs.   

A PV/T roadmap [9] was developed for the European market which summarized the state 

of the PV/T industry. The report is a comprehensive overview of the current PV/T market; it 
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included a summary of various PV/T systems, a list of the developing and available PV/T 

collectors, potential markets, drivers and barriers and key issues for development.  One of the 

major key issues identified in the report is the lack of standardized test methods and rating 

systems for PV/T collectors.  It was stated that laboratories developed their own procedures in 

testing PV/T panels and it is common for the test procedures to simply follow standard solar 

thermal procedures. It was recommended that in the short term a comprehensive PV/T test 

method be developed which can be used in the medium and long term for standardization and 

certification of PV/T products.  

Various liquid based PV/T manufacturers were researched to analyze the performances 

specification of commercially available PV/T collectors, including: PVTwins [29], Holtkamp 

SES [21] and PowerTrac [30].  Both the PVTwins  panel and the PowerTrac- Power Panel spec 

sheets did not include efficiency equations or performance ratings other than nominal thermal and 

electrical ratings. The PVTwins leaflet gave the conditions where the nominal performance was 

rated (1000W/m² and 25°C) however it was unclear whether or not these ratings were determined 

while simultaneously producing heat and electricity. The PowerPanel spec sheet simply provides 

the nominal thermal and electrical output without stating the test conditions. It was discovered 

that the thermal output nominal rating was calculated using standard solar thermal test procedures 

while that panel was not producing electricity [31]. The Holtkamp SES test report [21] is a 

comprehensive report with thermal performance given under various conditions and a thermal 

performance equation determined by  the standard methods used for solar thermal devices. Given 

the variations in detail between the different PV/T panel spec sheets it is clear that a standardized 

rating system is not in place. The Power Panel from Power Track is a PV/T panel which 

introduced on the market in the spring of 2011 [32]. Since a standard test has not been developed, 
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the thermal rating is provided when the PV is not producing electricity. Since the panel is 

intended to produce electricity while producing heat, the thermal performance is misrepresented. 

2.2.1 Existing PV/T Models - Theoretical Efficiency Equation 

Since a PV/T panel is simply a solar thermal collector with photovoltaic cells on the 

absorber surface, it is reasonable to expect that  the Hottel-Whillier-Bliss (H-W-B) efficiency 

equation (Appendix A) , for solar thermal collectors ,can be modified to incorporate the addition 

of solar cells on the surface of the absorber plate and the production of electricity.  

Bergene et al. [33],  Florschuetz [12] and Zondag et al. [11] all developed 1-dimensionl 

PV/T models for liquid based flat plate collectors by modifying the Hottel-Whillier-Bliss model 

(described in Appendix A)  to incorporate added photovoltaics. The most comprehensive and 

detailed modification of the H-W-B model was performed by Thermal Energy System Specialists 

Inc. (TESS) [13] to create a theoretical PV/T collector model for TRNSYS [13]. A clear 

understanding of the PV/T extended H-W-B model is important in order to study the limitations 

of the model. The derivation of the model developed by TESS [13] is provided in detail below in 

this section. 
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2.2.1.1 Derivation of the Hottel-Whillier-Bliss PV/T Extension 

 

Fig. 2.2.1:  Schematic of an Unglazed PV Thermal Collector  

 

A simple PV/T solar thermal collector shown in Fig. 2.2.1consists of tubes bonded to a 

thermally conductive absorber plate with PV bonded to its surface. The back surface of the PV 

and the adhesive which bonds the PV to the absorber plate is collectively referred to as the 

substrate. Conventionally , the substrate of PV modules is referred to as ‘encapsulant’. The 

primary difference between the PV/T collector and a conventional solar thermal collector is the 

PV and substrate (on the surface of the absorber plate. The PV absorbs solar radiation; a portion 

of the absorbed irradiation is converted into electricity and the remainder is converted to heat. 

The fraction of the absorbed radiation which is converted into electricity depends on the 

performance characteristics of the PV and the conditions (e.g., irradiance level, cell temperature, 

load characteristics etc.). The quantity of electricity produced depends on the electrical 

conversion efficiency and the temperature of the photovoltaic [2].   The heat absorbed in the PV 

is either lost to the atmosphere or conducted to the absorber plate.  
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In Sheet-and-tube PV/T collectors, the absorber plate is usually identical to a simple solar 

thermal collector. The heat is transferred to the cooling fluid circulating through the tubes. The 

tubes and plate are generally made of a thermally conductive material such as aluminum or 

copper to optimize heat transfer into the fluid.  

To analyze the heat flow and temperature distribution in this type of PV/T absorber, refer 

to Fig. 2.2.2.  It shows a section view of a simple PV Thermal collector for a given section in the 

‘y’ direction. Similar to the simple solar thermal collector, the lowest temperature on the absorber 

plate occurs above the tube. This temperature is called the “bond’ temperature (Tb). The highest 

temperature on the collector plate occurs at the furthest point from the cooling fluid, at the 

midpoint between the tubes, i.e., at x=0.  Due to symmetry , at x=0,  it is also assumed that the 

temperature gradient is equal to zero, i.e., dT/dx =0 and there is no heat transfer in the x-dir at this 

point.  For the basis of analysis this half fin can be treated as if the centerline at x=0 is insulated.   

To derive the temperature profile of the PV/T collector, the thermal analysis presented in 

Appendix A must be modified to incorporate the addition of the PV layer on top.  

 

Fig. 2.2.2:  A section-view schematic of a PV/T collector showing the various layers on the 

collector plate. 
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A PV/T 1-Dimensional heat transfer model differs from the model of a solar thermal 

(only) absorber in that heat is absorbed in the PV layer rather than directly in the lower absorber 

plate. The first step in determining the useful heat transferred to the fluid and the temperature 

profile of the collector is to perform an energy balance on each layer of the absorber.  

In the derivation of the theoretical H-W-B model (Appendix A), it was assumed that the 

absorber plate was conductive and thin enough that there was no temperature gradient in the ‘y’ 

direction, i.e., all heat transfer in the absorber plate layer was in the ‘x direction.  A similar 

assumption was applied in the PV/T analysis.  

Another assumption that is often made regards the heat conducted in the PV and substrate 

layers. It is assumed that all heat is transferred down, in the negative ‘z’ direction, from the PV 

layer, through the substrate, toward the metal absorber plate. Conduction along the ‘x’ direction is 

neglected for the PV and substrate (see Fig. 2.2.3). In other words, in the PV and substrate layers, 

it is assumed that there is no heat transfer in the x-direction. This is based on the assumption that 

the metal fin has a significantly higher thermal conductivity than the PV and substrate layers and 

will, therefore, most heat transfer will be to the cooler substrate and absorber. This assumption 

will be analyzed in further detail in the following sections.  For simplicity in the derivation, 

bottom heat loss is also neglected. The steady-state energy balance of the PV/T collector is shown 

in Fig. 2.2.3.  
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Fig. 2.2.3:  Schematic showing an elemental energy balance in a PV/T fin 

 

A steady state energy balance of an element in the PV layer shown in Fig. 2.2.3 will result in eq. 

2.2-1 
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(        | )            2.2-1 

where: 

S is adsorbed solar energy (W/m²), 

Ul is the loss coefficient (W/m² °C), 

Tpv is the temperature of the PV layer (°C), 

Ta is the ambient temperature (°C), 

ksub  is the thermal conductivity of the substrate layer (W/m 
o
C) and, 

q''e is the electricity generated per unit area (W/m²). 
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A steady state energy balance of element in the absorber plate layer shown in Fig. 2.2.3 

will result in eq. 2.2-2. 
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where: 

ksub is the thermal conductivity of the absorber plate layer (W/m°C). 

 

By dividing through be Δx and finding the limit as Δx approaches zero, eq. 2.2-2. can be reduced 

to: 
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The maximum temperature in the absorber plate occurs at x=0, and the temperature at 

x=(W-D)/2 is known (i.e., the fin base temperature, Tb); therefore, eq. 2.2-3 is subject to the 

following boundary conditions: 
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Assuming  the temperature of the PV layer is constant for all x and solving eq. 2.2-1 for Tpv :  
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and substituting Tpv into Eq. 2.2-3 yields: 
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For simplicity, letting 
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Equation 2.2-6 can be reduced to: 

      

   
|
 

 
  

        
(

 

      
 

 

    
)(    |  

        
 

      
 

 

    

) 2.2-8 

 

and this is reduced to a classic fin problem. Letting 
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The subscript ‘pvt’ distinguishes m and Ψ from the solar thermal (only) case, (eq.  and .) 

The subscript will continue be used for this purpose.  
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Therefore, eq. 2.2-8 becomes: 
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and the boundary conditions, eq. 2.2-4, become: 
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Equation 2.2-11 is a second-order homogeneous linear differential equation with a general 

solution of [34]: 
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Applying the first boundary condition,  
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2.2-14 

It is known that m≠0, so C1=0. Applying the second boundary condition: 

    |         
 (   

        
 

      
 

 

    

)                          
 

       

(   
        
 

      
 

 

    

)

                 
 

2.2-15 

 

Equation  2.2-10 and 2.2-13 become: 
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Equation. 2.2-16 can be used to calculate the temperature distribution of the absorber fin as 

shown in Fig. 2.2.3.  

The heat transferred to the collector area above the tube at x=(W-D)/2, q’fin , can be 

derived from eq. 2.2-16 using Fourier’s Law [35] at that point,   
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  2.2-17 

 

In this case, the Fin efficiency, Fpvt, is defined as the ratio of actual heat flowing into the 

bond area (q’fin) to the heat gained if the fin temperature was held constant at the bond 

temperature (Tb). Assuming that there is no heat loss to the back of the collector, the heat gained 

in the fin is all the heat transferred from the PV.  Fin efficiency of a PV/T collector is therefore 

defined as:  

     
         

       (
      

    
)
 2.2-18 

 

where Tpv is defined by eq. 2.2-5 and Tabs|x is  assumed Tb for all of x. 
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Fig. 2.2.4:  A schematic showing the thermal energy balance of the node directly above the tube 

of a sheet-and-tube PV/T collector 

 

A steady state energy balance of the PV layer yields: 
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A steady state energy balance of the absorber plate yields; 
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As described in Appendix A: 
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Substituting eq. , 2.2-17 and 2.2-20 into eq. 2.2-21 yields: 

  
      

  

  
   

  

  
 2.2-22 

where: 

                                     

     

 
  2.2-23 

                                

     

 
  2.2-24 

      (        )               (
        

 

      
 

 

    

)          

     

 
  2.2-25 

 

As in the thermal-only collector analysis, the collector efficiency factor, F’pvt, can be 

defined as, the ratio of actual heat flowing into the fluid (qu,pvt), to the heat gained if the fin 

temperature was held constant at the fluid temperature (Tf). Assuming that there is no heat loss to 

the back of the collector, the heat gained in the fluid is equal to all the heat transferred from the 

PV layer.  The collector efficiency factor of a PV/T collector is therefore defined as: 
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)
 2.2-26 

 

where, Tpv is defined by eq.  2.2-5 and Tabs|x is Tb for all of x. 
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Equation 2.2-22 can be used to calculate the useful heat collected per unit length of tube 

in the ‘y’ direction.  The following analysis applies the 1 dimensional theoretical heat gains to a 

PV/T collector with finite length (L) in the ‘y’ direction.  

In order to apply the useful heat gain to a collector of length (L), an energy balance on an 

elemental pipe section was performed. Following the derivation method presented in Appendix 

A, it follows that an energy balance for the element shown in Fig. 2.2.5 yields: 

    
       ̇    | 

  ̇    |    
   2.2-27 

 

 

Fig. 2.2.5:  A schematic showing an energy balance of the fluid flowing through a sheet-and-

tube PV/T collector 

Dividing through by Δy, finding the limit as Δy approaches zero and substituting eq.  yields: 
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It is assumed that collector efficiency (F’), loss coefficient (Ul) and fluid specific heat (-

cp) are constant for all ‘y’. In other words, they are considered independent of fluid temperature 

[15].  Separating variables and integrating from y=0 to L: 

Fluid Flow 

q'u,pvt 
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Solving for the outlet fluid temperature (Tf,o): 
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Equation  2.2-30 can be used to solve for the temperature of the fluid exiting the PV/T collector 

(Tf,o). The heat gained over the length of the collector can be written as: 

    ̇  (         ) 2.2-31 

From this point, the derivation is identical to that of the solar thermal equation derived in 

Appendix A.  The thermal efficiency of the PV/T collector can be written as  

       
  

  
 2.2-32 

where: 

 ηt pvt is the thermal efficiency. 

 

2.2.1.2 Calculation of Electrical Energy Production  

The electrical production may be estimated using the following equation: 

 

                                 (         (             )) 2.2-33 

where:  

 ηelec is the reference electrical efficiency at Tref  and  

 βr is the electrical temperature coefficient.  
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Since the electrical production and the temperature of the collector are dependent on one 

another, an iterative solution must be used to accurately calculate both the electrical and thermal 

production using this method.   To arrive at a suitable approach to solving these relationships (and 

deriving a performance characteristic for a PV/T Collector) a number of assumptions were made 

and are described below. 

2.2.1.3 Key Assumptions 

Similar to the solar thermal theoretical efficiency equation, the PV/T theoretical equation is 

based on the assumption of steady - state operation and that collector efficiency factor (F’), loss 

coefficient (Ul) and fluid specific heat (Cp) are constant for all ‘y’. In other words, they are 

independent of fluid temperature [15].  

In the derivation of the 1-dimensional PV/T model, it was assumed that heat absorbed in the 

semiconductor material flows in the ‘z’ direction only.  It is known that there is a temperature 

gradient in the ‘x’ direction because heat must flow in the absorber layer toward the fluid. This 

assumption was an approximation made to simplify the derivation; the validity of this assumption 

or the effects on accuracy are unknown.   

The mathematical heat transfer model used in TRNSYS Type 560, as described in section 

2.2.1.1, was based on the approximation that heat flows in one direction from the PV cell layer. 

Heat transfer from the top of the collector or transferred to the absorber plate was accounted for; 

however this neglects heat transfer along the PV and substrate layer. This assumption simplifies 

the derivation of the mathematical model, but its validity is unknown.  
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2.2.2 Other Sheet-and-tube PV/T Models 

Florschuetz [12] modified the Hottel-Whillier-Bliss model, however it was not as detailed 

and was based on additional assumptions. Specifically, it assumed that the photovoltaic cells were 

thin enough that temperature gradient between the photovoltaic cells and the absorber plate was 

negligible. In other words the thermal resistance of the photovoltaic cells and the substrate were 

neglected.  This assumption limits the model to configurations where the cells are thin and there 

is not adhesive or contact resistance between the cells and absorber, such as directly deposited 

amorphous PV.  It also prevents the use of this model when studying the effects of thermal 

resistance between the cells and the absorber plate.  

Zondag et al. [11] developed four PV/T models and compared the results to experimental 

results. They developed 1-dimensional, 2- dimensional and 3-dimensional steady-state models 

and a 3-dimensional dynamic model. The 1-dimensional model is similar to the extension of the 

Hottel-Whillier-Bliss model presented by Florschuetz [12] with one minor addition. The thermal 

resistance of the solar cells is included in the collector efficiency (F’) specifically eq.  2.2-9.  The 

derivation of this equation was not shown and the conductivity of the solar cells was simply 

added to the conductivity of the absorber to make a uniform layer rather than distinct layers.  

The 2-dimensional model calculates the steady-state heat transferred to the fluid using a 

matrix solving procedure.  It is a 2-D model in that the collector is segmented along the direction 

of flow; it calculates the useful heat gain (heat transferred to the fluid) for a segment of the 

collector, the outlet fluid temperature of one segment is the inlet temperature of the next. It is 

based on the assumption that the segment in the y-direction is small enough that the temperature 

gradient in the direction of flow is small enough to be neglected.  

The 3-D model calculated heat transferred to the fluid using finite-difference calculations. 

Two 3-D models were produced: a dynamic 3-D model which accounted for the thermal capacity 



38 

 

and the time dependent variations in temperature, as well as, a steady state 3-D model. It was a 

quasi 3-D model in that the cover glazing was only segmented in the flow direction.   

The authors compared the results of four models to experimental results and concluded 

that the 1-dimensional model’s performance was satisfactory and required low computation time 

for annual simulations, however it was limited in capability as compared to the 2 and 3 D models; 

the 2-D and 3-D models can be adapted to more complicated PV/T panel designs. It was observed 

that there was good correspondence between the 2 and 3-D models (within 2% difference). The 3-

dimensional model was the most accurate and versatile, however it was thought that the 

computation time would restrict its use; the 2-D model resulted in computation times 25 times 

faster than the 3-D model. The dynamic model increased computational time significantly and in 

terms of daily performance calculations showed minimal difference from the steady-state model.  
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Chapter 3 

PV Thermal Model Development 

As stated in section 1.1, the objective of this work was to develop a PV/T performance 

characteristic equation for a sheet and tube thermal collector that can be derived from empirical 

performance data measured under standard test conditions.  At the onset of this study, PV/T 

technology was relatively young, and empirical performance data for a range of operational 

conditions was unavailable.  It was therefore decided to develop a numerical model of a 

combined PV/T solar collector to produce both thermal and electrical performance data in place 

of empirically measured data.  Existing sheet and tube PV/T models were reviewed (section 

2.2.1) and it was found that existing 1-D models are limited in their capability.  Assumptions are 

usually made in the derivation of the 1-D model which limits the collector configurations for 

which it is valid [11, 13].  3-D models are more accurate and versatile than 2-D models, however 

the results of 2-D and 3-D models have been shown to have good correspondence (within 2%).  

The computation time of the 2-D model was shown to be 25 times faster than the 3-D model [11].  

It was therefore concluded that a 2-dimensional model would serve the purpose of this study [11]. 

The following sections describe the development of a hybrid 2-D model, the results of which 

were used in place of empirical data to derive a simplified performance equation.  

3.1 Development of a Two-Dimensional PV/ Thermal Model 

To aid in the development of the simplified PV/T model, a 2-dimensional numerical model of 

a sheet-and-tube PV/T collector was developed to produce reference data set that could be tested 

against simplified regression models based on limited data sets as is currently done for solar 

thermal panels. The model was based on the 2-D model presented by Zondag et al. [11] which 

uses a modified or “hybrid” scheme that allows the temperature distribution in the solar absorber 
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to be estimated in the direction of fluid flow along the fin-tube (i.e., the y-direction).  The 

assumptions associated with this model are: 

1) the edge and bottom boundaries of the collector were perfectly insulated; 

2) each node was assumed to be at uniform temperature and at steady-state; 

3) adjacent segments in the y-direction (the direction of flow)  were assumed to have 

adiabatic boundaries, i.e., it was assumed that the segments in the y-direction were small 

enough that the temperature gradient between nodes in the y-direction is negligible. 

Nodes only interact in the y-direction in that the fluid outlet of one node is the inlet of the 

next;  

4) the individual layers of the PV/T absorber were assumed to be very thin, relative to the 

length of the “fin” in the z –direction; 

5) the bond between adjacent layers was good and that no voids were present that could 

increase the thermal resistance between layers, consequently, the contact resistance 

between adjacent layers was assumed equal to zero; 

6) the photovoltaic cell layer was assumed to be uniform silicon throughout the entire layer;  

7) it was assumed that the PV efficiency decreased linearly as temperature increases and all 

other effects on the electrical efficiency were not considered;  

8) the thickness of the silicon cells were assumed to be small enough that the incident 

irradiation was absorbed uniformly through the thickness of the silicon; 

9) it was assumed the absorption properties do not change with temperature; and 

10) the emissivity of the glass and silicon were assumed to be constant with temperature. 
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  As empirical tests results are intended to be derived under steady-state conditions [5, 14], 

it was decided to limit the model to steady-state analysis. This decision was supported by the 

findings of Zondag et al. [11] that noted that ignoring dynamic effects resulted in loss of only 

0.2% in modeling accuracy. The following chapter describes the theory used and the 

methodology behind the 2-D model.  

For the basis of comparison, the quasi 3-D finite-difference model was taken as an 

accurate prediction of a PV/T panel temperature distribution. Although the model is more 

complex than simple 1-D models, the theory behind each calculation employs basic heat transfer 

and thermodynamics methods which have been previously validated. In striving to validate this 

model, however, it was noted that only very limited experimental performance data is available 

for PV/T panels.  Some experimental data was produced by Dupeyrat et al. [26, 36] during testing 

of a PV/T panel under an indoor solar simulator. The panel studied was a glazed sheet-and-tube 

PV/T configuration. Their experimental results were found to correspond to theoretical results 

from the quasi 3-D model, as described in section 3.3.  

For this study, the quasi 3-D finite-difference model was implemented in Engineering 

Equation Solver (EES). The EES script can be found 0. EES uses a robust solver algorithm to 

numerically solve the set of equations through iteration and as long as the number of equations 

equals the number of variables in the program, the equations can normally be solved, however if 

the set of equations are highly non-linear then EES may have difficulty converging on an answer.  

3.1.1  PV/T Panel Configuration Definition  

The PV/T panel modeled consisted of a series of parallel pipes with copper fins making 

up the absorber plate. Fluid flowed in a parallel arrangement through each pipe in the y-direction, 

i.e., “riser tube”.  A PV layer was bonded to the surface of the collector and the collector was 
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insulated on the sides and bottom. There was a glazing panel covering the surface of the collector 

with an air gap between the PV surface and the glazing. Figure 3.1.1 shows a schematic of the 

collector. Dimensions are provided below in section 3.1.6. 

 

Fig. 3.1.1:  Schematic of a sheet and tube PV/T collector 

To undertake the finite-difference analysis, the solar absorber must be first discretized 

into nodal regions accounting for the assumed boundary conditions. A steady-state energy 

balance was calculated for each node. Each node was assumed to be at uniform temperature and 

at steady-state. The model is 2-dimensional in that adjacent segments in the y-direction (the 

direction of flow) are assumed to have adiabatic boundaries. It is also assumed that the segments 

in the y-direction are small enough that the temperature gradient between adjacent nodes in the y-

direction is negligible. The nodes in the y-direction interact in that the outlet fluid of one tube-

node is the inlet of the next.   At typical flow rates, the temperature rise of the fluid in a y-node 

was less than 0.1°C. 

The individual layers of the PV/T absorber in the z-direction were assumed to be very 

thin, relative to the length of the “fin” in the x-direction.  As such, to improve computational 

efficiency, it was decided to set the height (z) of each element equal to the thickness of the 

corresponding layer, (i.e., PV layer, substrate, copper fin).  Computationally, in effect, this 

assumes that the temperature distribution within each node is uniform. With this analysis scheme, 
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however, adjacent regions may be at different temperatures resulting in energy transfer across 

common boundaries.  The discontinuities associated with this assumption are numerically 

reduced by keeping the individual element sizes small. As well, boundary nodes were used to 

calculate the temperatures of the interfaces between each adjacent layer. It was assumed that the 

bond between subsequent layers was good and that no voids were present that could increase the 

thermal resistance between layers.  Consequently, the contact resistance between adjacent layers 

was assumed equal to zero.   

A schematic of the defined nodal regions in the x-z plane is shown in Fig. 3.1.2. For 

simplicity of the schematic not all the nodes are shown, the fin was divided into 100 nodes along 

the x-direction.  

Due to symmetry, heat transfer at x=W/2 was set to zero. It was also assumed that the 

collector was very well insulated so there was negligible heat loss from the bottom of the 

collector (at z=0) and at the edge of the collector (at x=0). 

For the model developed, the top-loss heat transfer through the air-gap and the glazing, 

through to the surrounding atmosphere was calculated using average glazing temperatures as 

described in section 3.1.3.  

The first step in modeling the performance of the PV/T collector is to calculate 

conductive heat flow through the various layers in the PV/T absorber. The 2-D temperature 

distribution and heat conduction through the absorber can be estimated by applying energy 

balances to the discrete elements or regions defined within the cross-section of the built-up PV/T 

absorber plate in the x-z coordinate plane as shown in Fig. 3.1.2. The following sections give a 

detailed description of the heat transfer calculations for each layer of the PV/T collector.  
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Fig. 3.1.2:   Defined nodal regions of a Sheet-and-Tube PV/T collector for 

 a 2-D finite difference model. 

 

 

Fig. 3.1.3:    Cross-sectional view through the “built-up” PV/T Absorber  

showing the 2-D arrangement for discrete nodes.  
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3.1.2 Photovoltaic Layer 

The photovoltaic cell layer was assumed to be uniform silicon throughout the entire layer. 

As solar irradiation was absorbed in the cell layer; some of the energy was converted into 

electricity and the balance was converted into heat. The amount of energy converted into 

electricity depended on the cell electrical efficiency and the temperature of the cells. The 

remainder of the absorbed energy was converted into heat which was then conducted to-and-from 

the surrounding elements.  

3.1.2.1 Absorption of Solar Irradiance 

The silicon PV layer was assumed to be thin enough such that it could be assumed that the 

solar irradiation was absorbed uniformly throughout the thickness of the layer. Therefore, for the 

purpose of the heat transfer analysis, it was assumed that all of the irradiation was absorbed at the 

center of the layer. It was also assumed that the absorption properties did not change with 

temperature.  For this study the value of (τα) for the silicon layer was assumed to be 0.74 [11].  

For the 2-D analysis shown in Fig. 3.1.3, the solar energy absorbed in a nodal region may be 

defined as: 

                    3.1-1 

where  

G is incident solar irradiation (W/m²), and, 

τα is the transmittance-absorptance product. 

 

3.1.2.2 Electrical Production 

The electrical production was calculated using a simplified method based on the cell 

efficiency [11, 12]. At standard PV rating conditions, the temperature is usually assumed to be 

25°C.  For this study the base efficiency was assumed to be ηelec= 14% at this temperature.  ηelec 

is based on irradiation incident on the panel: 
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 3.1-2 

where 

 qelec is electrical production per unit panel area (W/m²) 

 

 The electrical efficiency decreases as PV cell temperature increases. As such, for the 

base case considered in this study, it was assumed that the PV efficiency decreased linearly at a 

rate of 0.45% efficiency per degree Celsius increase in temperature (i.e., βref). Electrical 

production is therefore calculated according to the following equation:  

                                 (         (             )) 3.1-3 

where 

 Tsi(x,y) is the temperature of the PV layer at (x,y) (°C), 

 Δx and Δy are the width and length of the top surface of the element (m), and, 

 βref is the electrical temperature coefficient (%).   

 

This method of calculating electrical production is a simplified method that has been used in 

several previous studies and available PV/T models [11, 12, 13]. 

3.1.2.3 Conduction Heat Transfer through the Absorber 

The steady-state heat transfer in each node of the PV layer in the x-z coordinate plane (as 

shown in Fig. 3.1.3) to the surrounding adjacent regions, was defined according to Eq. 3.1-4. For 

this analysis, heat transfer in the y-direction was ignored. Performing an energy balance on the 

nodal elements shown in Fig. 3.1.2, and accounting for the flow of heat between adjacent nodes, 

the following expression may be derived for the heat conduction terms 
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3.1-4 

Contact resistance was neglected; therefore it was assumed that the temperature of the 

bottom surface of one layer was equal to the temperature the top surface of the second layer. For 

example the temperature of the bottom surface of the silicon is equal to the temperature of the top 

of the substrate layer (                ). Heat transfer to the top of the PV layer involved the 

absorption of solar radiation, as well as, convective and radiative heat loss from the absorber 

surface to the top cover glass and the surrounding environment.  This is described in section 

3.1.3. 

The thermal conductivity of the silicon layer was assumed to vary with temperature as 

shown in Fig. 3.1.4 [37]. Consistent with a finite difference approach, material properties in 

individual nodal regions or elements were assumed to be uniform throughout the element, 

however thermal conductivity in the silicon layer was adjusted according to the temperatures of 

the individual nodes and were undated as the temperature field was solved. 
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Fig. 3.1.4:  Thermal conductivity of silicon as a function of temperature [37] 

3.1.2.4 Steady State Energy Balance 

Including conduction in the x,z  plane, a steady state energy balance of each node can be 

written as  

                                  3.1-5 

 

3.1.3 Top Loss 

On the surface of the silicon layer, the heat is transferred through the air-gap to the 

glazing via convective and radiative heat transfer. This heat transfer was calculated using the 

temperature of the silicon surface and the average temperature of the glazing inner surface.  
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Fig. 3.1.5:  Schematic showing the nodes used to calculate top heat loss from the silicon layer 

in the 2-dimensional model 

The radiative heat transfer is calculated with the following equation [15]: 

          
     

           
  

 

      
 

 

   
  

 3.1-6 

where; 

 qrad is the irradiative heat transfer(W), 

 T(x,z+Δz) is the temperature of the silicon surface of the element (°K), 

 Tci is the average inner surface temperature of the glazing (°K)  

 εglass and εsi are the emissivities of glass and silicon respectively (-), and 

 σ is the Stephan-Boltzmann constant (W/K
4
m

2
). 

  

The emissivity of the glass and silicon were assumed to be independent of temperature. 

The glass emissivity was set at 0.85 [38] and the silicon emissivity was set as 0.9 [8].  

Since the air in the gap could move freely, a temperature gradient between the absorber 

surface and the glazing could cause a natural convective flow in the cavity formed by the glazing-

absorber space.  
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The convective heat transfer coefficient was calculated from the following equations 

[15]: 

                                 3.1-7 

   
       

     
 3.1-8 

Where: 

 qconv is the convective heat transfer (W), 

 hconv is the convection coefficient (W/m² K),  

 kair is the conductivity of air (W/mK), and, 

 Nu is the Nusselt number (-). 

 

The Nusselt number was calculated according to the expression for an inclined enclosure 

derived by  Hollands et al. [39]  
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  3.1-10 

where  

 Ra is the Rayleigh number (-), 

 θ is the slope of the collector (°), 

 Tair is the air temperature (assumed to be an average of the collector surface and the 

glazing temperature (C), 

 Patm is the pressure (atm) 

 

The heat conducted through the glass cover was calculated as  

     
           

       
           3.1-11 

where 

 kglass is the conductivity of glass(W/m K), 

Δzglass is the glass thickness (m), and, 
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 Tco is the outer glass temperature (°C) 

 

Convective and radiative heat transfer from the glass surface to the ambient was 

calculated in the following manner. The convective heat transfer coefficient to the ambient was 

calculated by assuming a constant wind velocity of 1.5 m/s according to the expression cited in 

Duffie and Beckman [15].  

                           3.1-12 

             3.1-13 

where 

 Ta is the ambient temperature (°C), and, 

 hw is the wind-induced convective heat transfer coefficient (W/m² °C), 

 

The net radiative exchange form the top surface of the cover-glass to the sky was estimated as 

                         
     

   3.1-14 

 

where 

 Tsky is the effective sky temperature (°C) 

 

According to Duffie and Beckman [15] the sky temperature is 5 to 30°C colder than the 

ambient temperature. For simplicity it was assumed that the sky temperature was a constant 15°C 

lower than the ambient air temperature.  

3.1.4 Substrate  Layer 

In the Adhesive (substrate) layer, only conductive heat transfer was considered. The 

energy balance of each element included only conductive heat transfer from the surrounding 

material, i.e., silicon on the top and the copper-sheet on the bottom. Again, consistent with the 2-
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D approach, edge losses were ignored and heat transfer in the y-direction was ignored.  The 

general expressions for the heat flow in the substrate layer could then be written as: 
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3.1-15 

 

Again, contact resistance between layers was considered negligible and therefore it was 

assumed that the bottom surface of one layer was equal to the top surface of the second layer. It 

was also assumed that the thermal conductivity of the substrate was constant with temperature 

[11]. 

3.1.5 Copper Fin Layer 

 

The fin layer consisted of a thin copper sheet with the adhesive substrate on the top 

surface and a tube welded on the bottom surface at the middle of the fin. For simplicity, it was 

assumed that the insulation on the bottom of the collector was infinite so heat loss to the bottom 

was considered negligible.  The following set of expressions was used to formulate the absorber 

nodal energy balances, i.e., 
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Again, contact resistance between layers has been neglected and it was assumed that the 

temperature of the top surface of one layer was equal to the bottom surface of the second layer. It 

was also assumed that the thermal conductivity of the copper fin was constant with temperature. 

 

Fig. 3.1.6:  A schematic showing an energy balance showing the useful heat gain energy 

balance in the 2-dimensional PVT model  

The useful heat gain is the heat transferred from the area above the tube (the bond) to the fluid. If 

the bond resistance (Rb) is known, then qu can be written in terms of the fluid temperature (Tfi).  

   
      

  
   3.1-16 

where: 

 qu is the useful heat gain for a given length of pipe (W), 

 Tb is the temperature of the bond temperature (°C), 

 Tfi is the entering fluid temperature (°C), 

∆y is the length of pipe in the ‘y’ direction, and 

 Rb is the thermal resistance between the bond and the fluid (m°C/W). 

 

qu 

Tb 

Δxbond 

Silicon 

Adhesive 

Copper Fin 



54 

 

The bond resistance, Rb, is the thermal resistance between the absorber plate above the pipe and 

the fluid. It can be written as [15]: 

   
 

   
  

 ⁄
 

 

        
 3.1-17 

 

where  

 hf is the heat transfer coefficient between the inner tube and the fluid (W/m²C), 

 γ is the thickness of the bond (m), 

 kb is the bond thermal conductivity(W/mC) and, 

 Δxbond is the width of the bond (m). 

 

The fluid heat transfer coefficient of the fluid (hf) is given in terms of the Nusselt number by the 

following equations [15, 40]: 

      

  

  
 3.1-18 

where, 

 kf is the thermal conductivity of the fluid (W/mC), 

 Di is the inner diameter of the tube (m), and, 

 Nuf  is the Nusselt number of the fluid flow stream(-). 

 

For laminar flow and a constant wall temperature, the Nusselt number of the flow stream can be 

calculated using the following equation [35]: 

    
        

      

 
 

       
      

 
    

 3.1-19 

 

where, 

 Pr is the Prandtl number (-),and, 
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 Re is the Reynolds number(-). 

 

   
   

  
 3.1-20 

   
   

 
 3.1-21 

where, 

 V is the velocity of the fluid (m/s), 

 μ is the absolute viscosity of the fluid (kg/ m s), and, 

ν is the kinematic viscosity of the fluid (m/s). 

 

The outlet temperature of the fluid exiting a ∆y segment of pipe in the y-direction was calculated 

as: 

    ̇            3.1-22 

 

y The outlet fluid temperature of the y-direction segment was set to the inlet temperature of the 

next y-segment.  

 

3.1.6 Parameters 

Parameters are constant characteristics and values used in the model. For example, in a 

transient simulation some values are constant and do not change with time throughout the 

simulation. Geometry is an example of a parameter.  The parameters and assumption that where 

specified for the numerical model are listed below. 

3.1.6.1 Geometry 

Fin Width (W) 0.2 m  

Length (L) 2 m 

Fins in Parallel 5 
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Collector Width (Wcol) 1m 

Absorber thickness (δabs) 0.0002m [11] 

Substrate thickness (δsub) 0.0005m [41] 

PV thickness (δPV) 0.0003m [41] 

Outer tube diameter (D) 0.008m 

Inner tube diameter (Di)  0.0068 

 

3.1.6.2 Material Thermal Properties 

Variations with temperature are neglected with exception the conductivity of the silicon 

layer which is described in section 3.1.2. 

Reference silicon conductivity = 148 W/m
o
C [35] 

Copper conductivity = 401 W/m
o
C [35] 

3.1.7 Input Variables 

Using the methodology described above, the thermal and electrical production was 

calculated for various input variables. These variables include ambient temperature, inlet fluid 

temperature and solar irradiation level.   

3.2 Model Formulation and Application – Performance Map 

A quasi-3-D model of the PV/T collector was formulated using the 2-D temperature field 

by accounting for the flow of heat into each y section of pipe.  The increase in the fluid 

temperature as the heat-transfer fluid flowed along the tube and fin absorber was determined for 

each segment in the y-direction. The model could calculate the steady-state performance for a 

given set of input variables: ambient temperature (Ta), fluid inlet temperature (Tfi) and incident 

irradiation (G).  In order to perform an annual simulation it was possible to “call’ EES from a 

TRNSYS system model where the finite-difference  model in EES calculated the collector 
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performance given inputs from TRNSYS. Due to the complexity of the finite-difference model 

however, each EES simulation took approximately 30 to 60 seconds. This made “calling” the 

quasi-3-D model impractical for use in annual system simulations, where the panel performance 

was calculated for every hour of the year. As well, depending on the system configuration, it is 

often desirable to perform simulations using time steps smaller than one hour.  

For this reason, a less computationally demanding calculation scheme was chosen for this 

study. Specifically, the EES program was run over a complete range of expected conditions to 

produce a performance data set that was then entered into a “look-up” table or performance map. 

It contains data that represents the entire range of operating conditions that are expected in an 

annual simulation of performance  

In TRNSYS the performance map is essentially a “look-up” table where, given a set of 

conditions, the collector performance can be read from an external file.  The TRNSYS [1] 

component (Type 581) was used to perform linear interpolations between data points.  

For this study, two sets of data were produced, one for normal operating conditions where the 

flow rate was a typical value and one for “no-flow’ or stagnation conditions.  For normal 

operation,   the performance map contained three independent variables (inputs) and three 

dependent variables (outputs) which cover the range of conditions expected in the annual 

simulation. The independent variables were 

- Solar irradiation which varies from 0 to 1200 W/m² 

- Ambient temperature which varies from -20 to 30°C, and 

- Inlet fluid temperature which varies from 5 to 90°C.  
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The dependent variables were 

- Thermal efficiency, used to calculate heat collected and outlet fluid 

temperature and,  

- Electrical efficiency, used to calculate electricity produced. 

Given the set of independent variables, the TRNSYS interpolation routine (component) 

provided both the thermal and electrical efficiency at the desired condition. With these outputs, 

the heat and electricity produced, as well as, the fluid collector outlet temperature were calculated 

by TRNSYS.  

The “no-flow” data was used to predict the electrical performance of the PV/T collector 

when there was some irradiation available but not at level high enough to collect heat. Under 

these conditions no heat was being produced but electrical energy may have been produced. The 

“no-flow’ performance map consisted of two independent variables and two dependent variables. 

The independent variables were 

- Ambient temperature which varies from -30 to 30 °C and,  

- Incident irradiation which varies from 0 to 1000 W/m². 

The dependent variables were 

- Collector temperature, used to control the flow to the collector, and,  

- Electrical efficiency, used to calculate electricity produced.  

The performance map is provided in 0.   
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3.2.1 TRNSYS Model 

A PV/T system model was developed in TRNSYS to demonstrate the application of the 

performance map produced from the quasi-3-D model. The system model was based on a Solar 

Domestic Hot Water (SDHW) model developed by Science Applications International 

Corporation (SAIC) Canada [42]. The TRNSYS “Deck” file can be found in 0.   

The TRNSYS model, provided by SAIC Canada, was developed to represent a typical SDHW 

system and is used in the sizing and design of systems. In practice, it is used to predict the 

performance of several systems before they are installed.  

3.2.1.1 SDHW Model 

The SDHW model consisted of a solar thermal collector model, a heat exchanger, a thermal 

storage tank, a boiler as well as controllers and a weather data reader. The thermal collector 

model calculated the heat collected given a set of inputs, i.e., ambient temperature, fluid inlet 

temperature and incident irradiation.  The source of the weather data was Canadian Weather year 

for Energy Calculations (CWEC) [43] for Ottawa, Ontario.  

Heat collected from the thermal collector was transferred to the thermal storage tank via a 

heat exchanger. Fluid from the bottom of the thermally stratified tank flows through the heat 

exchanger and was injected back into the top of the tank. Hot water was drawn into the boiler 

from the top of the preheating tank. The domestic hot water usage profile was based on typical 

usage patterns as described by ASHRAE standard 90.2 [44]. As water is drawn out of the top of 

the tank, cold mains water was injected into the bottom of the tank, the mains water temperature 

was obtained from the CWEC data.  

The system model controls were based on the controls in typical applications. The fluid flow 

through the collector was turned on when the collector temperature was 10°C higher than the 
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temperature of the fluid at the bottom of the tank. The collector temperature is calculated under 

no flow conditions by setting efficiency to zero. The flow was turned off when the temperature 

rise over the collector dropped below 3°C.  

3.2.1.2 PV/T SDHW Model  

The PV/T system model was implemented by replacing the solar thermal component of the 

SDHW model with an interpolator TRNSYS routine (or TYPE) which read the PV/T performance 

maps. The controls and other components were unchanged from the base solar thermal system.  

The quasi-3-D  model calculated the thermal and electrical efficiency of the “sheet-and-

tube”  absorber strip given a constant collector flow rate. To simulate a full solar panel, the fluid 

flow was multiplied by the number of strips configured in a parallel flow arrangement. It was 

assumed that the flow was evenly distributed through each strip.  

In the TRNSYS model, the flow through the collector was held constant at 10 times that used 

in the numerical finite difference model to simulate two  1m by 2m collectors. It is important to 

use the same flow rate since it has been shown in thermal collectors that the flow rate affects the 

efficiency [14].   

The domestic hot water usage was based on a draw profile of a typical family of five, i.e., 

320L per day delivered at 49°C. The boiler efficiency was assumed to be 80%.  

The incident angle of the irradiation was not considered in the PV/T absorber model. Since 

the collector was exposed to irradiation at different times of day, the solar collector incident angle 

modifier was approximated using the incident angle modifier equation empirically derived for the 

EnerWorks® commercial thermal panel [17]. The time step used for the system simulations was 

10 minutes.  
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Fig. 3.2.1:  Screenshot of the TRNSYS system model using a PV/T performance map 

3.2.1.3 Results 

The TRNSYS simulations predicted the PV/T panel produced 6876.8 MJ of heat. After 

thermal losses, 6294.4 MJ of solar energy was supplied to the user. With a total DHW heat load 

of 24881.3 MJ, this resulted in a solar fraction 25.3%. The panel also produced 767 kWh of 

electricity which is the equivalent of 1369 kWh/ kW of nameplate capacity.  
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Table 3.1:  Monthly results summary of the TRNSYS simulation of a PV/T system using a 

performance map.  

  
Thermal 
Energy Electricity Electricity 

Month MJ MJ kWh 

January 271.3 176.2 48.9 

February 527.2 254.6 70.7 

March 702.8 297.1 82.5 

April 670.0 259.5 72.1 

May 744.4 265.8 73.8 

June 800.6 260.8 72.4 

July 829.3 270.6 75.2 

August 752.5 252.0 70.0 

September 613.6 232.2 64.5 

October 460.2 200.0 55.6 

November 232.0 132.2 36.7 

December 272.9 161.2 44.8 

Annual Total 6876.8 2762.2 767.3 

 

It was also calculated that on an annual basis, 6% of the heat and 21% of the electricity 

was produced at irradiation levels below 400 W/m² while 17% of the electricity was produced 

under “no-flow” conditions.  

3.3 Empirically Derived PV/T Performance Equation  

A performance map is a tool which can be used to accurately predict the performance of a 

system component given that a large amount of performance data is available. In the simulation 

above, 1620 data points were used in the performance map. In reality, large amounts of 

performance data over a wide range of conditions are not generally available. Creating 

performance data for solar collectors involves physical tests under strictly controlled conditions 

which is time consuming and expensive. In many cases the cost of testing prohibits the 

production of large quantities of data [14].  

A great deal of research was performed to develop a performance equation for solar 

thermal collectors which are derived by collecting a minimum of four empirical data points, see 
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Fig. 2.1.2. The conventional solar thermal efficiency equation (eq. 2.1-4) is widely used as a 

means to directly compare various types of thermal solar collectors under standard test 

conditions. It is also used as a performance equation to predict the performance under a range of 

typical operational conditions. A variety of software is available which uses the standard 

efficiency equation in annual simulations, such as PolySun [45], RetScreen [46] and TRNSYS [1]. 

The solar thermal collector efficiency equation is based on the assumption that variations in 

meteorological conditions (other than ambient air temperature) have a minimal effect on solar 

collector performance [5]. It has also been shown that for solar thermal collectors, the 

conventional efficiency equation is only accurate within a limited range of environmental 

condition [6, 7, 14], however it has been established that for annual simulation of performance, 

the simple performance characteristic is suitable. 

This fact also applies to PV/T collectors. Therefore, in the following sections, a PV/T 

performance equation is proposed to replace the previously described performance map. The 

purpose of the performance equation is to reasonably predict the performance of a PV/T collector 

over a typical range of operational conditions while minimizing the number of data points 

needed. 

3.3.1 PV/T Efficiency Equation 

It is shown in Appendix A  that, according to the simple Hottel-Whillier-Bliss (H-W-B) 

representation of solar collector performance, the thermal efficiency depends on incident 

irradiation and the temperature difference between the absorber plate and the ambient. When 

simulating annual performance using TRNSYS, hourly weather data is readily available for many 

different locations which contain ambient temperature and solar irradiation values. The plate 

temperature is unknown; however the efficiency can be approximated in terms of fluid inlet 

temperature, which is known. 
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In reality, the efficiency of a solar thermal collector may also depend on the absolute 

absorber plate temperature that affects both the convective and radiative heat-loss coefficients. 

This second-order effect results in a non-linear performance characteristic curve that also varies 

with apparent irradiance level and temperature level (not just temperature difference). In an 

attempt to account for this dependency, it is common to approximate the loss coefficient (Ul) as a 

linear function of ΔT (eq.2.1-3).  This is simply an approximation and, as shown in Fig. 2.1.3, the 

loss coefficient varies not only with ΔT but also changes with absolute temperature [14].  

 To incorporate the dependence of the loss coefficient (Ul) as a linear function of ΔT, a 

simple expression Ul = C*(Tfi-Ta) is substituted in the standard H-W-B performance equation and 

results in eq. 2.1.34.  This equation includes an addition the second order parameter 
        

 

 
  that 

partially accounts for variations in irradiance level that lead to varying absorber temperatures and 

second-order variations in solar collector performance.  

The addition of photovoltaic cells as the absorber surface of a solar thermal panel 

introduces another dependency on absolute temperature – electrical efficiency. Electrical 

efficiency of PV/T panels is dependent on the absorber plate temperature, and specifically the 

temperature of the solar cells on its surface.  Photovoltaic efficiency decreases as temperature 

increases. The absorber plate temperature, thermal loss coefficient and electrical efficiency are 

also dependent on one another, meaning that iterative calculations would be needed simply to 

determine the electrical efficiency given a set of input variables. The TRNSYS Type 560 routine 

allows this dependency to be evaluated, as described in section 2.2.1.2, however, rather than 

performing multiple complex and time consuming iterative calculations, it would be convenient 

to calculate the electrical efficiency in terms of known variables such as solar irradiation, ambient 

temperature and fluid inlet temperature.  
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As shown in the modified H-W-B representation of thermal performance for a solar 

thermal panel, absolute temperature dependence can be can be approximated as a function of 

temperature difference (ΔT). As photovoltaic efficiency is directly dependent of solar cell 

temperature, the photovoltaic efficiency should account for absolute temperature of the PV cells.  

One option would be to determine the thermal performance based on known approximations 

using ΔT (eq. 2.1-4) then calculate the plate temperature from the thermal outputs (outlet 

temperature) and thus the electrical efficiency. For solar thermal panels, the average plate 

temperature can be approximated using the average fluid temperature (Tfo-Tfi)/2, however this 

may not be valid for PV/T applications. In this case the mean fluid temperature may be a good 

approximation for plate temperature when the plate is highly conductive, however the addition of 

photovoltaic cells adds thermal resistance between the absorbed irradiation (assuming the 

majority of the energy is absorbed in the cells) and the fluid. The cells may have a substrate of 

adhesive which separates the cells from the thermally conductive material of the thermal 

collector. The added thermal resistance means that the PV cells may be hotter than the absorber 

layer and, as such, the fluid temperature may not be a good estimate of the temperature of the PV 

layer.  

It should be possible to derive a collector efficiency factor for a PV/T collector (F’PVT) to 

account for the difference between the mean fluid temperature and the cell temperature. Several 

authors have proposed collector efficiency factor calculations for PV/T [11, 12, 13], but as 

discussed in section 2.2.1, these models have limitations.  If the collector efficiency factor (F’) is 

known, once the thermal performance is calculated the plate temperature and thus the electrical 

performance can be determined. The issue with this method is that the thermal performance is 

dependent on the electrical performance. To determine the thermal performance one must first 
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know how much of the incident irradiation is converted into electricity. In effect, the electrical 

production reduces the amount of energy available for heat.   

Using the quasi-3-dimensional model described in section 3.1, Fig. 3.3.1 shows the 

efficiency equation of the PV/T panel for two cases: with electrical production and without 

electrical production. The thermal efficiency and electrical efficiency is shown for the case where 

electricity is produced.  

 

Fig. 3.3.1:  PV/T collector model results showing the efficiency equation both with and without 

electrical production.  

Dupeyrat et al. [26, 36] used an indoor solar simulator to experimentally test a sheet-and-

tube PV/T collector. Figure 3.3.2 [26] shows the efficiency equation of the experimental tested 

panel. The plot shows curves for thermal only mode when the panel is only producing heat and a 

hybrid mode when the panel is producing both heat and electricity.  Similar to the efficiency 

equation produced by the PV/T panel model, shown in Fig. 3.3.1,  the experimentally derived 

efficiency equation shows a decrease in thermal production when electricity is being produced.  
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Fig. 3.3.2:  A PV/T efficiency equation derived using empirical data [26].  

 

In a PV/T collector, because some of the incident irradiation is converted into electricity, 

there is less energy available to be collected as heat. The electrical production can be treated as 

equivalent to a thermal loss.  It is evident in Fig. 3.3.1 that the thermal efficiency equation, when 

electricity is being produced, is offset with a slightly shallower slope. Since the electrical 

efficiency decreases as the temperature of the cells increases, there is more incident energy 

available to be collected as heat. This implies that the equation depends on absolute cell 

temperature and therefore the ambient temperature.  

As described in section 3.1.2, the electrical performance of photovoltaic cells varies with 

temperature, i.e., the photovoltaic cells lose 0.45% efficiency for every degree increase in 
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temperature.  Different photovoltaic cells perform differently, however in the PV/T absorber 

model, the temperature coefficient was set to 0.45%, a typical value for silicon-based solar cells.  

Fig. 3.3.3 shows the sum of the electrical and thermal efficiency compared to the thermal 

efficiency when there is no electrical production.  

 

Fig. 3.3.3:  PV/T collector model results showing efficiency equation for combined (thermal and 

electrical) and thermal only.  

 

As can be seen in Fig. 3.3.3, the combined PV/T efficiency (ηth+ ηe) is higher than the 

thermal efficiency without electrical production. Since some of the incident irradiation is 

converted into electricity in a PVT panel, there is less energy available for heat. However, in 

terms of overall efficiency, the combined operation is not unlike a combined heat and power plant 

that produces electricity and also produces useful energy from the heat that would otherwise be 

lost in a pure PV panel.  The combination of both conversion processes theoretically produces 

higher energy conversion efficiency than either process acting separately.  In practice, however, 

the addition of the PV layer usually results in lower solar absorptance (producing higher optical 
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losses than the pure solar thermal collector), and higher emmitance properties from the top 

surface of the PV absorber that will increase thermal losses; lowering efficiency.  As well, the 

typical operation of the PV/T collector increases the temperature of the PV layer, lowering PV 

efficiency.  

This interaction means that the thermal efficiency equation cannot be independently 

evaluated or overall (PV and Thermal) efficiency derived without determining the effect of the 

interaction of the two conversion processes.   As such, both the electrical and thermal reference 

efficiency equations must be derived simultaneously. 

3.3.1.1 Combined Thermal and Electrical Performance Representation. 

In the case of solar thermal collectors, as an approximation, the efficiency of a thermal solar 

collector is often expressed as a function of only temperature difference, (Tfi – Ta), rather than the 

absolute temperature level.  In reality, many heat transfer processes in thermal collectors may 

depend, to varying degrees, on absolute temperature level, i.e., radiation processes, thermal 

properties of materials and fluids etc.  These absolute temperature dependencies are usually 

considered to be of second-order for solar thermal conversion but are, in effect, 1
st
 order with 

respect to PV conversion and therefore should be accounted for in determining the electrical 

energy production of a PT-T collector.  Consequently, it is proposed that a combined performance 

representation of a PV/T collector include a temperature that allows absolute temperature 

dependencies to be accounted for.  

It is also desirable to express both thermal and electrical efficiency in terms of known input 

variables: ambient temperature (Ta), inlet fluid temperature (Tfi) and incident irradiation (G).   

It is therefore proposed that both the thermal and electrical efficiency of a PV/T panel be 

expressed in terms of reduced temperature (
       

 
), as is the convention with solar thermal 
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panels, but the equations be modified to include absolute temperature terms. The conventional 

method of approximating the variation in collector heat loss coefficient, Ul, as a linear function of 

ΔT (eq. 2.1-3) will be replaced with absolute temperature terms (derived below).   

Equation 3.3-1 and 3.3-2 are the general forms of linear curve fits to the electrical and thermal 

efficiency equations, shown in Fig. 3.3.1, expressed as a function of reduced temperature, both of 

which were produced simultaneously. The initial equation was produced by varying the fluid inlet 

temperature but maintaining ambient temperature (Ta) at 25°C and incident solar irradiation (G) 

at 1000 W/m².   

               

      

 
 3.3-1 

            

      

 
 3.3-2 

 

where a0 and a1 are calculated using the “least squares” regression method [5, 19].  

 To access the suitability of these performance representations, the effects of varying 

ambient temperature and solar irradiation intensity on the coefficients,  a0 and a1 was investigated. 

3.3.1.2 Ambient Temperature Dependence 

The results shown in figures 3.3.1 to 3.3.3 where produced by fixing the ambient 

temperature at 25ºC and raising the inlet fluid temperature to the collector to increase the 

temperature difference between the absorber and the surrounding, (Tfi – Ta), which is the principal 

“driver” for heat loss from the solar collector.  The fact that the plot of collector efficiency 

equations downward as inlet temperature increases is due to the non-linearity of the heat loss 

coefficient with increasing absorber temperature. This effect is equivalent to varying the absolute 
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temperatures of the solar collector absorber, thereby increasing its radiative and convective heat 

loss coefficients as absorber temperature increases. 

It is also clear that the electrical efficiency is dependent on the absolute temperature of the 

cells. To study the effects of absolute temperature on the performance of a PV/T collector, the 

thermal and electrical efficiency curves were plotted for various ambient temperatures. Figures 

3.3.4 and 3.3.5 show the electrical and thermal efficiency curves as a function of reduced 

temperature (
       

 
) for various ambient temperatures and a fixed irradiance level 

(G=1000W/m
2
).  

 

Fig. 3.3.4:  PV/T collector model results showing electrical efficiency for various ambient 

temperatures
1
 

 

                                                      

1
 Data points where the fluid reaches 100°C were ignored due to limitation in modeling fluid properties 

above boiling temperatures. 
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Fig. 3.3.5:  PV/T collector model results showing thermal efficiency for various ambient 

temperatures 

 

 

As can be seen from Fig. 3.3.4 and Fig. 3.3.5 the electrical efficiency      increases as 

ambient temperature decreases. With higher electrical efficiency, more of the incident irradiation 

is converted into electricity rather than heat. Since the thermal efficiency is defined as a 

percentage of incident irradiation collected as heat, the thermal efficiency (     decreases since 

more incident irradiation is converted into electricity and less is available to be converted to heat.   

The y-intercept of the electrical efficiency equations (ae,0) shown in Fig. 3.3.4 is plotted 

as a function of ambient temperature in Fig. 3.3.6.  The slope of this curve shows the effective 

relationship ship between ambient temperature and the electrical efficiency. 
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Fig. 3.3.6:  PV/T collector model results showing ae,0 for various ambient temperatures  

 

The rate of change in (ae,0) with ambient temperature will be denoted as (Me,0).  In theory 

the, the intercept of an electrical efficiency curve  can be calculated for any given ambient 

temperature given the intercept value at a reference ambient temperature and  the effective 

temperature coefficient (Me,0).  

As can be seen in Fig. 3.3.4 the electrical efficiency curves seem to be parallel. To 

determine if the curves are parallel, the slope of the electrical efficiency curves (Fig. 3.3.4), are 

plotted in Fig. 3.3.7. 
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Fig. 3.3.7:  PV/T collector model results showing ae,1 for various ambient temperatures 

The slope of the electrical efficiency curves (ae,1) remains relatively constant, however 

this may not be the case for different configurations or input parameters such as reference PV 

efficiency or temperature coefficient. This will be investigated in section 3.3.3. The change in 

(ae,1) will be  denoted as (Me,1).  

The slope of the curve shown in Fig. 3.3.6 (Me,1) is not exactly the temperature 

coefficient of the solar cells, the temperature coefficient of the cells modeled is 0.00063 (i.e., 14% 

at Tref  x 0.45%) whereas the calculated slope is 0.00061. The electrical temperature coefficient is 

a function of the cell temperature which increases with ambient temperature. The cell temperature 

however does not increase proportionately with ambient temperature. Figure 3.3.8 shows the 

electrical efficiency as a function of average cell temperature.  
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Fig. 3.3.8:  PV/T collector model results showing the electrical efficiency as a function of cell 

temperature. 

As expected, Fig. 3.3.8 shows that the cell efficiency decreases at a rate of 0.00063%/°C.  Since 

the cells loose efficiency when temperature increases, less incident irradiation is converted to 

electricity thus more energy is converted into heat. This means that the change in cell temperature 

is not directly proportionate to the change in ambient temperature. Figure 3.3.9 shows the 

relationship between ambient temperature and the cell temperature (where inlet fluid temperature 

is held constant). 
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Fig. 3.3.9:  PV/T collector model results showing the cell temperature verses ambient 

temperature 

The slope of the curve in Fig. 3.3.9 is not 1, meaning that the cell temperature increases 

less than ambient temperature. The slope of the curve is 0.964 meaning that for every 1° increase 

in ambient temperature, the cell temperature increases by 0.964°C. This explains why the slope of 

the curve in Fig. 3.3.6 is not exactly equal to the temperature coefficient of the solar cells. 

Figure 3.3.10 shows the cell temperature as a function of ambient temperature for various 

inlet fluid temperatures. When the fluid temperature is high (in relation to the ambient 

temperature) heat lost to the atmosphere is more dominant than heat absorbed by the fluid, thus a 

change in ambient temperature has a more direct effect on the cell temperature. This effect can be 

seen in Fig. 3.3.10. When the fluid temperature is equal to the ambient temperature the cell 

temperature increases at a rate of 0.964°C per degree increase in ambient temperature however 

when the fluid temperature is 80°C higher than the ambient, the cell temperature increases at a 

rate of 0.902°C per degree increase in ambient temperature.  
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Fig. 3.3.10:  PV/T collector model results showing the cell temperature verse ambient 

temperature for various inlet fluid temperatures 

Fig. 3.3.5 shows the thermal efficiency equation for various ambient temperatures. The 

thermal efficiency depends on the amount of electricity produced and the amount of heat lost, 

both of which vary with ambient temperature.  

Figures 3.3.11 and 3.3.12 show the ‘y’ intercept (ath,0) and slope (ath,1) of the various 

curves shown in Fig. 3.3.5. 
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Fig. 3.3.11:  PV/T collector model results showing ath,0verses ambient temperature 

 

The slope of the curve in Fig. 3.3.11 shows how the y-intercept (ath,0) changes with 

ambient temperature, the change is denoted (Mth,0). 
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Fig. 3.3.12:  PV/T collector model results showing ath,1 verses ambient temperature 

 

The slope of the curve in Fig. 3.3.12 shows how the slope of the efficiency coefficient 

(ath,1) changes with ambient temperature and  is denoted (Mth,1). 

As a result of the previous discussion,  Eqs. 3.3-1 and 3.3-2 can be modified to incorporate the 

variation of thermal and electrical efficiency associated with changes in ambient temperature 

relative to a reference temperature, e.g., 

   (                      )  (                      )
(      )

 
 3.3-3 

   (                    )  (                    )
(      )

 
 3.3-4 

 

where the subscript “ref” denotes the reference ambient temperature at which ath,0 and ael,0 were 

derived (e.g., 25°C). 
2
 

3.3.1.3 Incident Solar Irradiation 

It was discussed in section 2.1.3 how different levels of solar irradiation affect the efficiency 

curve of a solar thermal panel. Figure 3.3.13 shows the thermal efficiency of the collector when 

acting as a solar thermal panel and not producing electricity. This plot shows how the efficiency 

of a solar thermal collector changes with incident irradiation. Note the effect of irradiation on the 

y-intercept (ath,0) and slope (ath,1). 

                                                      

2
 For this model, PV operation at the peak power point is assumed for all operation conditions.  
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Fig. 3.3.13:  PV/T collector model results showing the thermal only efficiency curve for various 

levels of incident irradiation 

Figure 3.3.14 shows that as solar irradiation increases, so does the temperature of the 

collector surface.  

 

Fig. 3.3.14:  PV/T collector model results showing the cell temperature verses ΔT for various 

levels of incident irradiation (thermal only) 

Figure 3.3.15 shows the thermal loss coefficient of the solar thermal collector.  
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Fig. 3.3.15:  PV/T collector model results showing the top loss coefficient verses ΔT for various 

levels of incident irradiation 

Figure 3.3.13 shows a slight variation between efficiency curves at various irradiation 

levels. At high irradiation levels the collector temperature is high causing a higher loss coefficient 

and a lower efficiency. This is more predominant ay high ΔT.  Though this effect seems small in 

Fig. 3.3.13, it may be more predominant with different panel configurations.   

In the existing, widely used, solar thermal efficiency model (eq. 2.1-4) the effects of 

varying solar irradiation is approximated by the second order term (Tfi-Ta)²/G which stems from 

the approximated linear relationship between the loss coefficient (Ul) and ΔT (eq. 2.1-3). This 

approximation is discussed in detail in section 2.1.3.2.   

Figure 3.3.15 clearly shows that the loss coefficient (Ul) does not have a simple linear 

relationship with ΔT.  For simplicity, this will not be accounted for in the PV/T performance 

equation. This will be discussed further in Chapter 4.  

Figure 3.3.16 shows the electrical efficiency of the PV/T panel for various values of 

incident irradiation. It has been shown in Fig. 3.3.14 and Fig. 3.3.15 that irradiation level affects 
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the cell temperature (Fig. 3.3.17) which, in turn, directly affects the thermal and electrical 

conversion efficiency.  

 

Fig. 3.3.16:  PV/T collector model results showing electrical efficiency for various levels of 

incident irradiation 

 

 

Fig. 3.3.17:  PV/T collector model results showing cell Temperature for various levels of 

irradiation 
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Figure 3.3.18 shows the thermal efficiency of the PV/T panel while producing electricity. 

The plot shows that the thermal efficiency varies slightly as incident irradiation (G) is varied. As 

irradiation decreases, so does the temperature of the photovoltaic cells and therefore the electrical 

efficiency increases.   

 

 

Fig. 3.3.18:  PV/T collector model results showing thermal efficiency for various levels of 

incident irradiation 

To demonstrate the change in thermal and electrical yield as solar irradiation changes, the 

‘y’-intercept (ae,0), (at,0) and the slope (ae,1), (at,1) was plotted as a function of solar irradiation.  

The intercept of the electrical efficiency curves (ae,0) , shown in Fig. 3.3.16, was plotted 

as a function of irradiation in Fig. 3.3.19.  The slope of this curve shows how the electrical 

efficiency curve ‘y’ intercept (ae,0) changes with incident irradiation (G). The change in ae,0 is 

denoted as Ne,0.   
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Fig. 3.3.19:  PV/T collector model results showing ae,0 for various levels of incident irradiation   

 

The slopes of the electrical efficiency curves (ae,1) (shown in Fig. 3.3.16) change with 

solar irradiation (G). The slopes were plotted as a function of irradiation in Fig. 3.3.20. The slope 

of the curve in Fig. 3.3.20 shows the relationship between solar irradiation and the slope of the 

electrical efficiency curve (ae,1) as the solar irradiation increases, it will be denoted (Ne,1). 

 

Fig. 3.3.20:  PV/T collector model results showing ae,1 for various levels of incident irradiation   
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Both the y-intercept and slope of the electrical efficiency curve can be approximated to 

change linearly as function of incident irradiation.  

Figure 3.3.21 shows the change in y-intercept (ath,0) of the thermal curves. 

 

Fig. 3.3.21:  PV/T collector model results showing ath,0 for various levels of irradiation   

 

Although the curve is not linear, the actual change in (ath,0) is small and will be 

approximated by a linear curve. It is also apparent that the y-intercept (ath,0 ) is relatively constant 

at higher levels of irradiance and seems to be more affected at lower irradiance levels. The linear 

approximation may affect the test procedure when determining Mth,0, this will be investigated 

further in section 3.3.3.  

The slope of the curve (ath,1), in Fig. 3.3.18 is plotted as a function of solar irradiation (G) 

in Fig. 3.3.22. The change in (ath,1) with G is denoted as Nth,1. 
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Fig. 3.3.22:  PV/T collector model results showing ath,1 for various levels of incident irradiation   

 

3.3.1.4 Summary  

Applying the changes to the reference thermal and electrical efficiency equations, eqs. 3.3-3 and 

3.3-4 become: 

   (          (         )       (      )) 

 (          (         )       (      ))
(      )

 
 

3.3-5 

   (                         (      )) 

 (         (         )      (      ))
(      )

 
 

3.3-6 

 

Where the subscript “ref” denotes the reference conditions.  

 

Equations  3.3-5 and 3.3-6 can be used as linear performance equations for a PVT 

collector to estimate the thermal and electrical performance over a range of conditions. The 

following section describes the empirical procedure used to derive the performance curve.  
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3.3.2 Proposed Empirical Test Procedure for PV/T Solar collectors 

The existing solar thermal test procedure was designed to produce a general performance 

curve for a given collector. To account for a wide range of environmental factors, the test 

procedure can be extensive and thus costly [14]. In the current standard practice, the performance 

curve of flat plate solar thermal collectors is derived by empirically measuring four data points 

[17] by varying the inlet fluid temperature and maintaining constant ambient temperature and 

irradiance level. Harrison [40] concluded that the performance of a solar thermal panel is 

dependent on irradiance level since irradiance level affects the temperature of the collector. 

Therefore the characteristic performance curve can account for these dependencies if it is derived 

at a minimum of two irradiance levels.   

It has been shown that introducing photovoltaic cells to the surface of a solar thermal 

panel will alter the thermal performance of the panel. The photovoltaic cells introduce another 

dependence on absolute temperature and it has been demonstrated that the electrical performance 

is highly dependent on the ambient temperature.  Since the thermal performance is affected by the 

electrical performance, it too is more affected by ambient temperature than a solar thermal panel. 

It was shown that absolute temperature and irradiation level affects the temperature of the PV 

cell. It is therefore proposed that to produce an empirical performance equation of a PV/T panel, 

it should be analyzed at more than one irradiance level and ambient temperature.  

Figures 3.3.4 and 3.3.16 show that it is essential to measure the electrical performance at 

more than one ambient temperature and more than one irradiance level. It was shown that a 

‘family of curves’ is produced when the thermal and electrical efficiencies were plotted at various 

ambient temperatures and irradiation levels. The y-intercept and slope were shown to vary 

linearly with absolute temperature and irradiation. It is therefore proposed that the efficiency 

equations be analyzed at two irradiance levels and two ambient temperatures. Each line requires 
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two data points so a minimum of six data points are required.  The following table summarizes 

the data points required. The thermal efficiency is derived simultaneously with the electrical 

efficiency. 

Table 3.2:  Data points needed to derive the thermal and electrical performance equation 

 
G Ta Tfi 

(Tfi-
Ta)/G 

Thermal 
Efficiency 

Electrical 
Efficiency 

 W/m² °C °C  

  Reference 

Curve 

1000 15 15 0 0.4441 0.1265 

1000 35 15 0.02 0.3681 0.1174 

Temperature 

Curve 

1000 25 25 0 0.4413 0.1204 

1000 45 25 0.02 0.362 0.1115 

Irradiance 

Curve 2 

600 25 25 0 0.4282 0.1285 

600 45 25 0.033 0.3 0.1193 

 

The linear performance equations (see eq. 3.3-5 and 3.3-6) were derived. The parameters 

(a0 and a1) are calculated for each equation using the least-squares regression method [19]. The 

changes in these parameters were then calculated as a function of ambient temperature (M0 and 

M1) and incident irradiation (N0 and N1), the results are shown in Table 3.3.  

Table 3.3:  Performance equation parameters  

   Thermal Electrical 

Reference  a0 0.442250 0.120400 

 a1 -4.107500 -0.445000 

Change due to 
Ambient T. 

M0 -0.000283 -0.000607 

M1 -0.016000 0.000500 

Change due to 
irradiation 

N0 0.000031 -0.000020 

N1 -0.000290 -0.000430 
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3.3.3 Residuals 

3.3.3.1 Reference Configuration 

To evaluate the effectiveness of Eqns. 3.3-5 and 3.3-6  in predicting PV/T solar collector 

performance over a range of conditions, values of collector performance derived from the 

proposed performance characteristics were compared with values determined from the numerical 

model. 

Using the derived coefficients of the efficiency equations (parameters shown in Table 3.3) 

the electrical and thermal efficiency was calculated for a range of inlet fluid temperatures (Tfi), 

ambient temperatures (Ta) and irradiation levels (G). The ambient temperature was varied from 

5°C to 30°C, the fluid temperature varied from 5°C to 85°C and the irradiation varied from 1000 

W/m² to 200 W/m².  Over 100 data points are plotted. The results determined using the 

“empirical” test results were then compared to those of the quasi-3-D model for the same 

conditions. The deference between the performance values and the efficiency equation was then 

determined for the cases studied. The resulting residuals are shown in the following figures 

below. The residual is the difference between the performance equation and the empirical data.  

Points where thermal efficiency dropped below zero were neglected.  
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Fig. 3.3.23:  PV/T thermal and electrical efficiency curve fit residuals for the base case 

Figure 3.3.24 shows the base case thermal and electrical residuals excluding the low 

irradiation levels (below 400 W/m²). The polynomial curve fit of the thermal efficiency curve 

performs poorly when the solar irradiation is low (200 W/m²). Residuals under these conditions 

are as high as 0.12.  
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Fig. 3.3.24:  PV/T thermal and electrical efficiency curve fit residuals with minimum irradiation 

of 400W/m². 

 

For comparison purposes, the thermal efficiency was also calculated using a conventional 

curve fit (eq. 2.1-4). The resulting residual are shown in Fig. 3.3.25, also shown are the residuals 

from the curve fit (eq. 3.3-5). The plot includes low irradiation levels (200 W/m²).  It is evident 

that the proposed curve fit performs better than the conventional curve fit for the PV/T panel.   
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Fig. 3.3.25:  PV/T thermal efficiency curve fit residuals compared to the conventional efficiency 

curve 

 

The following table shows the maximum and average residuals from the plots above.  

Table 3.4:  PV/T thermal and electrical efficiency curve fit residuals summary for the base case 

  
Thermal Electrical 

Ignoring irradiation levels 
below 400 W/m² 

Maximum 0.0562 0.0015 

Average 0.0052 0.0002 

All Data 

Maximum 0.1609 0.0075 

Average 0.0140 0.0005 
 

The performance equations perform well given the configuration and assumptions used in 

the quasi-3- D model. This is, however, only one collector configuration. To study how the curve 

fit performs for other panel configurations, the residuals will be compared for various panel 

parameters such as photovoltaic performance, thermal optical parameters and thermal properties 

and panel geometry. 
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3.3.3.2 Photovoltaic Parameters 

3.3.3.2.1 Reduced Electrical Efficiency 

The residuals were produced for configuration where the electrical reference efficiency is 

reduced to 5% (from 14% in the base case).  

 

Fig. 3.3.26:  PV/T thermal and electrical efficiency curve fit residuals with photovoltaic reference 

efficiency of 5%  
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Fig. 3.3.27:  PV/T thermal and electrical efficiency curve fit residuals with photovoltaic reference 

efficiency of 5% with minimum irradiation level of 400 W/m²  

 

Table 3.5:  PV/T thermal and electrical efficiency curve fit residual summary with photovoltaic 

reference efficiency of 5% 

  
Thermal Electrical 

Ignoring irradiation levels 
below 400 W/m² 

Maximum 0.0397 0.0006 

Average 0.0049 0.0001 

All Data 

Maximum 0.0689 0.0010 

Average 0.0089 0.0001 

 

Again the curve fit performed well in modeling the electrical efficiency, however in 

modeling the thermal efficiency it performed significantly better with approximately half the 

average residual at high irradiance levels.  

3.3.3.2.2 Temperature Coefficient 

The residuals were calculated for the case where the electrical temperature dependence 

was reduced. The temperature coefficient was reduced to 0.1% from 0.45%.  
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Fig. 3.3.28:  PV/T thermal and electrical efficiency curve fit residuals for photovoltaic 

temperature coefficient of 0.1 %/°C 

 

Fig. 3.3.29:  PV/T thermal and electrical efficiency curve fit residuals for photovoltaic 

temperature coefficient of  0.1 %/°C with minimum irradiation level of 400 W/m²  
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Table 3.6:  PV/T thermal and electrical efficiency curve fit residual summary for photovoltaic 

temperature coefficient of 0.1 %/°C 

  
Thermal Electrical 

Ignoring irradiation levels 
below 400 W/m² 

max 0.0620 0.0003 

avg 0.0064 0.0000 

All Data 

max 0.0824 0.0007 

avg 0.0124 0.0001 
 

3.3.3.3 Emissivity 

It was shown by the international Energy Agency (IEA) task 3 [14] that the emissivity of the 

plate can have a large effect on the thermal performance characteristics of a solar thermal panel. 

With high emissivity, the top losses are dominated by radiative heat transfer whereas with a low 

emissivity, the top loss is dominated by convective losses. For this reason, the residuals were 

investigated where the emissivity of the silicon surface was reduced to 0.15 from 0.9 in the 

reference case.  Although such low values of emissivity may not yet be achievable for PV/T 

collectors, this represents an extreme in order to study the robustness of the performance model.  

 

Fig. 3.3.30:  PV/T thermal and electrical efficiency curve fit residuals for photovoltaic cell 

emissivity of 0.15  
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Fig. 3.3.31:  PV/T thermal and electrical efficiency curve fit residuals for photovoltaic cell 

emissivity of 0.15 with minimum irradiation level of 400 W/m²  

 

Table 3.7:  PV/T thermal and electrical efficiency curve fit residual summary for photovoltaic 

cell emissivity of 0.15  

  
Thermal Electrical 

Ignoring irradiation levels 
below 400 W/m² 

Maximum 0.0239 0.0003 

Average 0.0028 0.0001 

All Data 

Maximum 0.0370 0.0008 

Average 0.0051 0.0001 
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3.3.3.4 Substrate Properties 

3.3.3.4.1 Conductivity 

The conductivity of the substrate was changed from 0.23 to 0.6 W/m°C. 

 

 

Fig. 3.3.32:  PV/T thermal and electrical efficiency curve fit residuals for substrate thermal 

conductivity of 0.6 W/m°C 

 

Fig. 3.3.33:  PV/T thermal and electrical efficiency curve fit residuals for substrate thermal 

conductivity of 0.6 W/m°C with minimum irradiation level of 400 W/m²  

 

-0.07

-0.05

-0.03

-0.01

0.01

0.03

0.05

0 0.05 0.1 0.15 0.2 0.25

R
e

si
d

u
le

 (
ab

so
lu

te
) 

(Tfi-Ta)/G 

Thermal

Electrical

-0.05

-0.04

-0.03

-0.02

-0.01

0

0.01

0.02

0.03

0.04

0.05

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

R
e

si
d

u
le

 (
ab

so
lu

te
) 

(Tfi-Ta)/G 

Thermal

Electrical



99 

 

Table 3.8:  PV/T thermal and electrical efficiency curve fit residual summary for substrate 

thermal conductivity of 0.6 W/m°C 

  
Thermal Electrical 

Ignoring irradiation levels 
below 400 W/m² 

Maximum 0.0321 0.0014 

Average 0.0042 0.0002 

All Data 

Maximum 0.0636 0.0049 

Average 0.0073 0.0003 

 

3.3.3.4.2 Substrate Thickness 

The thickness of the substrate was doubled to 1mm from 0.5 mm.  

 

Fig. 3.3.34:  PV/T thermal and electrical efficiency curve fit residuals for substrate thickness of 

1mm  
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Fig. 3.3.35:  PV/T thermal and electrical efficiency curve fit residuals for substrate thickness of 

1mm with minimum irradiation level of 400 W/m²  

 

Table 3.9: PV/T thermal and electrical efficiency curve fit residual summary for substrate 

thickness of 1mm 

  
Thermal Electrical 

Ignoring irradiation levels 
below 400 W/m² 

Maximum 0.0306 0.0010 

Average 0.0030 0.0001 

All Data 

Maximum 0.0862 0.0032 

Average 0.0087 0.0002 

 

 

3.3.4 Summary 

In general, the results predicted for the electrical output of the PV/T solar collector are 

very close to the detailed numerical model. The curve fit, however, did not perform as well at 

predicting the thermal performance of the PV/T solar collector, in all cases. In particular, higher 

thermal performance residuals were observed at low irradiation levels and at high values of (Tfi-

Ta)/G.   
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This effect is due to that the fact the proposed performance equation assumes that, for 

fixed irradiance level and ambient temperature, Ul, (the overall solar collector heat loss 

coefficient), is constant.  This effectively limits the accuracy of the performance characteristics 

during operation with high absorber temperatures where the non-linear heat loss terms as 

described in section 2.1.3.2 (e.g., radiative heat transfer) increase in dominance.    

For the reference case studied, the curve fit under-predicted the efficiency by as much as 

0.057  at low irradiance levels(e.g.,  G < 200 W/m²). Under these conditions, the temperature rise 

of the collector is small (>3°C) and,   in a properly controlled system, flow to the collector would 

be turned off once this temperature rise fell to low values. In the TRNSYS simulation using the 

PVT performance map (section 3.2.1.2), the ‘off’ differential was set to 3°C. It is observed, 

however,  from  the TRNSYS simulations, that only 6% of the annual heat collected was under 

irradiation levels below 400 W/m².   

The high residuals that were observed at high operational temperatures may represent a 

concern for certain classes of PV/T panels that may be intended to operate at high temperatures.  

It these cases, the proposed performance characteristic could be extended to include additional 

non-linear heat loss terms as is currently done with the modified Hottel-Whillier-Bliss Equation, 

i.e., eq. 2.1-6.    This would be an area for future study.  

3.3.5 No Flow Conditions 

As discussed in section 3.2.1, “no-flow’ conditions play an important role in the controls 

of a solar thermal system. The flow to the solar collector is turned off based on the temperature 

rise of the fluid passing through the collector. If the temperature rise is small (>3°C) then flow is 

turned off, and the flow does not turn on until there is a 10° temperature difference between the 

collector and inlet fluid.  The minimum temperature rise may vary from system to system, 
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however these control settings are commonly used in control algorithms. It can be argued that any 

temperature rise is a gain in energy and should be taken advantage of, but applying flow when the 

temperature rise is low will promote mixing in the thermal storage tanks, thus potentially 

reducing entropy, but also consuming pumping power. This is however outside the scope of the 

work, and a minimum temperature rise of 3°C will be assumed. 

In solar thermal systems, the plate temperature is measured and the collector flow is 

turned on based on this temperature. When the collector temperature is higher than the fluid at the 

bottom of the thermal storage tank (<10°C) flow to the collectors is turned on.  

There will therefore be some conditions where some solar irradiation is available but the fluid 

flow will be off.  In section 3.3.1.4 it was calculated that 17% of the annual electricity production 

was collected under no-flow conditions. Since this is not a trivial amount, the photovoltaic 

performance must be calculated under these conditions. Since the performance curve does not 

account for no-flow conditions, another method must be derived to calculate the photovoltaic 

performance under these conditions. To calculate the electrical performance the plate temperature 

must be calculated.  

To accurately simulate the annual performance of a PV/T panel using a performance 

curve, a curve should be derived for no-flow conditions as well. To do this, the cell temperature 

was plotted as a function of ambient temperature for various levels of incident irradiation, Fig. 

3.3.36. 
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Fig. 3.3.36:  PV/T model results showing PV cell temperature verses ambient temperature for 

various levels of incident irradiation under no flow conditions 

 

As can be seen in Fig. 3.3.36, under no-flow conditions, the cell temperature can reach 

high temperatures at high levels of irradiation, which could potentially be damage the 

photovoltaic cells. In a properly designed, functioning system the fluid temperature in the tank 

should never reach 90°C, thus flow should be turned before the cell temperature reaches 100°C. 

The only time when the collectors would stagnate in a functioning system under high irradiation 

levels is when the thermal storage tanks are fully charged and the temperature at the top of the 

tank reaches the high temperature cut off limit. This is an issue which should be addressed in the 

design of a PV/T system by using adequate thermal storage tank volume for the given application. 

The collectors and thermal storage volume should be properly sized given the DHW use profile 

or redundancies should be included in the controls to reject heat to avoid overly high 

temperatures.  
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Assuming that the system is properly designed, and stagnation will not occur at high 

irradiance levels, the no-flow conditions should be analyzed at low irradiance levels, where the 

cells are within the working temperature range (below 100°C). Figure 3.3.37 shows the no-flow 

cell temperature and Fig. 3.3.38 shows the electrical efficiency at low irradiance levels.  

 

Fig. 3.3.37:  PV/T model results showing PV  cell temperature verse ambient temperature under 

no-flow conditions at low irradiance levels 
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Fig. 3.3.38:  PV/T model results showing electrical efficiency verses ambient temperature under 

no-flow conditions at low irradiance levels 

In the system model, both the cell temperature and electrical efficiency is needed: cell 

temperature to control the flow to the collector and electrical efficiency to calculate electrical 

production. It is not necessary however to derive equations for both since the electrical efficiency 

is directly related to cell temperature. The electrical efficiency can be calculated using the 

reference efficiency and the temperature coefficient. Fig. 3.3.39 shows the relationship between 

electrical efficiency and cell temperature.    
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Fig. 3.3.39:  PV/T model results showing no-flow electrical efficiency verses cell temperature 

 

To maintain simplicity, it will be assumed that Fig. 3.3.37 consists of  a series of straight 

parallel lines. Any variations will be negligible since they will have negligible effect on annual 

electrical performance. The cell temperature at a given (reference) irradiance level can be 

approximated by a linear relationship: 

                    3.3-7 

 

Figure 3.3.40 shows the change in y-intercept of the curves shown in Fig. 3.3.37 as a 

function of irradiance levels. It shows that the cell temperature increases linearly with irradiance, 

this change will be denoted Nstag.  In this case Nstag=0.1267. 
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Fig. 3.3.40:  PV/T model results showing cell temperature as a function of ambient temperature 

y-intercept (at,c) under no flow conditions verses incident irradiation 

 

Under ‘no-flow’ conditions, the cell temperature can therefore be approximated given 

irradiance levels and ambient temperature using the following equation: 

                                   3.3-8 

 

Knowing the reference electrical efficiency and the temperature coefficient, the electrical 

efficiency can be calculated given the sell temperature as described in section 3.1.2.  
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thermal and electrical performance was calculated in the annual simulation using eqs. 3.3-5 and 

3.3-6. Table 3.10 shows the annual thermal and electrical production results from the TRNSYS 

simulations using both the performance map and the efficiency equation.  

Table 3.10:  Result summary table showing the annual thermal and electrical output using both 

the performance map method and the efficiency equation method.  

  Thermal (MJ) Electrical (kWh) 

Performance Map 6,876.8 767.3 

Efficiency Equation 6,979.6 761.6 

% Difference 1.5% 0.7% 

 

Table 3.10 shows that, for the system studied, the annual thermal output calculated using 

the performance map and the efficiency equation differs by 1.5% and the electrical output differs 

by 0.7%. 
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Chapter 4 

Conclusions and Recommendations 

Photovoltaic and solar thermal technologies are mature and widely available. The 

performance of both technologies are rated using respective standardized test methods. The 

performance ratings are used to compare various panels, as well as, to conduct system 

performance modeling. The standardized performance of liquid based solar thermal panels 

consists of an efficiency equation which relates the thermal performance to ambient temperature, 

fluid temperature and solar irradiation levels. The efficiency equation is derived from empirical 

test data measured under strictly controlled condition which are a compromise typical operating 

conditions and suitable (e.g., repeatable and cost effective) test conditions.. The thermal 

efficiency equation is widely used to compare the performance of different solar thermal panels 

under ideal operating conditions however it is also used in system simulations where the annual 

performance is calculated, based on the efficiency equation, under a wide range of conditions. 

This is done by assuming that the effects of variations in environmental conditions on thermal 

performance are small or negligible.  

PV/T technology is simply the combination of solar thermal and photovoltaics. Although 

it is based on two mature technologies, PV/T is relatively young with a limited amount of 

commercially available products.  

Empirical performance tests of PV/T collectors are currently conducted at laboratories 

with their own test procedures. The tests are commonly performed in accordance with solar 

thermal collectors test procedures,  even though the thermal and electrical performance is 

interrelated given that photovoltaic performance is dependent on temperature [9]. Currently there 

are no standardized test methods that capture the combined performance of the solar thermal and 
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photovoltaic components in PV/T panels. The results of these tests are important since they will 

be used to compare products and to conduct system performance simulations.  

The objective of this study was to develop a performance model of a sheet-and-tube PV/T 

panel which can be derived from empirical test data. The purpose of the performance model was 

to represent the combined thermal and electrical efficiency of a PV/T collector over a wide range 

of expected operating conditions while minimizing the amount of empirical test data required.  

Empirical test data of a liquid-based PV/T collector was unavailable, so a detailed quasi-

3-dimensional model was developed to simulate empirical performance data. The quasi-3-

dimensional model, developed using Engineering Equation Solver (EES), calculated the steady 

state performance of a glazed sheet-and-tube PT/Thermal collector. The model used the finite-

difference method to calculate thermal and electrical performance of the collector given a set of 

conditions. It calculated the heat conducted from the solar cells to the fluid and accounted for 

convective and radiative heat loss to the atmosphere. The electrical performance was calculated 

using a simplified model based on a constant temperature coefficient.  

Using the quasi-3-dimensional finite difference model, the electrical and thermal 

performance of the PV/T collectors was calculated for a range of operating conditions. Using the 

data from the quasi-3-dimensional model in a performance map, a TRNSYS simulation was 

performed demonstrate how an annual simulation can be performed using empirical data. In the 

simulation, the PV/T panel was used in a typical solar domestic hot water system.  

The data from the quasi-3-dimensional model was then analyzed in an attempt to develop 

a simplified performance equation which can replace the performance map with the intent of 

accurately predicting the performance of the PV/T collector with minimal empirical data.  



111 

 

It was demonstrated that the addition of photovoltaics on the surface of the thermal 

collector altered the thermal characteristics. Producing electricity reduces the amount of incident 

irradiation that is available for heat. The electrical efficiency is also dependent on temperature, as 

quantified by the electrical temperature coefficient, meaning that the electrical and thermal 

efficiencies are dependent on each other. The fact that the photovoltaic efficiency is dependent of 

temperature introduces a dependency on absolute temperature of the collector surface. Since the 

conventional thermal efficiency equation is calculated in terms of temperature differences rather 

than absolute temperature, the conventional solar thermal efficiency equation is not valid for a 

PV/T panel while producing electricity. 

It was demonstrated that the absolute temperature of the cells varies with incident 

irradiation levels, ambient temperature and inlet fluid temperature. By plotting the thermal and 

electrical efficiencies as a function of reduced temperature  (
       

 
), it was shown that the 

intercept and slope of both equations change linearly with ambient temperature and solar 

irradiation. By introducing a reference irradiance and ambient temperature term to the intercept 

and slope of the equations, the electrical and thermal performance can be calculated for a wide 

range of conditions.  

To derive the thermal and electrical efficiency equations from empirical data, it was 

shown that a minimum of 6 data points are needed. Two points are needed to derive a reference 

equation; two points are needed to calculate the change due to ambient temperature and another 

two points are needed to calculate the change due to irradiation levels.  

The PV/T efficiency equations, derived from 6 data points, were used in the SDHW 

TRNSYS simulation replacing the performance map model. The results of both simulations were 
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compared and it was found that, on an annual basis, the difference between the two models is 

negligible, within 1.5%.   

To further demonstrate the validity of the model, performance equations were derived for 

various panel parameters. Equations were derived using extreme values of:  electrical efficiency, 

electrical temperature coefficient, emissivity, substrate thickness and substrate thermal 

conductivity. The residuals between the performance equation and the empirical data show that 

the thermal performance equation model performed poorly in some cases at low irradiation levels. 

The residuals also showed that the performance equation performed relatively poor at high plate 

temperatures.  

The performance equation model accounts for a ‘family of lines’ which is produced when 

the thermal and electrical efficiencies were plotted at various ambient temperatures and 

irradiation levels. The y-intercept and slope were shown to vary linearly with absolute 

temperature and irradiation. This however assumes that each equation is linear. This is 

demonstrated using equations 3.3-5 and 3.3-6 by setting the ambient temperature and irradiation 

level equal to the reference conditions, the result is an equation for a line. This non-linearity is 

caused by non-linear radiative losses and is predominant at high temperatures. Since the 

performance equations do not account for the non-linear heat loss coefficient, the model does not 

predict performance well at high temperatures.  

Despite the irregularities at high plate temperatures, the maximum thermal residual, when 

neglecting low irradiation levels, was calculated at 6.5% with an overall average residual below 

1%.  The electrical performance equation performed well for all cases. The thermal and electrical 

performance equation also performed within 1.5% of a performance map when used in an annual 

system simulation.  
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Recommendations for Future work 

The results and conclusions of this study are all based on the results of the quasi-3-

dimensional finite difference model. The model is based on work by Harrison [40] and Zondag 

[11] using well understood heat transfer models. Material properties were taken from reliable 

sources. The photovoltaic calculations were based a model used in several studies [11, 12] and is 

used in several PV/T TRNSYS models. The electrical model is, however, an ideal and simplified 

model which only accounts for performance variations due to temperature and assumes a uniform 

and continuous surface entirely covered in solar cells. For this model, PV operation at the peak 

power point is assumed. The quasi-3-dimensional PV/T model was developed in lieu of empirical 

data since empirical data was not available; this meant that the model could not be directly 

validated using existing data.   

Future work is therefore recommended where the results of this study are compared to 

real empirical data. This would involve building or buying a PV/T panel and testing it under 

controlled conditions. The thermal and electrical performance should be measured under a wide 

range of conditions at different fluid temperatures, ambient temperatures and irradiance levels. 

The performance equation should then be derived and compared to the empirical data.  

In the derivation of the performance equations, for simplicity,  it was assumed that the 

efficiency equations were linear with respect to overall heat loss coefficient.  This simplification 

was felt to be justified for typical operational conditions however, it is recognized that this 

assumption is limited in certain extreme cases where the non-linear radiative heat transfer may be 

become significant.  In these case, it was observed that the proposed performance equation model 

did not perform well for large (
       

 
).  Future work is therefore recommended to expand the 
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performance equations in order to account for this non-linearity if higher temperature operation is 

anticipated.  

This study was also performed for one panel configuration. Although the performance 

equation was shown to be valid for a range of electrical, irradiative and thermal characteristics, it 

was not studied for a wide range of collector types. It is recommended that the proposed 

performance model be validated for a variety of thermal collector configurations such as unglazed 

collectors, serpentine, and trickle collectors. The study should also be repeated for air-based PVT 

collector configurations.  

In the quasi-3-dimensional model and TRNSYS simulation, the flow rate through the 

collector was held constant. It is expected that varying the flow rate will affect the performance 

equation of the collector. If a system that is modeled in TRNSYS involves a flow rate that is 

different from that where the efficiency equation was derived or it involves a variable flow 

through the collectors, the efficiency equation may not accurately predict the performance of the 

PV/T panel. It is therefore recommended that the effects of fluid flow rate be investigated.  
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Appendix A 

 Derivation of the Hottel-Whillier-Bliss Model 

The Hotel-Whillier-Bliss (H-W-B) model is a simplified theoretical model used to 

represent the efficiency of solar thermal panels as a function of various operational conditions, 

e.g., Tfi, Ta, and G. [15]. Below is a detailed description of the derivation of the H-W-B solar 

thermal model.  It is normal to experimentally derive the coefficients of the performance equation 

however, their value can be derived by theoretical analysis as described below [15]. 

A.1 H-W-B Theoretically Derived Efficiency Equations 

 

Fig A.1.1:  A schematic of a Sheet-and-Tube solar thermal collector  

 

The solar thermal collector absorber shown in Fig A.1.1 consists of tubes bonded to a flat 

absorber plate. The plate absorbs solar radiation as heat which is then either lost to the 

atmosphere or conducted to the cooling fluid circulating through the tubes. Solar thermal panels 

are often covered by a transparent cover and insulated to minimize heat lost to the atmosphere. 

The absorber tubes and plate are generally made of a thermally conductive material such as 

aluminum or copper to optimize heat transfer into the fluid.  Figure A.1.1 shows a cross-sectional 

view of a solar collector absorber (in the y-direction). The coolest temperature on the absorber 

plate occurs above the tube,  i.e.,  the “bond’ temperature (Tb). The highest temperature on the 
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collector plate occurs at the furthest point from the cooling fluid, in the midpoint between the 

tubes, at x=0. The temperature gradient is zero at the midpoint between the tubes (at x=0) since 

the temperature profile is assumed to be symmetrical. If the temperature gradient is zero, then by 

Fournier’s Law, there is no heat transfer at that point. Symmetry can therefore be assumed, i.e., 

the absorber plate can be treated as a simple fin with insulated tip at x=0 and of length (W-D)/2.  

x

Temperature
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q'fin

W

(W-D)/2
Di

D
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Fig. A.1.2:  A schematic showing a cross-section view of a solar collector absorber plate 

showing the Temperature Profile 

Assuming the absorber plate material is thin and has a high thermal conductivity, the 

temperature above the tube may be treated as uniform at Tb. To simplify the analysis, it is normal 

to evaluate the heat transfer in the x-direction only, assuming that there is no thermal gradient in 

the ‘z’ direction (i.e., along the absorber tube).  Under these conditions, absorber section between 

the midpoint (x=0) and the tube bond (x=(W-D)/2) may be considered a classic 1-D fin problem 

[15].   
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A.2 Solar Thermal Collector Absorber Model 

 

Fig A.2.1:  A schematic showing the thermal energy balance of a node in a solar thermal fin 

 

To analyze the fin section of absorber configuration, shown in Fig. A.2.1, a steady state 

energy balance of an element shown in Fig A.2.1 may be applied and will result in Eq. A.2-1.  

                (   
  

  
|
 
)  (   

  

  
|
    

)    A.2-1 

 

where: 

S is adsorbed solar energy (W/m²), 

Ul is the loss coefficient (W/m²C), 

kabs  is the thermal conductivity of the absorber plate (W/mC), 

Ta is the ambient temperature (C), 

Tx is the plate temperature at x (C) and, 

q'fin is the one dimensional heat transfer at x= (W-D)/2 per unit length of tube (W/m) 

 

By dividing through be Δx and finding the limit as Δx approaches zero, Eq. A.2-1  can be 

reduced to: 
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) A.2-2 
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Δx S 
Δx Ul  (Tx-Ta) 

q'fin 

x x=(W-D)/2 
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As discussed above, assuming no heat transfer at x=0 and the temperature above the 

tubes is constant at Tb, the following boundary conditions may be specified: 

  

  
|
   

         |             A.2-3 

 

Letting 

   
  

     
 A.2-4 

and 

  (      
 

  
) A.2-5 

 

Equation A.2-2  may be reduced to: 

   

   
       A.2-6 

and the boundary conditions, Eq. A.2-3, become: 

  

  
|
   

         |                
 

  
 A.2-7 

 

Eq. A.2-5 is a second-order, homogeneous, linear differential equation. The general solution is 

[34]: 

                    A.2-8 

  

Applying the first boundary condition: 
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|
   

                    |          A.2-9 

 

From the first boundary condition, m≠0, so C1=0. Applying the second boundary condition gives: 

  |                
 

  
                   

   
      

 

  

              
 A.2-10 

 

Eqs. A.2-5 and A.2-8 become: 
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 A.2-11 

 

Eq. A.2-11 can be used to calculate the temperature distribution of the absorber fin as 

shown in Fig A.1.2.  

The heat transferred to the collector area above the tube at x=(W-D)/2, q’fin , can be 

derived from Eq. A.2-11 using Fourier’s Law [35]. 
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Letting    
  

     
, the equation can be written as: 
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 A.2-12 

 

Eq. A.2-12 can be used to calculate the heat transferred to the area of the collector above 

the tube, at x= (W-D)/2, from one side of the tube.  

Defining F as the fin efficiency, i.e.,  

  
              

        
 A.2-13 

 

and substituting for F in eq. A.2-12 : 

  
     

     

 
              A.2-14 

 

Eq. A.2-13 is the equation for Fin Efficiency (F). The fin efficiency is the ratio of actual 

energy flowing into the bond area (q’fin) to the heat gained if the fin temperature was held 

constant at the bond temperature (Tb).  This ratio simplifies calculations and allows the useful 

energy to be calculated using one temperature (Tb).  

Now that the heat transferred from the fin is known, the heat transferred to the fluid must 

be calculated. The heat transferred to the fluid includes fins from both sides of the tube as well as 

heat absorbed from the area above the tube.  

To model the collector, the heat transferred to the fluid is then calculated.  
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Fig. A.2.2:  A schematic showing the thermal energy balance of the node directly above the tube 

of a sheet-and-tube solar thermal collector 

 

The useful heat gained (q’u) is the heat transferred from the absorber plate to the fluid 

within the tube. q’u can be derived with an energy balance of the element shown in Fig A.2.2.  

   
                        

    
 

  
                          A.2-15 

 

In real applications the bond temperature is unknown so it is useful to write the useful energy 

gain in terms of the fluid temperature which is known. The useful heat gain is the heat transferred 

from the area above the tube to the fluid. If the bond resistance (Rb) is known, then q’u can be 

written in terms of the fluid temperature (Tf).  

  
  

     

  
  

     
       A.2-16 

 

The bond resistance, Rb, is the thermal resistance between the absorber plate above the pipe and 

the fluid. It can be written as [15]: 

q'fin q'fin 

D S 
D Ul  (Tb-Ta) 

D  

q'u 

Tb 
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A.2-17 

 

where: 

 hf is the heat transfer coefficient between the inner tube and the fluid (W/m²C), 

 γ is the thickness of the bond (m), 

 kb is the bond thermal conductivity(W/m
o
C) and, 

 b is the width of the bond (m). 

 

In Fig. A.2.2, the bond width, b, is equal to the tube diameter.  

Substituting Eq. A.2-16 into Eq. A.2-15  will yield: 

  
  

 
 

            
   

(           ) 
A.2-18 

 

and letting 

   
    

 [
 

            
   ]

 
A.2-19 

 

Eq. A.2-18 becomes: 

  
     (           ) A.2-20 

 

Eq. A.2-19 is the equation for Collector Efficiency Factor (F’). The collector efficiency 

factor is the ratio of actual energy flowing into the fluid (q’u) to the heat gained if the collector 

absorber temperature was held constant at the fluid temperature (Tf).  This ratio simplifies 

calculations and allows the useful energy to be calculated using one known temperature (Tf). F’ is 
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similar to the fin efficiency in that it relates the heat transfer performance to one temperature, i.e., 

the known fluid temperature rather than the unknown bond temperature.   

Eq. A.2-20 can be used to calculate the useful energy collected per unit length of tube in 

the ‘y’ direction.  The following analysis will apply the 1 dimensional theoretical heat gains to a 

collector with finite length (L) in the ‘y’ direction.  

In order to estimate the useful heat gain of a collector absorber of length (L), an energy 

balance may be performed on an elemental section of pipe in the y-direction, Fig. A.2.3. 

 

Fig. A.2.3: A schematic showing an energy balance of the fluid flowing through a sheet-and-tube 

solar thermal collector 

 

An energy balance of the fluid flowing in the y-dir through an elemental section of pipe 

as shown in Fig A.2.3 yields: 

    
   ̇    | 

  ̇    |    
   A.2-21 

Dividing through by Δy, finding the limit as Δy approaches zero and substituting eq. A.2-20 

yields: 

 ̇  
   

  
|
 

    (       | 
    )    A.2-22 

 

Fluid Flow 

q'u 

 ̇    | 
  ̇    |    

 

Δy 
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To perform the following step, it is assumed that collector efficiency factor (F’), loss coefficient 

(Ul) and fluid specific heat (Cp) are assumed constant for all ‘y’, i.e., they are independent of fluid 

temperature [15].  

Separating variables and integrating from y=0 to y=L: 
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A.2-23 

 

The width of the collector absorber (W) multiplied by the length of the collector absorber (L) 

yields the collector absorber area (A). Eq. A.2-23  can then be reduced to: 

(
          

 

  

         
 

  

)     ( 
     

 ̇  
) 

A.2-24 

 

Eq. A.2-24 can be used to solve for the temperature of the fluid exiting the collector (Tf,o). The 

heat gained over the length of the collector can be written as: 

    ̇  (         ) A.2-25 

Solving eq. A.2-24 for Tf,o and substituting into eq. A.2-25  yields; 

   
 ̇  

  
(     ( 

     

 ̇  
)) (            ) 

A.2-26 

and letting 

   
 ̇  
   

(     ( 
     

 ̇  
)) 

A.2-27 

Eq. A.2-25 becomes: 
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      (            ) A.2-28 

 

FR is referred to as the collector heat removal factor. Similar to the fin efficiency factor (F) and 

the collector efficiency factor (F’), the collector heat removal factor is the ratio of actual heat gain 

to the heat gain if the collector surface was constant at the inlet fluid temperature (Tf,i). Equation 

A.2-28 and the heat removal factor conveniently relates the useful heat gain to two known 

variables: the ambient temperature (Ta) and the inlet fluid temperature (Tf,i).  

Equation A.2-28 can be used to calculate the heat gained for a single sheet and tube 

collector. It is likely that a real system will have multiple tubes with parallel flow. If this is the 

case, the heat gained for a single collector is simply multiplied by the number of parallel 

collectors. Another method is to define the flow rate ( ̇) and the area in eqns A.2-27 and A.2-28 

as the total flow rate and the total collector area respectively. 

Equation A.2-28 can be modified to represent the performance in terms of thermal 

efficiency.  

  

  
               

         

 
 

A.2-29 

where: 

 ηt is the thermal efficiency, 

 τα is the transmittance-absorbance product, and 

 G is the incident solar irradiation (W/m²) 

Equation A.2-29  is generally referred to as the general simplified Hottel-Whillier-Bliss 

representation so solar collector thermal performance [15]. 
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Appendix B 

 PV/T Model EES Script 
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"*************************************************************************************" 
Steady State Model of a sheet and tube PV/T collector.  

Created by: Jarrett Carriere 

jarrett.v.carriere@gmail.com 
"*************************************************************************************" 

"%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%” 

 
Procedure chtpc(TGM,TC,LPC,TILT,TALM,DTAL:HPC,NU) 

 

"THIS ROUTINE CALCULATES THE VALUE OF THE CONVECTIVE HEAT LOSS 
COEFFICIENT BETWEEN THE ABSORBER PLATE AND COVER. It is called in subprogram PVT " 

 

 "TGM= mean plate glass temperature 
 TC= cover tamperature 

 PATM= atmosphere pressure 

 LPC= length plate to cover 
 TILT=tilt of the collector in deg 

 HPC=convective heat transfer coefficient between the plate and cover" 

 
  TALMK=TALM+273.15 

  

 "SET INITIAL VALUES" 
  TILT=45 

  SIGMA=5.670E-8 

  SLOPE=TILT"*pi/180.0" 
  

 "CONVECTIVE HEAT TRANSFER COEFFICIENT (ABSORBER PLATE TO COVER) 
 AIR LAYER PROPERTIES (ASSUME AT A TEMPERATURE OF TALM)" 

  PATM=1 

         XC=LPC 
         XA=100./TALMK 

  

 "CALCULATE RAYLEIGH NUMBER" 
         RA=2737.*((1.+2.*XA)**2)*(XA**4)*DTAL*((100.*XC)**3)*(PATM**2) 

  

 "CALCULATE THERMAL CONDUCTIVITY OF AIR AT THE ASSUMED TEMPERATURE" 
         KA=0.002528*(TALMK**1.5)/(TALMK+200.) 

  

 "CALCULATE THE NUSSELT NUMBER (BY TERMS)" 
  

         X1=1.-(1708./(RA*cos(SLOPE))) 

         IF(X1<0.) THEN X1=0.0 
         X2=1.-((((sin(1.8*SLOPE))**1.6)*1708.)/(RA*cos(SLOPE))) 

        X3=((RA*cos(SLOPE))/5830.) 

          IF(X3<0.) THEN X4=0.0 ELSE X4= (X3^(1/3)-1.0) 
         NU=1.0+(1.44*X1*X2)+X4 

  

 "CONVECTIVE HEAT TRANSFER COEFFICIENT (ABSORBER PLATE TO COVER)" 
         HPC=NU*(KA/LPC) 

 

END "end procedure chtpc" 
 

 

"%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
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subprogram PVT (eta_r,W,G,T_a,T_fi,dy,k,dz:U,q_elec,T_fout,qu,T_silicon,T_copper,q_toploss,TC,HPC) 

 
 

"THIS SUBPROGRAM CALCULATES THE HEAT TRANSFER ON THE X-Z AXIS FOR A DEFINED ELEMENT THICKNESS 

IN THE Y DIRECTION"  
 

"Set Parameters" 

 
  k_substrate= k "0.6"  " Substrate thermal conductivity (W/mk), Input" 

  dz_sub=  dz "0.0013" "Thickness of Substrate (m), Input" 

 
  D_t=0.008  "Tube Diameter (m)" 

  dx_bond = 0.002 "Bond width" 

  dz_bond = 0.0002 "Bond thickness" 
 

  N_i=100 "number of elements in X direction" 

  N_ii=101 
  dx=((W-dx_bond)/2)/N_i "m" "fin element width" 

 

  sigma=0.0000000567 
 

 

"Define PV electrical performance characteristics" 
  T_r=25  "PV reference Temperature" 

  "eta_r=0.14"  "PV efficiency, Input" 

  Beta_r=0.0045 "PV Temperature coefficient" "Ignoring electrical temperature coefficient" 
  tau_g1=1  "%radiation transmitted through PV glass layer, set to 1 for no glass on PV" 

 
"Define Atmospheric Conditions" 

  PATM=101  "Atmosphereic Pressure "   

  V_w=1.5 "Wind velocity (m/s)" 
 

"Define Fluid properties in pipe" 

  C_b=dx_bond/2*K_copper/dz_bond 
         CP=.0149689*T_fi**2 - 1.37808*T_fi + 4210.02 

         KF = -7.39368E-6*T_fi**2 + 1.85377E-3*T_fi + .571494 

  DENS = -.0035868*T_fi**2 - .0670346*T_fi + 1000.31 
         VISC = 7.7628E-10*T_fi**5 + 1.2175E-7*T_fi**4 - 7.19655E-5*T_fi**3 + 9.1386E-3*T_fi**2 - .54136*T_fi + 

17.7615 

         KVISC = VISC*1E-7 
         ABVISC = KVISC*DENS 

         PR = CP*ABVISC/KF 

  DH=D_i 
  L=6 

  VAVE=(m_dot)/(DENS*PI*(DH/2)^2) 

  RE=(DENS*VAVE*DH)/ABVISC 
  NUF=3.66+(.0668*(RE*PR*DH/L)/(1.+.04*((RE*PR*DH/L)**.666666))) 

  HF=NUF*(KF/DH) 

  h_fi=HF  
  R_b=1/(h_fi*pi*D_i/2)+1/C_b "Bond conductivity 

  C_p=CP "cp(WATER,T=T_fi,P=PATM)" 

 
"Define physical properties of PVt panel" 

 

  D_i=0.0068 
  K_copper=385 "copper (W/mk)" 

  dz_cu= 0.0002 "Thickness of copper (m)" 

  LPC=0.025 "Length Plate to cover (m)" 
  TILT=45 "Tilt of the collector (deg)" 

  dzc= 0.0032 "Thickness of cover" 

  k_si= 148 "silicon (W/mk)" 
  dz_si= 0.0003 "Thickness of silicon (m)" 

  alpha_3=0.74  "%absorbed in Silicon (including back contact)" 

  epsilon_c=0.86 
  epsilon_g=0.9 

  R_sub=dz_sub/k_substrate 
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"*************************************************************************************" 

"j=1 Copper Layer" 

 j_1=1 
 j_1s=2 

 DUPLICATE i=2,N_i 

  q(i,j_1)=0 
  q_top(i,j_1)=(T(i,j_1s) - T(i,j_1)) * dx*dy*( K_copper/(0.5*dz_cu))  

  q_bottom(i,j_1)=0 "The bottom is insulated" 

  q_left(i,j_1)=(T(i-1,j_1)  -  T(i,j_1)  ) * K_copper *dy* dz_cu  / dx    
  q_right(i,j_1)=(T(i+1,j_1)  -  T(i,j_1)  ) * K_copper *dy* dz_cu  / dx  

  q(i,j_1)= q_top(i,j_1)  + q_bottom(i,j_1)  + q_left(i,j_1) + q_right(i,j_1) 

 END 
 

  q(1,j_1)=0 

  q_top(1,j_1)=(T(1,j_1s) - T(1,j_1)) * dx*dy*( K_copper/(0.5*dz_cu))  
  q_bottom(1,j_1)=0 "The bottom is insulated" 

  q_left(1,j_1)=0 "Insulated"    

  q_right(1,j_1)=(T(1+1,j_1)  -  T(1,j_1)  ) * K_copper *dy* dz_cu  / dx  
  q(1,j_1)= q_top(1,j_1)  + q_bottom(1,j_1)  + q_left(1,j_1) + q_right(1,j_1) 

 

  q(N_i+1,j_1)=0 
  q_top(N_i+1,j_1)=(T(N_i+1,j_1s) - T(N_i+1,j_1)) * dx_bond/2*dy* ( K_copper/(0.5*dz_cu)) 

  q_bottom(N_i+1,j_1)=(T_fi-T(N_i+1,1))*dy/R_b 

  q_left(N_i+1,j_1)=(T(N_i+1-1,j_1)  -  T(N_i+1,j_1)  ) * K_copper *dy* dz_cu  / dx   
  q(N_i+1,j_1)= q_top(N_i+1,j_1)  + q_bottom(N_i+1,j_1)  + q_left(N_i+1,j_1) 

 
  T_copper=average(T(1..N_i+1,j_1)) 

 

"*************************************************************************************" 
"j_a adhesive Layer" 

 

 j_a=3 
 j_as=4 

 DUPLICATE i=2,(N_i) 

  q(i,j_a)=0 
  q_top(i,j_a)=(T(i,j_as) - T(i,j_a)) * dy*dx* (K_substrate/(0.5*dz_sub))  

  q_bottom(i,j_a)=(T(i,j_1s) - T(i,j_a))*dy * dx* (K_substrate/(0.5*dz_sub))    

  q_left(i,j_a)=(T(i-1,j_a)  -  T(i,j_a)  ) * K_substrate*dy * dz_sub  / dx    
  q_right(i,j_a)= (T(i+1,j_a)  -  T(i,j_a)  ) * K_substrate *dy* dz_sub  / dx    

  q(i,j_a)= q_top(i,j_a)  + q_bottom(i,j_a)  + q_left(i,j_a) + q_right(i,j_a) 

 END  
 

  q(N_i+1,j_a)=0 

  q_top(N_i+1,j_a)=(T(N_i+1,j_as) - T(N_i+1,j_a)) * dy*dx_bond/2* (K_substrate/(0.5*dz_sub))  
  q_bottom(N_i+1,j_a)=(T(N_i+1,j_1s) - T(N_i+1,j_a))*dy * dx_bond/2* (K_substrate/(0.5*dz_sub))    

  q_left(N_i+1,j_a)=(T(N_i+1-1,j_a)  -  T(N_i+1,j_a)  ) * K_substrate*dy * dz_sub  / dx   

  q_right(N_i+1,j_a)=0 "Symetry  (T(N_i+1+1,j_a)  -  T(N_i+1,j_a)  ) * K_substrate *dy* dz_sub  / dx_bond/2   " 
  q(N_i+1,j_a)= q_top(N_i+1,j_a)  + q_bottom(N_i+1,j_a)  + q_left(N_i+1,j_a) + q_right(N_i+1,j_a) 

 

  q(1,j_a)=0 
  q_top(1,j_a)=(T(1,j_as) - T(1,j_a)) * dy*dx* (K_substrate/(0.5*dz_sub))  

  q_bottom(1,j_a)=(T(1,j_1s) - T(1,j_a))*dy * dx* (K_substrate/(0.5*dz_sub))    

  q_left(1,j_a)=0 "insulated" 
  q_right(1,j_a)= (T(1+1,j_a)  -  T(1,j_a)  ) * K_substrate *dy* dz_sub  / dx    

  q(1,j_a)= q_top(1,j_a)  + q_bottom(1,j_a)  + q_left(1,j_a) + q_right(1,j_a) 
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"*************************************************************************************" 

"j=3 Silicon/ PV Layer" 
 

 j_3=5  

 j_3s=6 
 DUPLICATE i=2,N_i 

  K_si(i)=0.0013*T(i,j_3)^2-0.7098*T(i,j_3)+174.12 "Conductivity of Silicon as a function of Temperature" 

 
  q(i,j_3)=0 

  q_top(i,j_3)= (T(i,j_3s) - T(i,j_3)) *dy* dx* (K_si(i)/(0.5*dz_si))  

  q_bottom(i,j_3)=(T(i,j_as) - T(i,j_3)) *dy* dx* (  K_si(i) /(0.5*dz_si))    
  q_left(i,j_3)=(T(i-1,j_3)  -  T(i,j_3)  ) * K_si(i) *dy* dz_si  / dx    

  q_right(i,j_3)=(T(i+1,j_3)  -  T(i,j_3)  ) * K_si(i) *dy* dz_si  / dx   

  q_abs(i,j_3)=alpha_3*G*dx*dy 
  q_e(i,j_3)=dx*dy*G* tau_g1*eta_r*(1-Beta_r*(T(i,j_3)-T_r)) 

  q(i,j_3)=q_top(i,j_3)  + q_bottom(i,j_3)  + q_left(i,j_3) + q_right(i,j_3) + q_abs(i,j_3) - q_e(i,j_3) 

 END 
 

  K_si(N_i+1)=0.0013*T(N_i+1,j_3)^2-0.7098*T(N_i+1,j_3)+174.12 

 
  q(N_i+1,j_3)=0 

  q_top(N_i+1,j_3)= (T(N_i+1,j_3s) - T(N_i+1,j_3)) *dy* dx_bond/2* (K_si(N_i+1)/(0.5*dz_si))  

  q_bottom(N_i+1,j_3)=(T(N_i+1,j_as) - T(N_i+1,j_3)) *dy* dx_bond/2* (  K_si(N_i+1) /(0.5*dz_si))    
  q_left(N_i+1,j_3)=(T(N_i+1-1,j_3)  -  T(N_i+1,j_3)  ) * K_si(N_i+1) *dy* dz_si  / dx 

  q_right(N_i+1,j_3)=0 "Symetry (T(N_i+1,j_3)  -  T(N_i+1,j_3)  ) * K_si *dy* dz_si  / dx_bond/2  " 

  q_abs(N_i+1,j_3)=alpha_3*G*dx_bond/2*dy 
  q_e(N_i+1,j_3)=dx_bond/2*dy*G* tau_g1*alpha_3*eta_r*(1-Beta_r*(T(N_i+1,j_3)-T_r)) 

  q(N_i+1,j_3)=q_top(N_i+1,j_3)  + q_bottom(N_i+1,j_3)  + q_left(N_i+1,j_3) + q_right(N_i+1,j_3) + 
q_abs(N_i+1,j_3) - q_e(N_i+1,j_3) 

 

 
  K_si(1)=0.0013*T(1,j_3)^2-0.7098*T(1,j_3)+174.12 

 

  q(1,j_3)=0 
  q_top(1,j_3)= (T(1,j_3s) - T(1,j_3)) *dy* dx* (K_si(1)/(0.5*dz_si))  

  q_bottom(1,j_3)=(T(1,j_as) - T(1,j_3)) *dy* dx* (  K_si(1) /(0.5*dz_si))    

  q_left(1,j_3)=0 "Insulated"    
  q_right(1,j_3)=(T(1+1,j_3)  -  T(1,j_3)  ) * K_si(1) *dy* dz_si  / dx   

  q_abs(1,j_3)=alpha_3*G*dx*dy 

  q_e(1,j_3)=dx*dy*G* tau_g1*eta_r *(1-Beta_r*(T(1,j_3)-T_r)) 
  q(1,j_3)=q_top(1,j_3)  + q_bottom(1,j_3)  + q_left(1,j_3) + q_right(1,j_3) + q_abs(1,j_3) - q_e(1,j_3) 

 

 
  q_abs=sum(q_abs(1..N_ii,j_3)) 

  q_e=2*sum(q_e(1..N_ii,j_3)) 

  T_silicon=average(T(1..N_ii,j_3)) "This is in accurate since it is not area weighted (dx_bond)" 
 

"*************************************************************************************" 

"Silicon Surface (Intermediate Calculation)" 
 

 DUPLICATE i=1,N_i 

  q(i,j_3s)=0 
  q_top(i,j_3s)=(TC-T(i,j_3s) ) *dx*dy*HPC+sigma* ((TC+273.15)^4-(T(i,j_3s) +273.15)^4 ) 

*dx*dy/(1/epsilon_g+1/epsilon_c-1) 

  q_bottom(i,j_3s)=-q_top(i,j_3) 
  q(i,j_3s)=q_top(i,j_3s)+q_bottom(i,j_3s) 

 END 

 
  q(N_i+1,j_3s)=0 

  q_top(N_i+1,j_3s)= (TC-T(N_i+1,j_3s) ) *dx_bond/2*dy*HPC+ sigma*((TC+273.15)^4-(T(N_i+1,j_3s) 

+273.15)^4 ) *dx_bond/2*dy/(1/epsilon_g+1/epsilon_c-1) 
  q_bottom(N_i+1,j_3s)=-q_top(N_i+1,j_3) 

  q(N_i+1,j_3s)=q_top(N_i+1,j_3s)+q_bottom(N_i+1,j_3s) 

 
  TGM=average(T(1..N_i+1,j_3s)) 
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"*************************************************************************************" 

"Call chtpc to calculate convective heat transfer coefficient" 
        TALM=(TGM+TC)/2. 

          DTAL=TGM-TC 

 call chtpc(TGM,TC,LPC,TILT,TALM,DTAL:HPC,NU) 
"*************************************************************************************" 

"Cover (Inner Surface)" 

 "TC = inner cover temperature" 
 "TC_o= outer cover temp" 

  k_glass=1.05 

  qci_bottom=(-1)* sum(q_top(1..N_ii,j_3s)) 
  qci_bottom2=(TGM-TC)*HPC*dy*W/2 

  qci_top= (W/2)*dy/dzc*k_glass*(TC_o-TC) 

  qci=0 
  qci=qci_bottom+qci_top 

"*************************************************************************************" 

"Cover (Outer Surface)" 
  h_w=2.8+3*V_w 

  qco_bottom= (W/2)*dy/dzc*k_glass*(TC-TC_o) 

  qco_top=h_w*(T_a-TC_o)*dy*W/2+epsilon_c*sigma*((T_a-15+273.15)^4-(TC_o+273.15)^4)*dy*W/2 
  qco=0 

  qco=qco_bottom+qco_top 

"*************************************************************************************" 
 DUPLICATE i=1,(N_i+1) 

  q_top(i,j_1)=-q_bottom(i,j_a) 

  q_top(i,j_a)=-q_bottom(i,j_3) 
 END 

 
"*************************************************************************************" 

"Print Results" 

  qu_bond=-2*(q_right(N_i,j_1)+q_bottom(N_i+1,j_a)) 
  T_fo=qu/m_dot/C_p+T_fi 

  qu=-2*q_bottom(N_i+1,j_1) 

  q_toploss=2*sum(q_top(1..N_ii,j_3s))  
  U=-qco_top/(T_silicon-T_a)/(0.5*W*dy) 

  q_elec=q_e 

  T_fout=T_fo 
"*************************************************************************************" 

 

END  "end subprogram pvt" 
 

"%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

"The Model Starts Here" 
"Parameters set in Parametric Table" 

 

"G=1000 
T_inlet=40 

T_a=20 

k=0.23 
dz=0.0005" 

 

L=2 
W=0.2 

A=L*W 

dy_1=0.01 
 

Num=L/dy_1 

 
T_f(1)=T_inlet 

DUPLICATE i=1,Num 

 
"Call Subprogram PVT to calculate the fluid outlet temperature of each x direction  element" 

call PVT(eta_r,W,G,T_a,T_f(i),dy_1,k,dz:U(i),q_elec(i),T_o(i),qu(i),T_silicon(i),T_copper(i),q_toploss(i),TC(i),HPC(i))  

T_f(i+1)=T_o(i)  "the outlet temperature of one element is the input temperature of the next" 
 

END 
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"*************************************************************************************" 

"Results" 
q_elec=sum(q_elec(1..Num)) 

eta_elec=q_elec/(A*G) 

q_therm=sum(qu(1..Num)) 
eta_therm = q_therm/(A*G) 

T_outlet=T_o(Num)  

q_toploss=sum(q_toploss(1..Num)) 
TCAve=average(TC(1..Num)) 

HPCAve=average(HPC(1..Num)) 

T_siliconAve=average(T_silicon(1..Num)) 
T_copperAve=average(T_copper(1..Num)) 

U_average=-1*q_toploss/(T_siliconAve-T_a)/A  
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Appendix C 

Quasi-3-Dimensional PV/T Model Flow Chart 
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Appendix D 

PV/T Performance Map 
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-1.38 0.1236 

100 60 20 
-1.216 0.1229 

100 60 25 
-1.049 0.1222 

100 60 30 
-0.8795 0.1214 

100 65 -20 
-2.657 0.1259 

100 65 -10 
-2.363 0.1247 

100 65 -5 
-2.212 0.124 

100 65 0 
-2.059 0.1234 

100 65 5 
-1.904 0.1227 

100 65 10 
-1.745 0.122 

100 65 15 
-1.584 0.1213 

100 65 20 
-1.421 0.1206 

100 65 25 
-1.254 0.1199 

100 65 30 
-1.084 0.1192 

100 70 -20 
-2.863 0.1237 

100 70 -10 
-2.569 0.1224 

100 70 -5 
-2.419 0.1218 

100 70 0 
-2.266 0.1211 

100 70 5 
-2.111 0.1204 

100 70 10 
-1.953 0.1198 

100 70 15 
-1.792 0.1191 

100 70 20 
-1.629 0.1184 

100 70 25 
-1.462 0.1177 

100 70 30 
-1.293 0.1169 

100 75 -20 
-3.072 0.1214 

100 75 -10 
-2.779 0.1201 

100 75 -5 
-2.629 0.1195 

100 75 0 
-2.476 0.1188 

100 75 5 
-2.321 0.1182 

100 75 10 
-2.164 0.1175 

100 75 15 
-2.003 0.1168 

G Tfi Ta ntherm nelec 

100 75 20 
-1.84 0.1161 

100 75 25 
-1.674 0.1154 

100 75 30 
-1.505 0.1147 

100 80 -20 
-3.283 0.1191 

100 80 -10 
-2.991 0.1179 

100 80 -5 
-2.842 0.1173 

100 80 0 
-2.689 0.1166 

100 80 5 
-2.535 0.1159 

100 80 10 
-2.378 0.1153 

100 80 15 
-2.217 0.1146 

100 80 20 
-2.055 0.1139 

100 80 25 
-1.889 0.1132 

100 80 30 
-1.72 0.1125 

100 85 -20 
-3.498 0.1169 

100 85 -10 
-3.207 0.1157 

100 85 -5 
-3.057 0.115 

100 85 0 
-2.906 0.1144 

100 85 5 
-2.751 0.1137 

100 85 10 
-2.594 0.1131 

100 85 15 
-2.435 0.1124 

100 85 20 
-2.272 0.1117 

100 85 25 
-2.107 0.111 

100 85 30 
-1.938 0.1102 

100 90 -20 
-3.716 0.1147 

100 90 -10 
-3.425 0.1134 

100 90 -5 
-3.276 0.1128 

100 90 0 
-3.125 0.1122 

100 90 5 
-2.971 0.1115 

100 90 10 
-2.814 0.1108 

100 90 15 
-2.655 0.1102 

100 90 20 
-2.493 0.1095 

100 90 25 
-2.328 0.1088 

100 90 30 
-2.16 0.1081 

200 5 -20 
0.01219 0.1521 

200 5 -10 
0.1591 0.1508 

200 5 -5 
0.2339 0.1501 

200 5 0 
0.3097 0.1495 

200 5 5 
0.3862 0.1488 

200 5 10 
0.4632 0.1481 
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G Tfi Ta ntherm nelec 

200 5 15 
0.5395 0.1474 

200 5 20 
0.62195 0.1467 

200 5 25 
0.7044 0.146 

200 5 30 
0.7861 0.1453 

200 10 -20 
-0.07218 0.1497 

200 10 -10 
0.07529 0.1484 

200 10 -5 
0.1505 0.1477 

200 10 0 
0.2267 0.1471 

200 10 5 
0.3038 0.1464 

200 10 10 
0.3818 0.1457 

200 10 15 
0.4604 0.145 

200 10 20 
0.5383 0.1443 

200 10 25 
0.6233 0.14355 

200 10 30 
0.7083 0.1428 

200 15 -20 
-0.1583 0.1473 

200 15 -10 
-0.01045 0.146 

200 15 -5 
0.06503 0.1453 

200 15 0 
0.1416 0.1447 

200 15 5 
0.2191 0.144 

200 15 10 
0.2977 0.1433 

200 15 15 
0.3773 0.1426 

200 15 20 
0.4574 0.1419 

200 15 25 
0.5369 0.1412 

200 15 30 
0.6164 0.1405 

200 20 -20 
-0.2462 0.1449 

200 20 -10 
-0.09801 0.1436 

200 20 -5 
-0.02234 0.143 

200 20 0 
0.05443 0.1423 

200 20 5 
0.1323 0.1416 

200 20 10 
0.2113 0.1409 

200 20 15 
0.2914 0.1402 

200 20 20 
0.3725 0.1395 

200 20 25 
0.4543 0.1388 

200 20 30 
0.4543 0.1388 

200 25 -20 
-0.3357 0.1426 

200 25 -10 
-0.1874 0.1413 

200 25 -5 
-0.1116 0.1406 

200 25 0 
-0.03462 0.1399 

200 25 5 
0.04348 0.1393 

G Tfi Ta ntherm nelec 

200 25 10 
0.1228 0.1386 

200 25 15 
0.2032 0.1379 

200 25 20 
0.2848 0.1371 

200 25 25 
0.3675 0.1364 

200 25 30 
0.4509 0.1357 

200 30 -20 
-0.4269 0.1402 

200 30 -10 
-0.2784 0.1389 

200 30 -5 
-0.2025 0.1383 

200 30 0 
-0.1255 0.1376 

200 30 5 
-0.04726 0.1369 

200 30 10 
0.03221 0.1362 

200 30 15 
0.1129 0.1355 

200 30 20 
0.1949 0.1348 

200 30 25 
0.278 0.1341 

200 30 30 
0.3623 0.1333 

200 35 -20 
-0.5197 0.1379 

200 35 -10 
-0.3712 0.1366 

200 35 -5 
-0.2953 0.1359 

200 35 0 
-0.2182 0.1353 

200 35 5 
-0.1398 0.1346 

200 35 10 
-0.06026 0.1339 

200 35 15 
0.0206 0.1332 

200 35 20 
0.1028 0.1325 

200 35 25 
0.1862 0.1317 

200 35 30 
0.271 0.131 

200 40 -20 
-0.614 0.1355 

200 40 -10 
-0.4656 0.1343 

200 40 -5 
-0.3897 0.1336 

200 40 0 
-0.3125 0.1329 

200 40 5 
-0.2342 0.1322 

200 40 10 
-0.1546 0.1316 

200 40 15 
-0.07361 0.1309 

200 40 20 
0.008678 0.1301 

200 40 25 
0.09233 0.1294 

200 40 30 
0.1774 0.1287 

200 45 -20 
-0.7099 0.1332 

200 45 -10 
-0.5616 0.1319 

200 45 -5 
-0.4857 0.1313 

200 45 0 
-0.4086 0.1306 
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G Tfi Ta ntherm nelec 

200 45 5 
-0.3303 0.1299 

200 45 10 
-0.2506 0.1292 

200 45 15 
-0.1697 0.1285 

200 45 20 
-0.08731 0.1278 

200 45 25 
-0.00356 0.1271 

200 45 30 
0.08162 0.1264 

200 50 -20 
-0.8074 0.1309 

200 50 -10 
-0.6592 0.1296 

200 50 -5 
-0.5834 0.129 

200 50 0 
-0.5063 0.1283 

200 50 5 
-0.428 0.1276 

200 50 10 
-0.3484 0.1269 

200 50 15 
-0.2675 0.1262 

200 50 20 
-0.1851 0.1255 

200 50 25 
-0.1013 0.1248 

200 50 30 
-0.01609 0.1241 

200 55 -20 
-0.9064 0.1286 

200 55 -10 
-0.7584 0.1273 

200 55 -5 
-0.6826 0.1267 

200 55 0 
-0.6057 0.126 

200 55 5 
-0.5275 0.1253 

200 55 10 
-0.4479 0.1247 

200 55 15 
-0.367 0.124 

200 55 20 
-0.2847 0.1232 

200 55 25 
-0.2009 0.1225 

200 55 30 
-0.1157 0.1218 

200 60 -20 
-1.007 0.1263 

200 60 -10 
-0.8591 0.125 

200 60 -5 
-0.7835 0.1244 

200 60 0 
-0.7066 0.1237 

200 60 5 
-0.6285 0.1231 

200 60 10 
-0.5491 0.1224 

200 60 15 
-0.4683 0.1217 

200 60 20 
-0.386 0.121 

200 60 25 
-0.3023 0.1203 

200 60 30 
-0.2171 0.1195 

200 65 -20 
-1.109 0.124 

200 65 -10 
-0.9614 0.1228 

200 65 -5 
-0.8859 0.1221 

G Tfi Ta ntherm nelec 

200 65 0 
-0.8092 0.1215 

200 65 5 
-0.7312 0.1208 

200 65 10 
-0.6518 0.1201 

200 65 15 
-0.5711 0.1194 

200 65 20 
-0.489 0.1187 

200 65 25 
-0.4054 0.118 

200 65 30 
-0.3203 0.1173 

200 70 -20 
-1.212 0.1218 

200 70 -10 
-1.065 0.1205 

200 70 -5 
-0.9898 0.1199 

200 70 0 
-0.9132 0.1192 

200 70 5 
-0.8354 0.1185 

200 70 10 
-0.7562 0.1179 

200 70 15 
-0.6757 0.1172 

200 70 20 
-0.5937 0.1165 

200 70 25 
-0.5102 0.1158 

200 70 30 
-0.4252 0.115 

200 75 -20 
-1.317 0.1195 

200 75 -10 
-1.17 0.1183 

200 75 -5 
-1.095 0.1176 

200 75 0 
-1.019 0.117 

200 75 5 
-0.9412 0.1163 

200 75 10 
-0.8622 0.1156 

200 75 15 
-0.7818 0.1149 

200 75 20 
-0.6999 0.1142 

200 75 25 
-0.6166 0.1135 

200 75 30 
-0.5318 0.1128 

200 80 -20 
-1.424 0.1173 

200 80 -10 
-1.277 0.116 

200 80 -5 
-1.202 0.1154 

200 80 0 
-1.126 0.1147 

200 80 5 
-1.049 0.1141 

200 80 10 
-0.9697 0.1134 

200 80 15 
-0.8895 0.1127 

200 80 20 
-0.8078 0.112 

200 80 25 
-0.7247 0.1113 

200 80 30 
-0.64 0.1106 

200 85 -20 
-1.531 0.1151 

200 85 -10 
-1.385 0.1138 
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G Tfi Ta ntherm nelec 

200 85 -5 
-1.311 0.1132 

200 85 0 
-1.235 0.1125 

200 85 5 
-1.157 0.1119 

200 85 10 
-1.079 0.1112 

200 85 15 
-0.9987 0.1105 

200 85 20 
-0.9173 0.1098 

200 85 25 
-0.8343 0.1091 

200 85 30 
-0.7499 0.1084 

200 90 -20 
-1.641 0.1128 

200 90 -10 
-1.495 0.1116 

200 90 -5 
-1.421 0.111 

200 90 0 
-1.345 0.1103 

200 90 5 
-1.268 0.1097 

200 90 10 
-1.189 0.109 

200 90 15 
-1.109 0.1083 

200 90 20 
-1.028 0.1076 

200 90 25 
-0.9455 0.1069 

200 90 30 
-0.8613 0.1062 

400 5 -20 
0.2317 0.1481 

400 5 -10 
0.3063 0.1468 

400 5 -5 
0.3443 0.1461 

400 5 0 
0.3829 0.1454 

400 5 5 
0.422 0.1447 

400 5 10 
0.4616 0.144 

400 5 15 
0.5016 0.1433 

400 5 20 
0.5417 0.1426 

400 5 25 
0.5818 0.1419 

400 5 30 
0.6219 0.1412 

400 10 -20 
0.1891 0.1457 

400 10 -10 
0.2638 0.1444 

400 10 -5 
0.302 0.1437 

400 10 0 
0.3407 0.143 

400 10 5 
0.3799 0.1424 

400 10 10 
0.4197 0.1416 

400 10 15 
0.4601 0.1409 

400 10 20 
0.5009 0.1402 

400 10 25 
0.5419 0.1395 

400 10 30 
0.5816 0.1388 

400 15 -20 
0.1456 0.1434 

G Tfi Ta ntherm nelec 

400 15 -10 
0.2204 0.142 

400 15 -5 
0.2587 0.1414 

400 15 0 
0.2975 0.1407 

400 15 5 
0.3368 0.14 

400 15 10 
0.3768 0.1393 

400 15 15 
0.4173 0.1386 

400 15 20 
0.4584 0.1378 

400 15 25 
0.5 0.1371 

400 15 30 
0.5418 0.1364 

400 20 -20 
0.1013 0.141 

400 20 -10 
0.1762 0.1397 

400 20 -5 
0.2144 0.139 

400 20 0 
0.2533 0.1383 

400 20 5 
0.2928 0.1376 

400 20 10 
0.3328 0.1369 

400 20 15 
0.3735 0.1362 

400 20 20 
0.4148 0.1355 

400 20 25 
0.4567 0.1348 

400 20 30 
0.4991 0.134 

400 25 -20 
0.0561 0.1387 

400 25 -10 
0.131 0.1373 

400 25 -5 
0.1693 0.1367 

400 25 0 
0.2082 0.136 

400 25 5 
0.2477 0.1353 

400 25 10 
0.2878 0.1346 

400 25 15 
0.3286 0.1339 

400 25 20 
0.37 0.1332 

400 25 25 
0.4121 0.1324 

400 25 30 
0.4548 0.1317 

400 30 -20 
0.0101 0.1363 

400 30 -10 
0.08499 0.135 

400 30 -5 
0.1233 0.1343 

400 30 0 
0.1622 0.1337 

400 30 5 
0.2017 0.133 

400 30 10 
0.2419 0.1323 

400 30 15 
0.2827 0.1316 

400 30 20 
0.3242 0.1308 

400 30 25 
0.3664 0.1301 

400 30 30 
0.4092 0.1293 
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G Tfi Ta ntherm nelec 

400 35 -20 
-0.03671 0.134 

400 35 -10 
0.03814 0.1327 

400 35 -5 
0.07643 0.132 

400 35 0 
0.1153 0.1313 

400 35 5 
0.1549 0.1307 

400 35 10 
0.195 0.13 

400 35 15 
0.2359 0.1292 

400 35 20 
0.2774 0.1285 

400 35 25 
0.3196 0.1278 

400 35 30 
0.3626 0.127 

400 40 -20 
-0.08433 0.1317 

400 40 -10 
-0.00954 0.1304 

400 40 -5 
0.02872 0.1297 

400 40 0 
0.06759 0.129 

400 40 5 
0.1071 0.1284 

400 40 10 
0.1473 0.1277 

400 40 15 
0.1881 0.1269 

400 40 20 
0.2296 0.1262 

400 40 25 
0.2719 0.1255 

400 40 30 
0.3149 0.1247 

400 45 -20 
-0.1327 0.1294 

400 45 -10 
-0.05803 0.1281 

400 45 -5 
-0.01982 0.1274 

400 45 0 
0.01902 0.1267 

400 45 5 
0.05849 0.1261 

400 45 10 
0.09862 0.1254 

400 45 15 
0.1394 0.1247 

400 45 20 
0.181 0.1239 

400 45 25 
0.2232 0.1232 

400 45 30 
0.2662 0.1224 

400 50 -20 
-0.1819 0.1271 

400 50 -10 
-0.1073 0.1258 

400 50 -5 
-0.06917 0.1251 

400 50 0 
-0.03039 0.1245 

400 50 5 
0.009036 0.1238 

400 50 10 
0.04912 0.1231 

400 50 15 
0.0899 0.1224 

400 50 20 
0.1314 0.1217 

400 50 25 
0.1736 0.1209 

G Tfi Ta ntherm nelec 

400 50 30 
0.2166 0.1202 

400 55 -20 
-0.2319 0.1248 

400 55 -10 
-0.1574 0.1235 

400 55 -5 
-0.1193 0.1228 

400 55 0 
-0.0806 0.1222 

400 55 5 
-0.04124 0.1215 

400 55 10 
-0.00122 0.1208 

400 55 15 
0.03951 0.1201 

400 55 20 
0.08095 0.1194 

400 55 25 
0.1231 0.1187 

400 55 30 
0.1661 0.1179 

400 60 -20 
-0.2826 0.1225 

400 60 -10 
-0.2083 0.1212 

400 60 -5 
-0.1703 0.1206 

400 60 0 
-0.1316 0.1199 

400 60 5 
-0.09234 0.1192 

400 60 10 
-0.05238 0.1185 

400 60 15 
-0.01173 0.1178 

400 60 20 
0.02964 0.1171 

400 60 25 
0.07176 0.1164 

400 60 30 
0.1146 0.1157 

400 65 -20 
-0.334 0.1203 

400 65 -10 
-0.2599 0.119 

400 65 -5 
-0.222 0.1183 

400 65 0 
-0.1834 0.1177 

400 65 5 
-0.1442 0.117 

400 65 10 
-0.1044 0.1163 

400 65 15 
-0.06379 0.1156 

400 65 20 
-0.0225 0.1149 

400 65 25 
0.01954 0.1142 

400 65 30 
0.06235 0.1134 

400 70 -20 
-0.3863 0.118 

400 70 -10 
-0.3124 0.1167 

400 70 -5 
-0.2745 0.1161 

400 70 0 
-0.236 0.1154 

400 70 5 
-0.1969 0.1148 

400 70 10 
-0.1572 0.1141 

400 70 15 
-0.1167 0.1134 

400 70 20 
-0.07547 0.1127 
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G Tfi Ta ntherm nelec 

400 70 25 
-0.03352 0.1119 

400 70 30 
0.009205 0.1112 

400 75 -20 
-0.4393 0.1158 

400 75 -10 
-0.3655 0.1145 

400 75 -5 
-0.3278 0.1139 

400 75 0 
-0.2894 0.1132 

400 75 5 
-0.2504 0.1125 

400 75 10 
-0.2107 0.1118 

400 75 15 
-0.1704 0.1111 

400 75 20 
-0.1292 0.1104 

400 75 25 
-0.0874 0.1097 

400 75 30 
-0.04478 0.109 

400 80 -20 
-0.493 0.1135 

400 80 -10 
-0.4195 0.1123 

400 80 -5 
-0.3818 0.1116 

400 80 0 
-0.3436 0.111 

400 80 5 
-0.3047 0.1103 

400 80 10 
-0.2651 0.1096 

400 80 15 
-0.2248 0.1089 

400 80 20 
-0.1838 0.1082 

400 80 25 
-0.1421 0.1075 

400 80 30 
-0.09958 0.1068 

400 85 -20 
-0.5474 0.1113 

400 85 -10 
-0.4741 0.1101 

400 85 -5 
-0.4366 0.1094 

400 85 0 
-0.3985 0.1088 

400 85 5 
-0.3597 0.1081 

400 85 10 
-0.3202 0.1074 

400 85 15 
-0.2801 0.1067 

400 85 20 
-0.2392 0.106 

400 85 25 
-0.1976 0.1053 

400 85 30 
-0.1552 0.1046 

400 90 -20 
-0.6026 0.1091 

400 90 -10 
-0.5296 0.1079 

400 90 -5 
-0.4921 0.1072 

400 90 0 
-0.4541 0.1066 

400 90 5 
-0.4155 0.1059 

400 90 10 
-0.3761 0.1052 

400 90 15 
-0.3361 0.1046 

G Tfi Ta ntherm nelec 

400 90 20 
-0.2954 0.1039 

400 90 25 
-0.2539 0.1032 

400 90 30 
-0.2116 0.1024 

600 5 -20 
0.3064 0.1441 

600 5 -10 
0.3569 0.1428 

600 5 -5 
0.3826 0.1421 

600 5 0 
0.4088 0.1414 

600 5 5 
0.4353 0.1407 

600 5 10 
0.4622 0.14 

600 5 15 
0.4895 0.1393 

600 5 20 
0.5171 0.1386 

600 5 25 
0.545 0.1378 

600 5 30 
0.5729 0.1371 

600 10 -20 
0.2777 0.1418 

600 10 -10 
0.3282 0.1404 

600 10 -5 
0.354 0.1398 

600 10 0 
0.3801 0.1391 

600 10 5 
0.4067 0.1384 

600 10 10 
0.4337 0.1377 

600 10 15 
0.4611 0.1369 

600 10 20 
0.4889 0.1362 

600 10 25 
0.5171 0.1355 

600 10 30 
0.5455 0.1347 

600 15 -20 
0.2484 0.1394 

600 15 -10 
0.2989 0.1381 

600 15 -5 
0.3247 0.1374 

600 15 0 
0.3509 0.1367 

600 15 5 
0.3775 0.136 

600 15 10 
0.4046 0.1353 

600 15 15 
0.432 0.1346 

600 15 20 
0.4599 0.1339 

600 15 25 
0.4882 0.1331 

600 15 30 
0.5169 0.1324 

600 20 -20 
0.2185 0.1371 

600 20 -10 
0.269 0.1358 

600 20 -5 
0.2948 0.1351 

600 20 0 
0.321 0.1344 

600 20 5 
0.3477 0.1337 

600 20 10 
0.3747 0.133 
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G Tfi Ta ntherm nelec 

600 20 15 
0.4022 0.1323 

600 20 20 
0.4302 0.1315 

600 20 25 
0.4586 0.1308 

600 20 30 
0.4874 0.13 

600 25 -20 
0.188 0.1347 

600 25 -10 
0.2385 0.1334 

600 25 -5 
0.2643 0.1328 

600 25 0 
0.2905 0.1321 

600 25 5 
0.3172 0.1314 

600 25 10 
0.3442 0.1307 

600 25 15 
0.3718 0.13 

600 25 20 
0.3998 0.1292 

600 25 25 
0.4282 0.1285 

600 25 30 
0.4571 0.1277 

600 30 -20 
0.157 0.1324 

600 30 -10 
0.2074 0.1311 

600 30 -5 
0.2332 0.1304 

600 30 0 
0.2594 0.1298 

600 30 5 
0.2861 0.1291 

600 30 10 
0.3131 0.1284 

600 30 15 
0.3407 0.1276 

600 30 20 
0.3687 0.1269 

600 30 25 
0.3971 0.1262 

600 30 30 
0.4261 0.1254 

600 35 -20 
0.1254 0.1301 

600 35 -10 
0.1758 0.1288 

600 35 -5 
0.2016 0.1281 

600 35 0 
0.2277 0.1275 

600 35 5 
0.2544 0.1268 

600 35 10 
0.2814 0.1261 

600 35 15 
0.3089 0.1253 

600 35 20 
0.3369 0.1246 

600 35 25 
0.3654 0.1239 

600 35 30 
0.3944 0.1231 

600 40 -20 
0.09329 0.1278 

600 40 -10 
0.1436 0.1265 

600 40 -5 
0.1693 0.1258 

600 40 0 
0.1955 0.1252 

600 40 5 
0.2221 0.1245 

G Tfi Ta ntherm nelec 

600 40 10 
0.2491 0.1238 

600 40 15 
0.2766 0.1231 

600 40 20 
0.3046 0.1223 

600 40 25 
0.333 0.1216 

600 40 30 
0.362 0.1208 

600 45 -20 
0.06064 0.1255 

600 45 -10 
0.1109 0.1242 

600 45 -5 
0.1365 0.1235 

600 45 0 
0.1627 0.1229 

600 45 5 
0.1892 0.1222 

600 45 10 
0.2162 0.1215 

600 45 15 
0.2437 0.1208 

600 45 20 
0.2716 0.1201 

600 45 25 
0.3 0.1193 

600 45 30 
0.329 0.1186 

600 50 -20 
0.02746 0.1232 

600 50 -10 
0.07757 0.1219 

600 50 -5 
0.1032 0.1213 

600 50 0 
0.1293 0.1206 

600 50 5 
0.1558 0.1199 

600 50 10 
0.1827 0.1192 

600 50 15 
0.2101 0.1185 

600 50 20 
0.238 0.1178 

600 50 25 
0.2664 0.1171 

600 50 30 
0.2954 0.1163 

600 55 -20 
-0.00625 0.1209 

600 55 -10 
0.04374 0.1197 

600 55 -5 
0.06933 0.119 

600 55 0 
0.09534 0.1183 

600 55 5 
0.1218 0.1177 

600 55 10 
0.1487 0.117 

600 55 15 
0.176 0.1163 

600 55 20 
0.2039 0.1155 

600 55 25 
0.2322 0.1148 

600 55 30 
0.2611 0.1141 

600 60 -20 
-0.04048 0.1187 

600 60 -10 
0.009387 0.1174 

600 60 -5 
0.03492 0.1167 

600 60 0 
0.06086 0.1161 



152 

 

G Tfi Ta ntherm nelec 

600 60 5 
0.08725 0.1154 

600 60 10 
0.1141 0.1147 

600 60 15 
0.1414 0.114 

600 60 20 
0.1692 0.1133 

600 60 25 
0.1975 0.1126 

600 60 30 
0.2263 0.1118 

600 65 -20 
-0.07523 0.1164 

600 65 -10 
-0.0255 0.1152 

600 65 -5 
-3.4E-05 0.1145 

600 65 0 
0.02585 0.1138 

600 65 5 
0.05216 0.1132 

600 65 10 
0.07893 0.1125 

600 65 15 
0.1062 0.1118 

600 65 20 
0.1339 0.1111 

600 65 25 
0.1621 0.1103 

600 65 30 
0.1909 0.1096 

600 70 -20 
-0.1105 0.1142 

600 70 -10 
-0.0609 0.1129 

600 70 -5 
-0.03551 0.1123 

600 70 0 
-0.0097 0.1116 

600 70 5 
0.01654 0.1109 

600 70 10 
0.04323 0.1103 

600 70 15 
0.0704 0.1096 

600 70 20 
0.09805 0.1088 

600 70 25 
0.1262 0.1081 

600 70 30 
0.1549 0.1074 

600 75 -20 
-0.1463 0.112 

600 75 -10 
-0.09683 0.1107 

600 75 -5 
-0.07151 0.11 

600 75 0 
-0.04578 0.1094 

600 75 5 
-0.01961 0.1087 

600 75 10 
0.007003 0.108 

600 75 15 
0.03409 0.1073 

600 75 20 
0.06166 0.1066 

600 75 25 
0.08973 0.1059 

600 75 30 
0.1183 0.1052 

600 80 -20 
-0.1825 0.1097 

600 80 -10 
-0.1333 0.1085 

600 80 -5 
-0.108 0.1078 

G Tfi Ta ntherm nelec 

600 80 0 
-0.08238 0.1072 

600 80 5 
-0.05629 0.1065 

600 80 10 
-0.02976 0.1058 

600 80 15 
-0.00276 0.1051 

600 80 20 
0.02473 0.1044 

600 80 25 
0.05272 0.1037 

600 80 30 
0.08123 0.103 

600 85 -20 
-0.2193 0.1075 

600 85 -10 
-0.1702 0.1063 

600 85 -5 
-0.1451 0.1056 

600 85 0 
-0.1195 0.105 

600 85 5 
-0.09349 0.1043 

600 85 10 
-0.06705 0.1036 

600 85 15 
-0.04013 0.103 

600 85 20 
-0.01273 0.1023 

600 85 25 
0.01517 0.1015 

600 85 30 
0.04359 0.1008 

600 90 -20 
-0.2566 0.1053 

600 90 -10 
-0.2077 0.1041 

600 90 -5 
-0.1826 0.1035 

600 90 0 
-0.1571 0.1028 

600 90 5 
-0.1312 0.1021 

600 90 10 
-0.1049 0.1015 

600 90 15 
-0.07803 0.1008 

600 90 20 
-0.05072 0.1001 

600 90 25 
-0.02292 0.09938 

600 90 30 
0.005405 0.09866 

800 5 -20 
0.3443 0.1401 

800 5 -10 
0.3825 0.1388 

800 5 -5 
0.402 0.1381 

800 5 0 
0.4218 0.1374 

800 5 5 
0.442 0.1367 

800 5 10 
0.4624 0.1359 

800 5 15 
0.4832 0.1352 

800 5 20 
0.5043 0.1345 

800 5 25 
0.5257 0.1337 

800 5 30 
0.5474 0.1329 

800 10 -20 
0.3225 0.1378 

800 10 -10 
0.3607 0.1364 
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G Tfi Ta ntherm nelec 

800 10 -5 
0.3802 0.1357 

800 10 0 
0.4001 0.135 

800 10 5 
0.4202 0.1343 

800 10 10 
0.4407 0.1336 

800 10 15 
0.4615 0.1329 

800 10 20 
0.4827 0.1321 

800 10 25 
0.5042 0.1314 

800 10 30 
0.526 0.1306 

800 15 -20 
0.3003 0.1354 

800 15 -10 
0.3385 0.1341 

800 15 -5 
0.358 0.1334 

800 15 0 
0.3779 0.1327 

800 15 5 
0.398 0.132 

800 15 10 
0.4185 0.1313 

800 15 15 
0.4393 0.1306 

800 15 20 
0.4605 0.1298 

800 15 25 
0.482 0.1291 

800 15 30 
0.5039 0.1283 

800 20 -20 
0.2776 0.1331 

800 20 -10 
0.3158 0.1318 

800 20 -5 
0.3353 0.1311 

800 20 0 
0.3552 0.1304 

800 20 5 
0.3753 0.1297 

800 20 10 
0.3958 0.129 

800 20 15 
0.4166 0.1283 

800 20 20 
0.4378 0.1275 

800 20 25 
0.4594 0.1268 

800 20 30 
0.4813 0.126 

800 25 -20 
0.2546 0.1308 

800 25 -10 
0.2927 0.1295 

800 25 -5 
0.3122 0.1288 

800 25 0 
0.332 0.1281 

800 25 5 
0.3522 0.1274 

800 25 10 
0.3726 0.1267 

800 25 15 
0.3935 0.126 

800 25 20 
0.4146 0.1252 

800 25 25 
0.4362 0.1245 

800 25 30 
0.4581 0.1237 

800 30 -20 
0.2311 0.1285 

G Tfi Ta ntherm nelec 

800 30 -10 
0.2691 0.1272 

800 30 -5 
0.2886 0.1265 

800 30 0 
0.3084 0.1258 

800 30 5 
0.3285 0.1251 

800 30 10 
0.349 0.1244 

800 30 15 
0.3698 0.1237 

800 30 20 
0.391 0.1229 

800 30 25 
0.4125 0.1222 

800 30 30 
0.4344 0.1214 

800 35 -20 
0.2071 0.1262 

800 35 -10 
0.2451 0.1249 

800 35 -5 
0.2646 0.1242 

800 35 0 
0.2844 0.1235 

800 35 5 
0.3045 0.1228 

800 35 10 
0.3249 0.1221 

800 35 15 
0.3457 0.1214 

800 35 20 
0.3668 0.1207 

800 35 25 
0.3883 0.1199 

800 35 30 
0.4102 0.1192 

800 40 -20 
0.1828 0.1239 

800 40 -10 
0.2207 0.1226 

800 40 -5 
0.2402 0.1219 

800 40 0 
0.2599 0.1212 

800 40 5 
0.2799 0.1206 

800 40 10 
0.3003 0.1198 

800 40 15 
0.3211 0.1191 

800 40 20 
0.3422 0.1184 

800 40 25 
0.3637 0.1177 

800 40 30 
0.3856 0.1169 

800 45 -20 
0.1581 0.1216 

800 45 -10 
0.1959 0.1203 

800 45 -5 
0.2153 0.1197 

800 45 0 
0.235 0.119 

800 45 5 
0.255 0.1183 

800 45 10 
0.2753 0.1176 

800 45 15 
0.2961 0.1169 

800 45 20 
0.3171 0.1161 

800 45 25 
0.3386 0.1154 

800 45 30 
0.3604 0.1146 
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G Tfi Ta ntherm nelec 

800 50 -20 
0.1329 0.1194 

800 50 -10 
0.1707 0.1181 

800 50 -5 
0.19 0.1174 

800 50 0 
0.2096 0.1167 

800 50 5 
0.2296 0.116 

800 50 10 
0.2499 0.1153 

800 50 15 
0.2706 0.1146 

800 50 20 
0.2916 0.1139 

800 50 25 
0.313 0.1132 

800 50 30 
0.3348 0.1124 

800 55 -20 
0.1074 0.1171 

800 55 -10 
0.145 0.1158 

800 55 -5 
0.1643 0.1152 

800 55 0 
0.1839 0.1145 

800 55 5 
0.2038 0.1138 

800 55 10 
0.2241 0.1131 

800 55 15 
0.2447 0.1124 

800 55 20 
0.2657 0.1117 

800 55 25 
0.287 0.1109 

800 55 30 
0.3088 0.1102 

800 60 -20 
0.08143 0.1149 

800 60 -10 
0.119 0.1136 

800 60 -5 
0.1382 0.1129 

800 60 0 
0.1577 0.1122 

800 60 5 
0.1776 0.1116 

800 60 10 
0.1978 0.1109 

800 60 15 
0.2184 0.1102 

800 60 20 
0.2393 0.1094 

800 60 25 
0.2606 0.1087 

800 60 30 
0.2823 0.108 

800 65 -20 
0.05509 0.1126 

800 65 -10 
0.09253 0.1113 

800 65 -5 
0.1117 0.1107 

800 65 0 
0.1312 0.11 

800 65 5 
0.151 0.1093 

800 65 10 
0.1711 0.1086 

800 65 15 
0.1916 0.1079 

800 65 20 
0.2125 0.1072 

800 65 25 
0.2337 0.1065 

G Tfi Ta ntherm nelec 

800 65 30 
0.2554 0.1058 

800 70 -20 
0.02837 0.1104 

800 70 -10 
0.06568 0.1091 

800 70 -5 
0.08478 0.1085 

800 70 0 
0.1042 0.1078 

800 70 5 
0.1239 0.1071 

800 70 10 
0.144 0.1064 

800 70 15 
0.1645 0.1057 

800 70 20 
0.1853 0.105 

800 70 25 
0.2065 0.1043 

800 70 30 
0.228 0.1036 

800 75 -20 
0.001248 0.1082 

800 75 -10 
0.03844 0.1069 

800 75 -5 
0.05748 0.1063 

800 75 0 
0.07683 0.1056 

800 75 5 
0.09651 0.1049 

800 75 10 
0.1165 0.1042 

800 75 15 
0.1369 0.1035 

800 75 20 
0.1576 0.1028 

800 75 25 
0.1788 0.1021 

800 75 30 
0.2003 0.1014 

800 80 -20 
-0.02625 0.106 

800 80 -10 
0.0108 0.1047 

800 80 -5 
0.02978 0.1041 

800 80 0 
0.04906 0.1034 

800 80 5 
0.06867 0.1027 

800 80 10 
0.08863 0.1021 

800 80 15 
0.1089 0.1014 

800 80 20 
0.1296 0.1007 

800 80 25 
0.1506 0.09994 

800 80 30 
0.1721 0.09921 

800 85 -20 
-0.05414 0.1038 

800 85 -10 
-0.01722 0.1025 

800 85 -5 
0.001687 0.1019 

800 85 0 
0.0209 0.1012 

800 85 5 
0.04045 0.1006 

800 85 10 
0.06032 0.09988 

800 85 15 
0.08055 0.09919 

800 85 20 
0.1011 0.09849 
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G Tfi Ta ntherm nelec 

800 85 25 
0.1221 0.09777 

800 85 30 
0.1435 0.09704 

800 90 -20 
-0.0824 0.1016 

800 90 -10 
-0.04562 0.1003 

800 90 -5 
-0.02679 0.09971 

800 90 0 
-0.00764 0.09906 

800 90 5 
0.01183 0.09839 

800 90 10 
0.03163 0.09772 

800 90 15 
0.05179 0.09703 

800 90 20 
0.0723 0.09633 

800 90 25 
0.09319 0.09562 

800 90 30 
0.1145 0.09489 

1000 5 -20 
0.3675 0.1361 

1000 5 -10 
0.3983 0.1347 

1000 5 -5 
0.4141 0.134 

1000 5 0 
0.4301 0.1333 

1000 5 5 
0.4464 0.1326 

1000 5 10 
0.4629 0.1318 

1000 5 15 
0.4797 0.1311 

1000 5 20 
0.4968 0.1303 

1000 5 25 
0.5142 0.1296 

1000 5 30 
0.5318 0.1288 

1000 10 -20 
0.3499 0.1337 

1000 10 -10 
0.3807 0.1324 

1000 10 -5 
0.3965 0.1317 

1000 10 0 
0.4125 0.131 

1000 10 5 
0.4288 0.1303 

1000 10 10 
0.4453 0.1295 

1000 10 15 
0.4621 0.1288 

1000 10 20 
0.4792 0.128 

1000 10 25 
0.4966 0.1273 

1000 10 30 
0.5143 0.1265 

1000 15 -20 
0.3319 0.1314 

1000 15 -10 
0.3627 0.1301 

1000 15 -5 
0.3785 0.1294 

1000 15 0 
0.3945 0.1287 

1000 15 5 
0.4107 0.128 

1000 15 10 
0.4273 0.1272 

1000 15 15 
0.4441 0.1265 

G Tfi Ta ntherm nelec 

1000 15 20 
0.4612 0.1258 

1000 15 25 
0.4786 0.125 

1000 15 30 
0.4962 0.1242 

1000 20 -20 
0.3136 0.1291 

1000 20 -10 
0.3444 0.1278 

1000 20 -5 
0.3601 0.1271 

1000 20 0 
0.3761 0.1264 

1000 20 5 
0.3923 0.1257 

1000 20 10 
0.4088 0.125 

1000 20 15 
0.4256 0.1242 

1000 20 20 
0.4427 0.1235 

1000 20 25 
0.4601 0.1227 

1000 20 30 
0.4778 0.1219 

1000 25 -20 
0.295 0.1268 

1000 25 -10 
0.3257 0.1255 

1000 25 -5 
0.3414 0.1248 

1000 25 0 
0.3573 0.1241 

1000 25 5 
0.3735 0.1234 

1000 25 10 
0.39 0.1227 

1000 25 15 
0.4068 0.122 

1000 25 20 
0.4239 0.1212 

1000 25 25 
0.4413 0.1204 

1000 25 30 
0.4589 0.1197 

1000 30 -20 
0.276 0.1245 

1000 30 -10 
0.3066 0.1232 

1000 30 -5 
0.3223 0.1225 

1000 30 0 
0.3382 0.1218 

1000 30 5 
0.3544 0.1211 

1000 30 10 
0.3709 0.1204 

1000 30 15 
0.3876 0.1197 

1000 30 20 
0.4047 0.1189 

1000 30 25 
0.422 0.1182 

1000 30 30 
0.4397 0.1174 

1000 35 -20 
0.2566 0.1223 

1000 35 -10 
0.2872 0.1209 

1000 35 -5 
0.3028 0.1203 

1000 35 0 
0.3187 0.1196 

1000 35 5 
0.3349 0.1189 

1000 35 10 
0.3513 0.1182 
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G Tfi Ta ntherm nelec 

1000 35 15 
0.3681 0.1174 

1000 35 20 
0.3851 0.1167 

1000 35 25 
0.4024 0.1159 

1000 35 30 
0.42 0.1152 

1000 40 -20 
0.237 0.12 

1000 40 -10 
0.2674 0.1187 

1000 40 -5 
0.2831 0.118 

1000 40 0 
0.2989 0.1173 

1000 40 5 
0.315 0.1166 

1000 40 10 
0.3314 0.1159 

1000 40 15 
0.3481 0.1152 

1000 40 20 
0.3651 0.1144 

1000 40 25 
0.3824 0.1137 

1000 40 30 
0.4 0.1129 

1000 45 -20 
0.217 0.1177 

1000 45 -10 
0.2474 0.1164 

1000 45 -5 
0.2629 0.1158 

1000 45 0 
0.2787 0.1151 

1000 45 5 
0.2948 0.1144 

1000 45 10 
0.3112 0.1137 

1000 45 15 
0.3278 0.1129 

1000 45 20 
0.3448 0.1122 

1000 45 25 
0.362 0.1115 

1000 45 30 
0.3796 0.1107 

1000 50 -20 
0.1966 0.1155 

1000 50 -10 
0.2269 0.1142 

1000 50 -5 
0.2425 0.1135 

1000 50 0 
0.2582 0.1128 

1000 50 5 
0.2743 0.1121 

1000 50 10 
0.2906 0.1114 

1000 50 15 
0.3072 0.1107 

1000 50 20 
0.3241 0.11 

1000 50 25 
0.3413 0.1092 

1000 50 30 
0.3588 0.1085 

1000 55 -20 
0.176 0.1132 

1000 55 -10 
0.2062 0.1119 

1000 55 -5 
0.2217 0.1113 

1000 55 0 
0.2374 0.1106 

1000 55 5 
0.2534 0.1099 

G Tfi Ta ntherm nelec 

1000 55 10 
0.2696 0.1092 

1000 55 15 
0.2862 0.1085 

1000 55 20 
0.303 0.1078 

1000 55 25 
0.3202 0.107 

1000 55 30 
0.3377 0.1063 

1000 60 -20 
0.155 0.111 

1000 60 -10 
0.1851 0.1097 

1000 60 -5 
0.2005 0.1091 

1000 60 0 
0.2162 0.1084 

1000 60 5 
0.2321 0.1077 

1000 60 10 
0.2484 0.107 

1000 60 15 
0.2649 0.1063 

1000 60 20 
0.2817 0.1056 

1000 60 25 
0.2988 0.1048 

1000 60 30 
0.3162 0.1041 

1000 65 -20 
0.1337 0.1088 

1000 65 -10 
0.1637 0.1075 

1000 65 -5 
0.1791 0.1068 

1000 65 0 
0.1947 0.1062 

1000 65 5 
0.2106 0.1055 

1000 65 10 
0.2267 0.1048 

1000 65 15 
0.2432 0.1041 

1000 65 20 
0.2599 0.1034 

1000 65 25 
0.277 0.1026 

1000 65 30 
0.2943 0.1019 

1000 70 -20 
0.112 0.1066 

1000 70 -10 
0.142 0.1053 

1000 70 -5 
0.1573 0.1046 

1000 70 0 
0.1729 0.104 

1000 70 5 
0.1887 0.1033 

1000 70 10 
0.2048 0.1026 

1000 70 15 
0.2212 0.1019 

1000 70 20 
0.2379 0.1012 

1000 70 25 
0.2549 0.1005 

1000 70 30 
0.2722 0.09972 

1000 75 -20 
0.0901 0.1044 

1000 75 -10 
0.1199 0.1031 

1000 75 -5 
0.1352 0.1025 

1000 75 0 
0.1507 0.1018 
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G Tfi Ta ntherm nelec 

1000 75 5 
0.1665 0.1011 

1000 75 10 
0.1825 0.1004 

1000 75 15 
0.1989 0.09973 

1000 75 20 
0.2155 0.09902 

1000 75 25 
0.2324 0.09829 

1000 75 30 
0.2496 0.09755 

1000 80 -20 
0.06785 0.1022 

1000 80 -10 
0.09755 0.1009 

1000 80 -5 
0.1128 0.1003 

1000 80 0 
0.1282 0.09961 

1000 80 5 
0.1439 0.09894 

1000 80 10 
0.1599 0.09826 

1000 80 15 
0.1762 0.09756 

1000 80 20 
0.1928 0.09685 

1000 80 25 
0.2096 0.09613 

1000 80 30 
0.2268 0.0954 

1000 85 -20 
0.04529 0.1 

1000 85 -10 
0.07487 0.09875 

1000 85 -5 
0.09002 0.0981 

1000 85 0 
0.1054 0.09745 

1000 85 5 
0.1211 0.09678 

1000 85 10 
0.137 0.0961 

1000 85 15 
0.1532 0.09541 

1000 85 20 
0.1697 0.0947 

1000 85 25 
0.1865 0.09398 

1000 85 30 
0.2036 0.09325 

1000 90 -20 
0.02242 0.09784 

1000 90 -10 
0.05188 0.09659 

1000 90 -5 
0.06697 0.09594 

1000 90 0 
0.0823 0.09529 

1000 90 5 
0.0979 0.09463 

1000 90 10 
0.1138 0.09395 

1000 90 15 
0.1299 0.09326 

1000 90 20 
0.1463 0.09256 

1000 90 25 
0.1631 0.09185 

1000 90 30 
0.1801 0.09112 

1200 5 -20 
0.3834 0.132 

1200 5 -10 
0.4093 0.1306 

1200 5 -5 
0.4225 0.1299 

G Tfi Ta ntherm nelec 

1200 5 0 
0.436 0.1292 

1200 5 5 
0.4497 0.1285 

1200 5 10 
0.4636 0.1277 

1200 5 15 
0.4777 0.127 

1200 5 20 
0.4921 0.1262 

1200 5 25 
0.5067 0.1254 

1200 5 30 
0.5216 0.1246 

1200 10 -20 
0.3686 0.1297 

1200 10 -10 
0.3944 0.1283 

1200 10 -5 
0.4077 0.1276 

1200 10 0 
0.4211 0.1269 

1200 10 5 
0.4348 0.1262 

1200 10 10 
0.4487 0.1254 

1200 10 15 
0.4628 0.1247 

1200 10 20 
0.4771 0.1239 

1200 10 25 
0.4918 0.1232 

1200 10 30 
0.5066 0.1224 

1200 15 -20 
0.3535 0.1274 

1200 15 -10 
0.3793 0.126 

1200 15 -5 
0.3925 0.1253 

1200 15 0 
0.4059 0.1246 

1200 15 5 
0.4195 0.1239 

1200 15 10 
0.4334 0.1232 

1200 15 15 
0.4475 0.1224 

1200 15 20 
0.4619 0.1217 

1200 15 25 
0.4765 0.1209 

1200 15 30 
0.4913 0.1201 

1200 20 -20 
0.338 0.1251 

1200 20 -10 
0.3638 0.1238 

1200 20 -5 
0.377 0.1231 

1200 20 0 
0.3904 0.1224 

1200 20 5 
0.404 0.1216 

1200 20 10 
0.4178 0.1209 

1200 20 15 
0.4319 0.1202 

1200 20 20 
0.4462 0.1194 

1200 20 25 
0.4608 0.1187 

1200 20 30 
0.4757 0.1179 

1200 25 -20 
0.3223 0.1228 

1200 25 -10 
0.348 0.1215 



158 

 

G Tfi Ta ntherm nelec 

1200 25 -5 
0.3612 0.1208 

1200 25 0 
0.3745 0.1201 

1200 25 5 
0.3881 0.1194 

1200 25 10 
0.4019 0.1187 

1200 25 15 
0.416 0.1179 

1200 25 20 
0.4303 0.1172 

1200 25 25 
0.4449 0.1164 

1200 25 30 
0.4597 0.1156 

1200 30 -20 
0.3063 0.1206 

1200 30 -10 
0.3319 0.1192 

1200 30 -5 
0.3451 0.1185 

1200 30 0 
0.3584 0.1178 

1200 30 5 
0.372 0.1171 

1200 30 10 
0.3857 0.1164 

1200 30 15 
0.3998 0.1157 

1200 30 20 
0.414 0.1149 

1200 30 25 
0.4286 0.1142 

1200 30 30 
0.4434 0.1134 

1200 35 -20 
0.29 0.1183 

1200 35 -10 
0.3156 0.117 

1200 35 -5 
0.3287 0.1163 

1200 35 0 
0.342 0.1156 

1200 35 5 
0.3555 0.1149 

1200 35 10 
0.3692 0.1142 

1200 35 15 
0.3832 0.1134 

1200 35 20 
0.3975 0.1127 

1200 35 25 
0.412 0.1119 

1200 35 30 
0.4267 0.1112 

1200 40 -20 
0.2734 0.1161 

1200 40 -10 
0.2989 0.1147 

1200 40 -5 
0.312 0.1141 

1200 40 0 
0.3252 0.1134 

1200 40 5 
0.3387 0.1127 

1200 40 10 
0.3524 0.1119 

1200 40 15 
0.3664 0.1112 

1200 40 20 
0.3806 0.1105 

1200 40 25 
0.3951 0.1097 

1200 40 30 
0.4098 0.109 

1200 45 -20 
0.2565 0.1138 

G Tfi Ta ntherm nelec 

1200 45 -10 
0.282 0.1125 

1200 45 -5 
0.295 0.1118 

1200 45 0 
0.3082 0.1111 

1200 45 5 
0.3217 0.1104 

1200 45 10 
0.3353 0.1097 

1200 45 15 
0.3493 0.109 

1200 45 20 
0.3634 0.1083 

1200 45 25 
0.3778 0.1075 

1200 45 30 
0.3925 0.1068 

1200 50 -20 
0.2394 0.1116 

1200 50 -10 
0.2647 0.1103 

1200 50 -5 
0.2777 0.1096 

1200 50 0 
0.2909 0.1089 

1200 50 5 
0.3043 0.1082 

1200 50 10 
0.3179 0.1075 

1200 50 15 
0.3318 0.1068 

1200 50 20 
0.3459 0.1061 

1200 50 25 
0.3603 0.1053 

1200 50 30 
0.375 0.1046 

1200 55 -20 
0.222 0.1094 

1200 55 -10 
0.2472 0.1081 

1200 55 -5 
0.2602 0.1074 

1200 55 0 
0.2733 0.1067 

1200 55 5 
0.2867 0.106 

1200 55 10 
0.3003 0.1053 

1200 55 15 
0.3141 0.1046 

1200 55 20 
0.3282 0.1039 

1200 55 25 
0.3425 0.1031 

1200 55 30 
0.3571 0.1024 

1200 60 -20 
0.2043 0.1071 

1200 60 -10 
0.2295 0.1058 

1200 60 -5 
0.2423 0.1052 

1200 60 0 
0.2554 0.1045 

1200 60 5 
0.2688 0.1038 

1200 60 10 
0.2823 0.1031 

1200 60 15 
0.2961 0.1024 

1200 60 20 
0.3101 0.1017 

1200 60 25 
0.3244 0.1009 

1200 60 30 
0.3389 0.1002 
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G Tfi Ta ntherm nelec 

1200 65 -20 
0.1863 0.1049 

1200 65 -10 
0.2114 0.1036 

1200 65 -5 
0.2242 0.103 

1200 65 0 
0.2373 0.1023 

1200 65 5 
0.2506 0.1016 

1200 65 10 
0.264 0.1009 

1200 65 15 
0.2778 0.1002 

1200 65 20 
0.2918 0.0995 

1200 65 25 
0.306 0.09877 

1200 65 30 
0.3205 0.09802 

1200 70 -20 
0.1681 0.1027 

1200 70 -10 
0.1931 0.1015 

1200 70 -5 
0.2059 0.1008 

1200 70 0 
0.2189 0.1001 

1200 70 5 
0.2321 0.09945 

1200 70 10 
0.2455 0.09876 

1200 70 15 
0.2592 0.09805 

1200 70 20 
0.2731 0.09734 

1200 70 25 
0.2873 0.09661 

1200 70 30 
0.3017 0.09586 

1200 75 -20 
0.1496 0.1006 

1200 75 -10 
0.1745 0.09928 

1200 75 -5 
0.1872 0.09863 

1200 75 0 
0.2002 0.09796 

1200 75 5 
0.2133 0.09728 

1200 75 10 
0.2267 0.0966 

1200 75 15 
0.2403 0.09589 

1200 75 20 
0.2542 0.09518 

1200 75 25 
0.2683 0.09445 

1200 75 30 
0.2827 0.09371 

1200 80 -20 
0.1308 0.09838 

G Tfi Ta ntherm nelec 

1200 80 -10 
0.1556 0.09711 

1200 80 -5 
0.1683 0.09646 

1200 80 0 
0.1812 0.0958 

1200 80 5 
0.1943 0.09513 

1200 80 10 
0.2076 0.09444 

1200 80 15 
0.2212 0.09375 

1200 80 20 
0.235 0.09304 

1200 80 25 
0.2491 0.09231 

1200 80 30 
0.2634 0.09158 

1200 85 -20 
0.1118 0.09622 

1200 85 -10 
0.1365 0.09496 

1200 85 -5 
0.1491 0.09431 

1200 85 0 
0.162 0.09365 

1200 85 5 
0.175 0.09298 

1200 85 10 
0.1883 0.0923 

1200 85 15 
0.2018 0.09161 

1200 85 20 
0.2156 0.0909 

1200 85 25 
0.2296 0.09018 

1200 85 30 
0.2438 0.08945 

1200 90 -20 
0.09252 0.09407 

1200 90 -10 
0.1171 0.09281 

1200 90 -5 
0.1297 0.09217 

1200 90 0 
0.1425 0.09151 

1200 90 5 
0.1555 0.09085 

1200 90 10 
0.1687 0.09017 

1200 90 15 
0.1821 0.08948 

1200 90 20 
0.1958 0.08878 

1200 90 25 
0.2098 0.08806 

1200 90 30 
0.224 0.08733 
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Appendix E 

TRNSYS SDHW Model Input (deck) File 
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VERSION 16.1 

******************************************************************************* 
*** TRNSYS input file (deck) generated by TrnsysStudio 

*** on Friday, May 18, 2012 at 15:18 

*** from TrnsysStudio project: C:\Program Files\Trnsys16_1\MyProjects\PV Thermal Model\SolarThermal Ottawa Enerworks 
FlatPlate v1.tpf 

***  

*** If you edit this file, use the File/Import TRNSYS Input File function in  
*** TrnsysStudio to update the project.  

***  

*** If you have problems, questions or suggestions please contact your local  
*** TRNSYS distributor or mailto:software@cstb.fr  

***  

******************************************************************************* 
 

 

******************************************************************************* 
*** Units  

******************************************************************************* 

 
******************************************************************************* 

*** Control cards 

******************************************************************************* 
* START, STOP and STEP 

CONSTANTS 3 

START=0 
STOP=8760 

STEP=0.166666662 
* User defined CONSTANTS  

 

SIMULATION   START  STOP  STEP ! Start timeEnd time Time step 
TOLERANCES 0.001 0.001   ! Integration  Convergence 

LIMITS 30 30 30    ! Max iterations Max warnings Trace limit 

DFQ 1     ! TRNSYS numerical integration solver method 
WIDTH 80    ! TRNSYS output file width, number of characters 

LIST      ! NOLIST statement 

     ! MAP statement 
SOLVER 0 1 1    ! Solver statement Minimum relaxation factor Maximum relaxation 

factor 

NAN_CHECK 0    ! Nan DEBUG statement 
OVERWRITE_CHECK 0   ! Overwrite DEBUG statement 

TIME_REPORT 0   ! disable time report 

EQSOLVER 0    ! EQUATION SOLVER statement 
 

* Model "Type517" (Type 517) 

*  
 

UNIT 3 TYPE 517  Type517 

*$UNIT_NAME Type517 
*$MODEL .\Applications Library (TESS)\Hourly Schedule\7 Identical Days\Type517.tmf 

*$POSITION 652 477 

*$LAYER Main #  
PARAMETERS 1 

30  ! 1 Logical Unit for Data File 

*** External files 
ASSIGN "waterDemandProfile(BldAmerica)_Modified.sld" 30 

*|? Which file contains the data for the program? |1000 

*------------------------------------------------------------------------------ 
 

* Model "Type1c" (Type 1) 

*  
 

UNIT 5 TYPE 1  Type1c 

*$UNIT_NAME Type1c 
*$MODEL .\Solar Thermal Collectors\Quadratic Efficiency Collector\Modifers=f(Incidence Angle)\Type1c.tmf 

*$POSITION 356 146 
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*$LAYER Main #  

PARAMETERS 11 
num_in_series  ! 1 Number in series 

total_col_area  ! 2 Collector area 

3.8  ! 3 Fluid specific heat 
1  ! 4 Efficiency mode 

70  ! 5 Tested flow rate 

0.7622  ! 6 Intercept efficiency 
11.80332  ! 7 Efficiency slope 

0.04644  ! 8 Efficiency curvature 

3  ! 9 Optical mode 3 
32  ! 10 Logical unit 

4  ! 11 No. of IAM's in file 

INPUTS 9 
9,1   ! Type695-p1:Outlet fluid temperature ->Inlet temperature 

9,2   ! Type695-p1:Outlet flow rate ->Inlet flowrate 

4,1   ! Type15-5:Dry bulb temperature ->Ambient temperature 
4,24   ! Type15-5:Total tilted surface radiation for surface ->Incident radiation 

4,18   ! Type15-5:Total horizontal radiation ->Total horizontal radiation 

4,22   ! Type15-5:Total diffuse radiation on the horizontal ->Horizontal diffuse radiation 
4,59   ! Type15-5:Ground reflectance ->Ground reflectance 

4,29   ! Type15-5:Angle of incidence for surface ->Incidence angle 

4,30   ! Type15-5:Slope of surface ->Collector slope 
*** INITIAL INPUT VALUES 

20.0 100.0 10.0 0. 0.0 0.0 0.2 45.0 45  

*** External files 
ASSIGN "Type1-FlatPlateCollector-Enerworks.dat" 32 

*|? Which file contains the incidence angle modifier data? |1000 
*------------------------------------------------------------------------------ 

 

* Model "Type15-5" (Type 15) 
*  

 

UNIT 4 TYPE 15  Type15-5 
*$UNIT_NAME Type15-5 

*$MODEL .\Weather Data Reading and Processing\Standard Format\Canadian Weather for Energy Calculations Files 

(CWEC)\Type15-5.tmf 
*$POSITION 346 390 

*$LAYER Weather - Data Files #  

PARAMETERS 9 
5  ! 1 File Type 

33  ! 2 Logical unit 

3  ! 3 Tilted Surface Radiation Mode 
0.2  ! 4 Ground reflectance - no snow 

0.7  ! 5 Ground reflectance - snow cover 

1  ! 6 Number of surfaces 
1  ! 7 Tracking mode 

45  ! 8 Slope of surface 

-32  ! 9 Azimuth of surface 
*** External files 

ASSIGN "CAN_ON_Ottawa_716280_CWEC.epw" 33 

*|? Which file contains the CWEC weather data? |1000 
*------------------------------------------------------------------------------ 

 

* Model "Type91" (Type 91) 
*  

 

UNIT 7 TYPE 91  Type91 
*$UNIT_NAME Type91 

*$MODEL .\Heat Exchangers\Constant Effectiveness\Type91.tmf 

*$POSITION 659 256 
*$LAYER Main #  

PARAMETERS 3 

0.85  ! 1 Heat exchanger effectiveness 
3.8  ! 2 Specific heat of hot side fluid 

4.19  ! 3 Specific heat of cold side fluid 
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INPUTS 4 

5,1   ! Type1c:Outlet temperature ->Hot side inlet temperature 
5,2   ! Type1c:Outlet flowrate ->Hot side flow rate 

10,1   ! Type695-p2:Outlet fluid temperature ->Cold side inlet temperature 

10,2   ! Type695-p2:Outlet flow rate ->Cold side flow rate 
*** INITIAL INPUT VALUES 

20.0 100.0 20.0 100.0  

*------------------------------------------------------------------------------ 
 

* Model "Type695-p1" (Type 695) 

*  
 

UNIT 9 TYPE 695  Type695-p1 

*$UNIT_NAME Type695-p1 
*$MODEL .\Hydronics Library (TESS)\Pumps\Sets the Flow Rate\Variable-Speed\Efficiency from Polynomial 

Relationship\Type695.tmf 

*$POSITION 475 232 
*$LAYER Main #  

*$# PUMP - INLET FLOW RATE KNOWN - POWER COEFFICIENTS 

PARAMETERS 6 
p2_FR_rated  ! 1 Rated flow rate 

3.8  ! 2 Fluid specific heat 

1000.0  ! 3 Fluid density 
0.0  ! 4 Motor heat loss fraction 

1  ! 5 Number of efficiency coefficients 

0.9  ! 6 Efficiency coefficient 
INPUTS 5 

7,1   ! Type91:Hot-side outlet temperature ->Inlet fluid temperature 
7,2   ! Type91:Hot-side flow rate ->Inlet fluid flow rate 

17,1   ! Type2b:Output control function ->Control function 

0,0  ! (unconnected) Pressure drop 
0,0  ! (unconnected) Motor efficiency 

*** INITIAL INPUT VALUES 

20.0 0.0 1 10.0 0.9  
*------------------------------------------------------------------------------ 

 

* Model "Type534" (Type 534) 
*  

 

UNIT 8 TYPE 534  Type534 
*$UNIT_NAME Type534 

*$MODEL .\Storage Tank Library (TESS)\Cylindrical Tank\Vertical Cylinder\Type534.tmf 

*$POSITION 893 253 
*$LAYER Main #  

PARAMETERS 5 

34  ! 1 Logical unit for data file 
20  ! 2 # of tank nodes 

2  ! 3 Number of ports 

0  ! 4 Number of immersed heat exchangers 
0  ! 5 Number of miscellaneous heat flows 

INPUTS 48 

7,3   ! Type91:Cold-side outlet temperature ->Inlet temperature for port-1 
7,4   ! Type91:Cold-side flow rate ->Inlet flow rate for port-1 

24,1   ! Type11b:Temperature at outlet 1 ->Inlet temperature for port-2 

24,2   ! Type11b:Flowrate at outlet 1 ->Inlet flow rate for port-2 
0,0  ! (unconnected) Top loss temperature 

0,0  ! (unconnected) Edge loss temperature for node-1 

0,0  ! (unconnected) Edge loss temperature for node-2 
0,0  ! (unconnected) Edge loss temperature for node-3 

0,0  ! (unconnected) Edge loss temperature for node-4 

0,0  ! (unconnected) Edge loss temperature for node-5 
0,0  ! (unconnected) Edge loss temperature for node-6 

0,0  ! (unconnected) Edge loss temperature for node-7 

0,0  ! (unconnected) Edge loss temperature for node-8 
0,0  ! (unconnected) Edge loss temperature for node-9 

0,0  ! (unconnected) Edge loss temperature for node-10 
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0,0  ! (unconnected) Edge loss temperature for node-11 

0,0  ! (unconnected) Edge loss temperature for node-12 
0,0  ! (unconnected) Edge loss temperature for node-13 

0,0  ! (unconnected) Edge loss temperature for node-14 

0,0  ! (unconnected) Edge loss temperature for node-15 
0,0  ! (unconnected) Edge loss temperature for node-16 

0,0  ! (unconnected) Edge loss temperature for node-17 

0,0  ! (unconnected) Edge loss temperature for node-18 
0,0  ! (unconnected) Edge loss temperature for node-19 

0,0  ! (unconnected) Edge loss temperature for node-20 

0,0  ! (unconnected) Bottom loss temperature 
0,0  ! (unconnected) Gas flue temperature 

0,0  ! (unconnected) Inversion mixing flow rate 

0,0  ! (unconnected) Auxiliary heat input for node-1 
0,0  ! (unconnected) Auxiliary heat input for node-2 

0,0  ! (unconnected) Auxiliary heat input for node-3 

0,0  ! (unconnected) Auxiliary heat input for node-4 
0,0  ! (unconnected) Auxiliary heat input for node-5 

0,0  ! (unconnected) Auxiliary heat input for node-6 

0,0  ! (unconnected) Auxiliary heat input for node-7 
0,0  ! (unconnected) Auxiliary heat input for node-8 

0,0  ! (unconnected) Auxiliary heat input for node-9 

0,0  ! (unconnected) Auxiliary heat input for node-10 
0,0  ! (unconnected) Auxiliary heat input for node-11 

0,0  ! (unconnected) Auxiliary heat input for node-12 

0,0  ! (unconnected) Auxiliary heat input for node-13 
0,0  ! (unconnected) Auxiliary heat input for node-14 

0,0  ! (unconnected) Auxiliary heat input for node-15 
0,0  ! (unconnected) Auxiliary heat input for node-16 

0,0  ! (unconnected) Auxiliary heat input for node-17 

0,0  ! (unconnected) Auxiliary heat input for node-18 
0,0  ! (unconnected) Auxiliary heat input for node-19 

0,0  ! (unconnected) Auxiliary heat input for node-20 

*** INITIAL INPUT VALUES 
20 0 0 0 20 20 20 20 20 20 20 20 20 20 20 0 0 0 0 0 0 0 0 0 0 20 20 -1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0  

DERIVATIVES 20 
55  ! 1 Initial Tank Temperature-1 

10  ! 2 Initial Tank Temperature-2 

10  ! 3 Initial Tank Temperature-3 
10  ! 4 Initial Tank Temperature-4 

10  ! 5 Initial Tank Temperature-5 

10  ! 6 Initial Tank Temperature-6 
10  ! 7 Initial Tank Temperature-7 

10  ! 8 Initial Tank Temperature-8 

10  ! 9 Initial Tank Temperature-9 
10  ! 10 Initial Tank Temperature-10 

0  ! 11 Initial Tank Temperature-11 

0  ! 12 Initial Tank Temperature-12 
0  ! 13 Initial Tank Temperature-13 

0  ! 14 Initial Tank Temperature-14 

0  ! 15 Initial Tank Temperature-15 
0  ! 16 Initial Tank Temperature-16 

0  ! 17 Initial Tank Temperature-17 

0  ! 18 Initial Tank Temperature-18 
0  ! 19 Initial Tank Temperature-19 

0  ! 20 Initial Tank Temperature-20 

*** External files 
ASSIGN "och_typ_534_BLD_5_LepageManor_20.dat" 34 

*|? Which file contains the parameter values for this component? |1000 

*------------------------------------------------------------------------------ 
 

* Model "Type695-p2" (Type 695) 

*  
 

UNIT 10 TYPE 695  Type695-p2 
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*$UNIT_NAME Type695-p2 

*$MODEL .\Hydronics Library (TESS)\Pumps\Sets the Flow Rate\Variable-Speed\Efficiency from Polynomial 
Relationship\Type695.tmf 

*$POSITION 769 276 

*$LAYER Main #  
*$# PUMP - INLET FLOW RATE KNOWN - POWER COEFFICIENTS 

PARAMETERS 6 

p2_FR_rated  ! 1 Rated flow rate 
4.19  ! 2 Fluid specific heat 

1000.0  ! 3 Fluid density 

0.0  ! 4 Motor heat loss fraction 
1  ! 5 Number of efficiency coefficients 

0.9  ! 6 Efficiency coefficient 

INPUTS 5 
8,1   ! Type534:Temperature at outlet-1 ->Inlet fluid temperature 

8,2   ! Type534:Flow rate at outlet-1 ->Inlet fluid flow rate 

17,1   ! Type2b:Output control function ->Control function 
0,0  ! (unconnected) Pressure drop 

0,0  ! (unconnected) Motor efficiency 

*** INITIAL INPUT VALUES 
20.0 0.0 1 10.0 0.9  

*------------------------------------------------------------------------------ 

 
* Model "Type700" (Type 700) 

*  

 
UNIT 11 TYPE 700  Type700 

*$UNIT_NAME Type700 
*$MODEL .\HVAC Library (TESS)\Boiler\Efficiencies as Inputs\Type700.tmf 

*$POSITION 1138 381 

*$LAYER Main #  
*$# BOILER 

PARAMETERS 2 

10000000000.0  ! 1 Rated Capacity 
4.190  ! 2 Fluid specific heat 

INPUTS 6 

26,1   ! Type649:Outlet temperature ->Inlet fluid temperature 
26,2   ! Type649:Outlet flow rate ->Inlet fluid flowrate 

0,0  ! (unconnected) Input Control Signal 

0,0  ! (unconnected) Set-point temperature 
0,0  ! (unconnected) Boiler Efficiency 

0,0  ! (unconnected) Combustion Efficiency 

*** INITIAL INPUT VALUES 
10.0 0.0 1 49 1 1  

*------------------------------------------------------------------------------ 

 
* Model "Type695-p3" (Type 695) 

*  

 
UNIT 12 TYPE 695  Type695-p3 

*$UNIT_NAME Type695-p3 

*$MODEL .\Hydronics Library (TESS)\Pumps\Sets the Flow Rate\Variable-Speed\Efficiency from Polynomial 
Relationship\Type695.tmf 

*$POSITION 886 370 

*$LAYER Main #  
*$# PUMP - INLET FLOW RATE KNOWN - POWER COEFFICIENTS 

PARAMETERS 6 

p3_rated_FR  ! 1 Rated flow rate 
4.19  ! 2 Fluid specific heat 

1000.0  ! 3 Fluid density 

0.0  ! 4 Motor heat loss fraction 
1  ! 5 Number of efficiency coefficients 

0.9  ! 6 Efficiency coefficient 

INPUTS 5 
4,5   ! Type15-5:Mains water temperature ->Inlet fluid temperature 

11,2   ! Type700:Outlet fluid flowrate ->Inlet fluid flow rate 
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p3_control_sig  ! Equa:p3_control_sig ->Control function 

0,0  ! (unconnected) Pressure drop 
0,0  ! (unconnected) Motor efficiency 

*** INITIAL INPUT VALUES 

20.0 0.0 0 10.0 0.9  
*------------------------------------------------------------------------------ 

 

* EQUATIONS "Equa" 
*  

EQUATIONS 3 

p3_Daily_DHW = DailyDHWDraw    ! BLDNG NUM 12  the daily DHW flow rate in       m3 per day   
p3_rated_FR = p3_Daily_DHW*1000    !L/day   

p3_control_sig = (3,1) 

*$UNIT_NAME Equa 
*$LAYER Main 

*$POSITION 774 477 

 
*------------------------------------------------------------------------------ 

 

 
* EQUATIONS "Collector Area" 

*  

EQUATIONS 3 
num_collectors = Number_of_collectors      ! number of collectors at 2.874 m2 each 

num_in_series = 1 

total_col_area = num_collectors*2.874   
*$UNIT_NAME Collector Area 

*$LAYER Main 
*$POSITION 909 40 

 

*------------------------------------------------------------------------------ 
 

 

* Model "System_Printer" (Type 25) 
*  

 

UNIT 18 TYPE 25  System_Printer 
*$UNIT_NAME System_Printer 

*$MODEL \PROGRA~1\TRNSYS~1\Studio\lib\System_Output\Type25a.tmf 

*$POSITION 367 733 
*$LAYER OutputSystem #  

PARAMETERS 10 

STEP  ! 1 Printing interval 
START  ! 2 Start time 

STOP  ! 3 Stop time 

35  ! 4 Logical unit 
2  ! 5 Units printing mode 

0  ! 6 Relative or absolute start time 

-1  ! 7 Overwrite or Append 
-1  ! 8 Print header 

0  ! 9 Delimiter 

1  ! 10 Print labels 
INPUTS 8 

12,1   ! Type695-p3:Outlet fluid temperature ->Input to be printed-1 

8,3   ! Type534:Temperature at outlet-2 ->Input to be printed-2 
11,1   ! Type700:Outlet fluid temperature ->Input to be printed-3 

11,2   ! Type700:Outlet fluid flowrate ->Input to be printed-4 

8,8   ! Type534:Energy delivered to flow -2 ->Input to be printed-5 
11,3   ! Type700:Fluid energy ->Input to be printed-6 

26,1   ! Type649:Outlet temperature ->Input to be printed-7 

8,18   ! Type534:Tank nodal temperature-1 ->Input to be printed-8 
*** INITIAL INPUT VALUES 

T_mains T_tank_out T_boiler_out DHW_FR Tank_E_Out Boiler_E_Out T_mains 

T_tank_top  
*** External files 

ASSIGN "***.out" 35 
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*|? Which file should contain the printed results? You can use the deck filename by entering "***", e.g. "***.out", or "***.dat"  |1000 

*------------------------------------------------------------------------------ 
 

* EQUATIONS "Collector FR" 

*  
EQUATIONS 3 

p2_over_p1 = 1     

p1_FR_rated = 60*num_collectors   
p2_FR_rated = p1_FR_rated*p2_over_p1 

*$UNIT_NAME Collector FR 

*$LAYER Main 
*$POSITION 721 40 

 

*------------------------------------------------------------------------------ 
 

 

* Model "System_Plotter-2" (Type 65) 
*  

 

UNIT 19 TYPE 65  System_Plotter-2 
*$UNIT_NAME System_Plotter-2 

*$MODEL \PROGRA~1\TRNSYS~1\Studio\lib\System_Output\TYPE65d.tmf 

*$POSITION 1118 40 
*$LAYER OutputSystem #  

PARAMETERS 12 

2  ! 1 Nb. of left-axis variables 
2  ! 2 Nb. of right-axis variables 

0.0  ! 3 Left axis minimum 
2  ! 4 Left axis maximum 

0.0  ! 5 Right axis minimum 

1000.0  ! 6 Right axis maximum 
1  ! 7 Number of plots per simulation 

12  ! 8 X-axis gridpoints 

0  ! 9 Shut off Online w/o removing 
-1  ! 10 Logical unit for output file 

0  ! 11 Output file units 

0  ! 12 Output file delimiter 
INPUTS 4 

17,1   ! Type2b:Output control function ->Left axis variable-1 

0,0  ! (unconnected) Left axis variable-2 
0,0  ! (unconnected) Right axis variable-1 

0,0  ! (unconnected) Right axis variable-2 

*** INITIAL INPUT VALUES 
Output label label label  

LABELS  3 

"Temperatures" 
"Heat transfer rates" 

"Graph 1" 

*------------------------------------------------------------------------------ 
 

* Model "Type2b" (Type 2) 

*  
 

UNIT 17 TYPE 2  Type2b 

*$UNIT_NAME Type2b 
*$MODEL .\Controllers\Differential Controller w_ Hysteresis\for Temperatures\Solver 0 (Successive Substitution) Control 

Strategy\Type2b.tmf 

*$POSITION 528 72 
*$LAYER Controls #  

*$# NOTE: This control strategy can only be used with solver 0 (Successive substitution) 

*$#  
PARAMETERS 2 

5  ! 1 No. of oscillations 

90  ! 2 High limit cut-out 
INPUTS 6 

5,1   ! Type1c:Outlet temperature ->Upper input temperature Th 
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8,1   ! Type534:Temperature at outlet-1 ->Lower input temperature Tl 

8,18   ! Type534:Tank nodal temperature-1 ->Monitoring temperature Tin 
17,1   ! Type2b:Output control function ->Input control function 

0,0  ! (unconnected) Upper dead band dT 

0,0  ! (unconnected) Lower dead band dT 
*** INITIAL INPUT VALUES 

20.0 10.0 20.0 0 10 2  

*------------------------------------------------------------------------------ 
 

* EQUATIONS "Variables to Change" 

*  
EQUATIONS 2 

DailyDHWDraw = 20.46 !The daily DHW flow rate in       m3 per day 

Number_of_collectors = 80  !! number of collectors at 2.874 m2 each 
*$UNIT_NAME Variables to Change 

*$LAYER Main 

*$POSITION 177 285 
 

*------------------------------------------------------------------------------ 

 
 

* Model "System_Plotter-3" (Type 65) 

*  
 

UNIT 21 TYPE 65  System_Plotter-3 

*$UNIT_NAME System_Plotter-3 
*$MODEL \Program Files\Trnsys16_1\Studio\lib\System_Output\TYPE65d.tmf 

*$POSITION 1268 100 
*$LAYER OutputSystem #  

PARAMETERS 12 

2  ! 1 Nb. of left-axis variables 
0  ! 2 Nb. of right-axis variables 

0.0  ! 3 Left axis minimum 

100000.0  ! 4 Left axis maximum 
0.0  ! 5 Right axis minimum 

1  ! 6 Right axis maximum 

1  ! 7 Number of plots per simulation 
12  ! 8 X-axis gridpoints 

0  ! 9 Shut off Online w/o removing 

-1  ! 10 Logical unit for output file 
0  ! 11 Output file units 

0  ! 12 Output file delimiter 

INPUTS 2 
8,8   ! Type534:Energy delivered to flow -2 ->Left axis variable-1 

11,3   ! Type700:Fluid energy ->Left axis variable-2 

*** INITIAL INPUT VALUES 
Solar_Energy Boiler_Energy  

LABELS  3 

"Heat Supplied (kJ/hr)" 
"" 

Heat Supplied 

*------------------------------------------------------------------------------ 
 

* Model "Type55" (Type 55) 

*  
 

UNIT 22 TYPE 55  Type55 

*$UNIT_NAME Type55 
*$MODEL .\Utility\Integrators\Periodic Integrator\Type55.tmf 

*$POSITION 1114 712 

*$LAYER Main #  
PARAMETERS 42 

1  ! 1 Integrate or sum input-1 

1.0  ! 2 Relative starting hour for input-1 
-1  ! 3 Duration for input-1 

-1  ! 4 Cycle repeat time for input-1 
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-1  ! 5 Reset time for input-1 

0  ! 6 Absolute starting hour for input-1 
8760  ! 7 Absolute stopping hour for input -1 

1  ! 8 Integrate or sum input-2 

1.0  ! 9 Relative starting hour for input-2 
-1  ! 10 Duration for input-2 

-1  ! 11 Cycle repeat time for input-2 

-1  ! 12 Reset time for input-2 
0  ! 13 Absolute starting hour for input-2 

8760  ! 14 Absolute stopping hour for input -2 

1  ! 15 Integrate or sum input-3 
1.0  ! 16 Relative starting hour for input-3 

-1  ! 17 Duration for input-3 

-1  ! 18 Cycle repeat time for input-3 
-1  ! 19 Reset time for input-3 

0  ! 20 Absolute starting hour for input-3 

8760  ! 21 Absolute stopping hour for input -3 
1  ! 22 Integrate or sum input-4 

1.0  ! 23 Relative starting hour for input-4 

-1  ! 24 Duration for input-4 
-1  ! 25 Cycle repeat time for input-4 

-1  ! 26 Reset time for input-4 

0  ! 27 Absolute starting hour for input-4 
8760  ! 28 Absolute stopping hour for input -4 

1  ! 29 Integrate or sum input-5 

1.0  ! 30 Relative starting hour for input-5 
-1  ! 31 Duration for input-5 

-1  ! 32 Cycle repeat time for input-5 
-1  ! 33 Reset time for input-5 

0  ! 34 Absolute starting hour for input-5 

8760  ! 35 Absolute stopping hour for input -5 
1  ! 36 Integrate or sum input-6 

1.0  ! 37 Relative starting hour for input-6 

-1  ! 38 Duration for input-6 
-1  ! 39 Cycle repeat time for input-6 

-1  ! 40 Reset time for input-6 

0  ! 41 Absolute starting hour for input-6 
8760  ! 42 Absolute stopping hour for input -6 

INPUTS 6 

4,5   ! Type15-5:Mains water temperature ->Input-1 
8,3   ! Type534:Temperature at outlet-2 ->Input-2 

11,1   ! Type700:Outlet fluid temperature ->Input-3 

11,2   ! Type700:Outlet fluid flowrate ->Input-4 
8,8   ! Type534:Energy delivered to flow -2 ->Input-5 

11,3   ! Type700:Fluid energy ->Input-6 

*** INITIAL INPUT VALUES 
0. 0. 0. 0. 0. 0.  

*------------------------------------------------------------------------------ 

 
* Model "System_Printer-2" (Type 25) 

*  

 
UNIT 23 TYPE 25  System_Printer-2 

*$UNIT_NAME System_Printer-2 

*$MODEL \Program Files\Trnsys16_1\Studio\lib\System_Output\Type25a.tmf 
*$POSITION 1236 520 

*$LAYER OutputSystem #  

PARAMETERS 10 
-1  ! 1 Printing interval 

START  ! 2 Start time 

STOP  ! 3 Stop time 
36  ! 4 Logical unit 

2  ! 5 Units printing mode 

0  ! 6 Relative or absolute start time 
-1  ! 7 Overwrite or Append 

-1  ! 8 Print header 
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0  ! 9 Delimiter 

1  ! 10 Print labels 
INPUTS 6 

22,3   ! Type55:Mean value of input-1 ->Input to be printed-1 

22,13   ! Type55:Mean value of input-2 ->Input to be printed-2 
22,23   ! Type55:Mean value of input-3 ->Input to be printed-3 

22,33   ! Type55:Mean value of input-4 ->Input to be printed-4 

22,41   ! Type55:Integral of input-5 ->Input to be printed-5 
22,51   ! Type55:Integral of input-6 ->Input to be printed-6 

*** INITIAL INPUT VALUES 

T_Mains_mean T_Tank_Out_mean T_Boiler_Out_mean Flow_Rate_mean Solar_Energy_From_Tank 
Boiler_Energy  

*** External files 

ASSIGN "***.ou3" 36 
*|? Which file should contain the printed results? You can use the deck filename by entering "***", e.g. "***.out", or "***.dat"  |1000 

*------------------------------------------------------------------------------ 

 
* Model "Type11b" (Type 11) 

*  

 
UNIT 24 TYPE 11  Type11b 

*$UNIT_NAME Type11b 

*$MODEL .\Hydronics\Tempering Valve\Other Fluids\Type11b.tmf 
*$POSITION 979 317 

*$LAYER Water Loop #  

PARAMETERS 2 
4  ! 1 Tempering valve mode 

7  ! 2 Nb. of oscillations allowed 
INPUTS 4 

12,1   ! Type695-p3:Outlet fluid temperature ->Inlet temperature 

12,2   ! Type695-p3:Outlet flow rate ->Inlet flow rate 
8,3   ! Type534:Temperature at outlet-2 ->Heat source temperature 

0,0  ! (unconnected) Set point temperature 

*** INITIAL INPUT VALUES 
20.0 100.0 49 49  

*------------------------------------------------------------------------------ 

 
* Model "Type649" (Type 649) 

*  

 
UNIT 26 TYPE 649  Type649 

*$UNIT_NAME Type649 

*$MODEL .\Hydronics Library (TESS)\Valves\Mixing Valve (100 Ports)\Other Fluids\Type649.tmf 
*$POSITION 1074 187 

*$LAYER Main #  

PARAMETERS 1 
2  ! 1 Number of inlets 

INPUTS 4 

8,3   ! Type534:Temperature at outlet-2 ->Temperature at inlet-1 
8,4   ! Type534:Flow rate at outlet-2 ->Flow rate at inlet-1 

24,3   ! Type11b:Temperature at outlet 2 ->Temperature at inlet-2 

24,4   ! Type11b:Flow rate at outlet 2 ->Flow rate at inlet-2 
*** INITIAL INPUT VALUES 

20 200.0 20 200.0  

*------------------------------------------------------------------------------ 
 

* EQUATIONS "PVThermal Panel" 

*  
EQUATIONS 0 

*$UNIT_NAME PVThermal Panel 

*$LAYER Main 
*$POSITION 297 72 

*------------------------------------------------------------------------------ 

 
 

END 


