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ABSTRACT 

 Solar heating of potable water has traditionally been accomplished through the use of solar 

thermal (ST) collectors. With the recent increases in availability and lower cost of photovoltaic (PV) 

panels, the potential of coupling PV solar arrays to electrically heated domestic hot water (DHW) tanks 

has been considered. Additionally, innovations in the SDHW industry have led to the creation of 

photovoltaic/thermal (PV/T) collectors, which heat water using both electrical and thermal energy. 

The current work compared the performance and cost-effectiveness of a traditional solar thermal 

(ST) DHW system to PV-solar-electric DHW systems and a PV/T DHW system. To accomplish this, a 

detailed TRNSYS model of the solar hot water systems was created and annual simulations were 

performed for 250 L/day and 325 L/day loads in Toronto, Vancouver, Montreal, Halifax, and Calgary. It 

was shown that when considering thermal performance, PV-DHW systems were not competitive when 

compared to ST-DHW and PVT-DHW systems. As an example, for Toronto the simulated annual solar 

fractions of PV-DHW systems were approximately 30%, while the ST-DHW and PVT-DHW systems 

achieved 65% and 71% respectively. 

 With current manufacturing and system costs, the PV-DHW system was the most cost-effective 

system for domestic purposes. The capital cost of the PV-DHW systems were approximately $1,923-

$2,178 depending on the system configuration, and the ST-DHW and PVT system were estimated to have 

a capital cost of $2,288 and $2,373 respectively. Although the capital cost of the PVT-DHW system was 

higher than the other systems, a Present Worth analysis for a 20-year period showed that for a 250 L/day 

load in Toronto the Present Worth of the PV/T system was approximately $4,597, with PV-DHW systems 

costing approximately $7,683-$7,816 and the ST-DHW system costing $5,238.   
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Chapter 1 

Introduction 

1.1 Background 

In Canada and abroad, there is an increasing call for reduced dependence on fossil fuels. 

Mounting demands for focus on environmental sustainability combined with the recent volatility in the oil 

and gas industry have renewed interest in developing sustainable methods of heat and electricity 

production. Due to the competitive nature of the energy market, these alternative methods must be cost-

effective in order to become realistic options for residential consumers. 

 

Fig 1: Canadian residential energy consumption by end-use in the residential sector 

Canadians used on average 11,987 kWh of energy per person per year in 2013, with 99% of this 

energy demand being met by electricity, natural gas, heating oil, and wood [1]. Water heating accounted 

for 19.4% of this energy demand, with the remaining percentage used for space heating/cooling and 

electrical use [2].  

Solar energy has been proposed as an environmentally benign alternative to the use of 

conventional energy sources for water heating.  Conventional solar water heaters that convert sunlight to 

heat have been available for many years but the recent cost reductions in photovoltaics (PV) have 

motivated the development and marketing of dedicated PV solar water heaters. Current solar PV modules, 
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however, have relatively low conversion efficiency (e.g., 5-25%) as compared to solar thermal water 

heaters that typically have overall efficiencies greater than 30%.  The net result is that solar PV water 

heaters require 2 to 3 times the panel area to deliver the same volume of hot water.  This requirement 

increases installation costs and does not make the best use of limited roof space.  Considering these 

factors, a hybrid system has been proposed based on the use of combined solar PV and solar thermal 

modules referred to as PV/Thermal (PV/T) panels.  In theory, PV/thermal panels can achieve an overall 

higher conversion efficiency than PV panels by capturing the sunlight normally rejected as heat in PV 

panels.  The use of PV/T panels has the potential to improve the overall conversion of sunlight to useable 

energy in the form or electrical and thermal energy, Fig. 3. It should represent a more efficient use of the 

solar resource, as well as allowing the required roof area for solar arrays to be reduced [3].   

The configuration of both PV and PV/T domestic water heaters (DHW) is significantly different 

than traditional solar thermal (ST) DHW heaters and to date, few direct comparisons of their energy and 

economic performance have been completed.   

This consequently forms the motivation for the current study; to compare the performance of 

solar thermal, PV and PV/T domestic water heaters for typical residential hot water loads and Canadian 

climatic conditions.   

 

Fig. 2: Solar energy conversion paths [3] 
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1.2 Traditional Approaches to Solar Domestic Hot Water Heating  

Hot water heating using solar energy dates to as early as the 19th century. The first documented 

solar domestic hot water system appeared in 1892 as an alternative to using wood or coal in “cook 

stoves”. At the time, heating a hot water tank by placing it outside was more economically viable than 

heating water using wood and coal, as those were prohibitively expensive. However, the downside with 

early solar water heaters was that it usually took the entire day for the water to become sufficiently hot 

and, as soon as the sun set, the tank would rapidly lose heat.  To improve these systems, Clarence Kemp 

from Baltimore, Maryland combined the metal tanks with hot box components, reducing the heat loss of 

the tanks; he called this new technology “The Climax”.  

While The Climax did improve performance, this design was soon replaced by the “Day and 

Night” design by William J. Bailey in 1909. Bailey separated the SDHW system into two parts: a storage 

tank and a collector consisting of pipes attached to a black-painted metal sheet in a glass-covered box. 

This new design increased the temperature of the water faster, since less of the water was exposed to the 

sun, allowing higher temperatures and increased thermal stratification. It grew in popularity in places with 

temperate climates such as California [4]. 

The main reason for the early success of SDHW was the high cost of alternative fuels. When 

large quantities of natural gas were found in Los Angeles in the 1920’s and 1930’s, the resulting low price 

led to the decline of L.A.’s SHDW industry. Similarly, 50% of Floridians used SDHW systems of this 

type in 1941, but after WWII, the price for electric water heaters and for electricity plummeted, resulting 

in a similar effect. In another case, the Japanese turned to SDHW when no other resource was abundant in 

the 60’s, however, later oil tankers allowed access to the cheap oil fields in the Middle East.  The 

disappearance of SDHW systems was stopped by the Oil Crisis of the early 70’s, when increasing oil 

prices revived the SDHW industry.  

Israel has been the only first-world country to successfully employ SDHW systems in common 

households. In 1973 Israel’s access to oil was restricted following the Yom Kippur War, which resulted in 
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60% of the population acquiring SDHW systems. When the price of oil dropped in the 1980’s the 

government mandated that Israelis use SDHW systems to avoid returning to oil dependency. The end 

result is that 90% of Israeli homes now use SDHW as their main hot water system [4] [5].  

This development process has resulted in two main designs for solar thermal DHW systems, as 

shown in Fig. 3. The first, commonly called a thermosyphon hot water heater is primarily used in warm 

climates without freezing conditions, Fig. 3(a). Its simple and reliable design allows it to be constructed at 

low cost.  It operates on the thermosiphon principle, where water in the solar collector is circulated by 

buoyancy forces created by its heating.  This process continues until the storage tank is filled with heated 

water. This configuration has limitations, however. The tank must be above the solar collector and flow 

resistance must be minimalized otherwise the fluid flow rate will be reduced, which will limit the 

effectiveness of the system. Cold temperatures create a risk of freezing and potential rupture of pipes and 

storage heat losses will be higher if the hot water tank is placed outside. Currently, solar water heaters of 

this type are widely used in the developing world, including China, the Middle East and areas of the 

Mediterranean. 

  The second configuration is commonly referred to as an “indirect” forced-flow system, Fig. 3(b). 

It is primarily used in cooler climatic regions that may be subject to periods of freezing conditions. It has 

the advantage that it allows the storage tank to be placed remotely from the solar collectors, usually in a 

heated space if cold ambient-air temperatures are expected.  In an “indirect” configuration, a separate heat 

transfer flow loop is used to transport heat from the solar collector to the water in the hot-water storage 

tank. This configuration uses a small pump to circulate a (non-toxic) anti-freeze heat transfer fluid 

through the collectors to the heat exchanger where the solar heat is transferred to hot water storage. In 

many designs, the heat exchanger consists of a length of conductive pipe coiled in the bottom of the 

storage tank. In the configuration shown in Fig. 3(b), a separate “secondary” flow loop is used to circulate 

potable water from the bottom of the storage tank, through a “side-arm” external heat exchanger and then 

back to the top of the storage tank.  This circulation can be pumped or driven by a thermosiphon flow 
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similar to that in the previously described system and allows increased flexibility in the selection and 

design of the storage tank. Antifreeze solutions typically have a lower heat capacity than water, however 

their low freezing points mitigate the risk of freezing and damage to the system components.  

Collector types used in SDHW systems can vary from system to system. For example, traditional 

“flat-plate” solar collectors or evacuated tube (aka “vacuum tube”) solar collectors are common. 

Traditional flat-plate solar collectors offer good economic and thermal performance in most climates.  

Evacuated tube solar collectors perform well in cold regions, or when high temperatures are required, but 

may be prone to failure due to their all-glass construction. Recent advances in the high-volume 

manufacturing of evacuated tube solar collectors in Asia has led to their low cost and market dominance 

in this region, however flat-plate solar collectors represent the majority of the market in North America,  

Europe, the Middle East  and the Mediterranean regions.    

Domestic hot water systems usually deliver hot water at temperatures below 60oC to avoid 

scalding temperatures. At these temperatures, ST collectors typically have efficiencies two to three times 

higher than that of PV panels, making them well suited for DHW heating. Depending on their design (i.e., 

flat-plate versus concentrating or evacuated tube) solar thermal collectors will experience some loss in 

efficiency as higher fluid temperatures are required or as ambient temperatures drop.    

For the current study, flat-plate liquid-heating solar collectors will be considered as they make-up 

the largest market share in North America and Europe, can be installed on existing roof structures and are 

relatively inexpensive. Liquid-based solar collectors also tend to be more compact than those that heat air.  

As well, liquids have a much higher heat capacity than air, and require less power to circulate, and require 

smaller supply and return pipe runs, making them easier to install.  
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Fig. 3: Examples of SDHW configurations [6] 

 

1.3 Alternative Approaches to Solar Water Heating 

While solar thermal (ST) collectors are the most commonly implemented collector type for 

SDHW systems, photovoltaic (PV) and (photovoltaic/thermal) PV/T arrays are emerging as alternatives 

for SDHW heating, especially in colder climates. PV-DHW systems have only recently been introduced 

into the market place driven by the recent significant price reductions in PV modules that has seen their 

cost drop to below $1/peak Watt. As well, regional subsidies for PV installations have created market 

incentives and the required infrastructure to economically install grid connected PV systems. 

   

PV-Domestic Hot Water Heaters (PV-DHW). These systems rely on the photovoltaic effect to directly 

convert solar energy into DC electricity which is conducted through wires to a resistance heater located in 

a hot water storage tank, Fig. 4. The resistance heater may be placed inside the storage tank or placed in a 

“side-arm” configuration adjacent to the hot-water storage. Depending on the design approach, the PV 

generated DC current may be directed through an “inverter” to produce conventional sinusoidal AC 

current so to be compatible with existing electric resistance heaters or to be fed back to the electrical grid.  

The fact that heat transfer fluids, pumps and insulated pipe runs are not required for these systems would 
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seem to make a compelling argument in their favour over conventional solar thermal systems. There is, 

however, a significant disadvantage with PV-DHW related to the relatively low conversion efficiency of 

conventional PV modules.  The US National Renewable Energy Laboratory (NREL) has tracked 

the historical improvement of laboratory grade PV cells over the last 40 years [7]. Currently the 

efficiency of commercial grade solar modules ranges from 5%-25% depending on PV cell type [8].  

This requires PV solar arrays to be significantly larger than solar thermal arrays of the same power rating 

(i.e., heating capacity). The net result is that, for the same solar energy contribution, a larger roof area will 

be required and associated installation costs will be higher.   

Inlet

Hot Water Tank

Outlet

Inverter

Solar Radiation

Heat Loss

Electrical Energy Resistor

Auxiliary Heat

 

Fig. 4: Basic design of a PV-powered DHW system 

PV modules constructed of silicon solar cells (which currently make up the majority of the 

commercial PV module market) do have the advantage that their efficiency increases slightly at lower 

temperatures that may occur during cold winter periods. During summer periods, however, sunlit PV 

modules may reach temperatures 30K above the ambient air temperatures and this lowers efficiency (e.g., 

-0.4% for each degree above 25°C) [9].  

There is currently little information on the overall performance and cost-effectiveness of PV 

powered DHW systems in the marketplace. Companies which sell PV-powered hot water systems of 
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various configurations exist, such as the Liberty Box from Premium Solar [10] and Sun Bandit`s Hybrid 

Water Heater [11]. Each company releases specification data for their products, however, it has not yet 

been made clear in the literature whether their performance is competitive with conventional SDHW 

systems.  

 

PV/Thermal -Domestic Hot Water Heaters (PVT-DHW).  Recently, there has been interest in using 

PV/Thermal (PV/T) collectors to heat hot water. The PV/T collector is a relatively new technology which 

has only recently become commercially available. PV/Thermal solar collectors (or modules) attempt to 

combine a solar thermal collector and PV-module into a single unit, minimizing the footprint of the two 

devices, while maximizing the capture of solar energy. PV/T modules are available in a variety of 

configurations, some intended to maximize PV output while others are biased to producing thermal 

energy. The latter configuration is shown in Fig. 5 where solar PV modules are effectively bonded to the 

upper surface of thermal absorber plate of a solar thermal collector. In other configurations, an absorber 

plate is bonded to the back of a conventional PV-panel. Products of this type are being marketed by 

various manufacturers around the world. 

 

Fig. 5: Illustration of a PV/T solar collector for converting sunlight into heat and electricity [12]. 
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In effect, PV/T panels are a co-generation device, simultaneously producing electricity and heat. It 

is worth noting, however, that depending on the application, these two conversion processes may, at 

times, work against each other.  This arises from the fact that silicon based PV cells operate more 

efficiently at lower temperatures while solar thermal devices have to heat water to temperatures near 

60oC. In contrast, the cooling of the PV cells by the thermal absorber plate may also be beneficial under 

certain conditions, lowering their temperature and increasing electricity production.    

The concept of a collector which combines the electrical production of a PV cell with the thermal 

extraction of a solar thermal collector has been around since the 1970’s, but market availability of such 

products has been limited until recently due to prohibitively high production costs. Lower PV cell prices 

have renewed interest in the technology, however, the ultimate performance and economic viability of a 

PVT-DHW system will depend on many factors. These factors include: the cost of the balance of the 

system components (e.g., hot water storage tank, thermal heat exchanger, piping and controllers etc.);   

and the climatic conditions, the location, and the hot water load.  As with most immature industries, there 

are many approaches to PVT-DHW design and limited performance data.  A conceptual layout of a PV/T- 

DHW heater is shown in Fig. 6.  In the configuration shown, PV energy is directly fed back to the 

electrical grid where, in certain circumstances, it can be used to offset the electrical demand of an electric 

auxiliary heater or to lower the homeowner’s electrical bill (if “net-metering” is allowed in the 

homeowner’s jurisdiction).  An advantage of this scheme is that PV energy will continue to be collected 

even if there is no hot water load during that time (without the use of batteries).  The same situation may 

be possible for the PV-only DHW heater, although there is less likelihood of excess energy being 

available.  In all three system types considered, thermal storage is available in the form of stored hot 

water and the storage capacity will depend on the volume of the hot water storage and its temperature 

distribution.  

Often the temperature of the solar-heated hot water is not sufficient for domestic purposes due to 

the requirement to maintain a minimum delivery temperature of 49-60°C to avoid the risk of 

Legionnaire’s Disease [13]. Therefore, an auxiliary heating system is usually used to heat the water to a 
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preferred temperature. This auxiliary heater can be placed in the tank, (as for a combined “solar-plus-

auxiliary” system) or placed downstream of the solar storage tank, in the form of a “on-demand hot-water 

heater”, or as an additional auxiliary-heated hot water storage tank (i.e., as for a “preheat” solar system).   

Inlet

Hot Water Tank

Outlet

Solar Radiation

Heat Loss

Heat Loss

Inverter      

To Electrical Grid

Auxiliary Heat

 

Fig. 6: Basic design of a PV/T DHW system. 

 

A variety of solar hot water heating systems are currently available from various manufacturers (Table 1) 

but they are not standardized configurations at this time. 

 

Table 1: Select SDHW system suppliers 

 

Company Product Types 

Thermo Dynamics Ltd. (Halifax) ST-DHW, PV-DHW, PV 

SunMaxx Solar (Binghamton, NY) ST-DHW 

Enerworks (Woodstock, ON) ST-DHW 

Boss Solar (Toronto) PV, ST-DHW, PVT-DHW 

Apricus ST-DHW 

Dual Sun (Marseille, France) PVT-DHW 

Power Panel (Detroit, MI) PVT-DHW 

Solimpeks (Turkey) PV, ST-DHW, PVT-DHW 

Wilosun (Germany) PV, PVT-DHW 

Premium Solar (Tallahassee, FL) PV-DHW, ST-DHW 
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 1.4 Thesis Objectives 

 As previously mentioned, a variety of sustainable choices for solar hot water heating are currently 

available, ranging from:  traditional solar thermal systems (ST-DHW); to PV powered electric hot water 

heaters (PV-DHW); to systems combining both technologies (PVT-DHW).   Currently, there are no clear 

winners evident and to date, few direct comparisons of energy and economic performance have been 

made.  Annual system performance will also depend on climate and load, further complicating the 

comparison.  

Therefore, in an effort to provide an insight into the relative performance merits and weaknesses 

of alternative approaches to solar hot water heating, this thesis was undertaken to simulate the annual 

performance of a typical ST-DHW, PV-DHW and PVT-DHW in order to compare their performance and 

operating cost for 5 Canadian locations operating under two representative load demand schedules (250 

L/day and 325 L/day).  

1.5 Thesis Scope 

For the purposes of this thesis, the scope of this study was limited to: 

 the development of computer simulation models for four representative solar domestic hot water 

heating systems including: a solar thermal system (i.e., ST-DHW); two variations of a PV-DHW 

system (one with an internal resistance heater (PV-R) and one with a side-arm electric resistance 

heater (PV-S); and finally one for a PV/thermal system (PVT-DHW);  

 a comparison of the thermal and economic performance of the selected SDHW systems including 

the energy required by the pumps, but disregarded energy required by controllers (which was 

negligible compared to the system loads); 

 systems were intended only to supply DHW heating; 

 only systems with one hot water storage tank;  

 only single-tank (solar-plus-auxiliary) system configurations; 

 only flat-plate ST, PV and PV/T solar collectors; 

 only systems with short-term (i.e., diurnal) water-based thermal storage (i.e., phase change, 

chemical, battery or seasonal storage is was not investigated); 

 performance comparisons conducted for Canadian locations. 
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1.6 Methodology  

 To undertake this study, the thermal performance of four “representative” solar water heating 

systems was modelled using TRNSYS (a TRaNsient System Simulation tool). TRNSYS is a flexible 

simulation/modelling tool that allows complete system models to be built from a library of physical 

component models (pumps, storage tanks, solar collectors, etc.) and “run” under a range of climatic and 

operational conditions by specifying various weather and load files.   The development of these 

simulations is described in Chapter 3. Using these simulation models, monthly and annual performance 

was predicted and compared for various Canadian cities that are representative of diverse climatic and 

market conditions. For the comparison, various performance metrics or indices (as described in Chapter 

2) were calculated for each case considered.  

To provide a realistic comparison, whenever possible, currently available solar water heating 

systems were used as the basis of the various system models. As a result, the collector areas differ slightly 

in accordance with typical system specifications. As there are no PVT-DHW systems commercially 

available currently, this system model was configured around available PV/thermal solar collectors and 

aspects of the ST-DHW and PV-DHW systems.   

In addition to the above analysis, system configurations were adjusted such that similar annual 

solar energy contributions for Toronto were obtained.  The resultant comparison of required solar 

collector area provided an opportunity to directly compare solar array area requirements which can 

influence the selection of one system over the other. Additionally, a sensitivity analysis was conducted to 

study the effect of system parameters on performance outputs which is shown in Appendix C.  

Finally, since market costs are an important factor in emerging SDHW technologies, an economic 

comparison is made for the simulated SDHW systems, using a capital cost and Present Worth analysis, as 

detailed in Chapter 5. 

An overview of the study methodology is shown in Fig. 7.   
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Fig. 7: Methodology of the current study 
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Chapter 2 

Background and Literature Review 

2.1 Introduction 

As described in Chapter 1, there are performance evaluation standards available which are 

specifically designed for PV and ST systems. These two systems work with different grades of energy, 

and different metrics are used to analyze their respective performances. The PVT-DHW system is more 

challenging for comparative purposes, as it is a relatively new technology and indices comparing the 

performance of such systems have not been well established. The International Energy Agency’s Solar 

Heating & Cooling Programme has proposed potential performance evaluation methods, and these are 

explored later in this chapter.  

While the concept of using PV/T and ST modules for heating hot water systems has been 

investigated over the past few decades, PV-only designs for the same purpose have not been widely 

studied. This is explored further in the appropriate section below.  

Test standards and performance rating techniques for solar thermal devices are well-established 

and numerical and simulation models to predict their performance have been widely developed. The basic 

physics of photovoltaic modules is well understood and a number of performance indices and electrical 

analogs have been developed to represent their electrical performance. Both solar thermal and 

photovoltaic modules are affected by their operating conditions and the environment in which they 

operate. These effects are normally captured through the use of performance factors that adjust electrical 

and thermal output based on operational temperature.  

In the following sections, the basic performance equations are presented to define the conversion 

efficiency of solar thermal and photovoltaic devices. In addition, relevant literature on the effects of these 

conditions on performance are discussed. Finally, the characteristics of PV/thermal devices are discussed. 

As previously mentioned there is relatively little information, describing the full system performance of 
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PV–DHW or PVT–DHW systems, however some of the relevant literature will be described in the latter 

portion of this chapter.  

2.2 Solar Thermal Collectors 

Solar thermal collectors are the most commonly used devices in solar water heating units. The 

technology, having existed for many decades, has been extensively studied and advanced products 

developed. Worldwide, the solar thermal industry can be considered mature and the primary focus of 

research is directed towards lowering cost. The theory and background related to solar thermal devices is 

well described in a number of reference textbooks and rating standards [14] [15] [16] [17]. The state of 

the art with respect to current solar thermal collectors is also well-described in recent review papers [18] 

[19]. The reader may refer to these documents to obtain a comprehensive discussion of the various 

technologies. 

A brief discussion of the key performance indices and performance models is presented below as 

these form the core of the simulation routines used to model the ST-DHW heating system studied in the 

current thesis. 

ST collectors are widely available in commercial markets, with their main purposes being space 

heating or commercial drying for systems using air. ST systems using liquid for heat extraction can heat 

swimming pools and domestic hot water tanks, and can even be used for space heating and cooling 

purposes. The following review places emphasis on solar thermal systems used in DHW applications. 

2.2.1 Performance Evaluation and Representation 

The testing and performance rating of solar thermal collectors is well described in a variety of 

independent reports and review papers [20] [14] [19] [21]. A ST collector’s performance is expressed in 

terms of thermal efficiency, 𝜂th, which is a measure of the fraction of the incident solar radiation 

(intercepted by the solar collector) that is converted into useful thermal energy, Qu. For a thermal solar 

collector, the useful energy is usually defined as the heat removed from the solar collector by a heat 

transfer fluid used to cool it, e.g.,  
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where m is the mass flow rate, cp is the specific heat of the fluid, and To and Ti are the outlet and inlet 

temperatures, respectively. 

Alternatively, the thermal efficiency can be expressed in terms of the so-called “Hottel-Whiller-

Bliss” model, which makes use of the effective transmittance-absorptance product, and the heat loss rate 

of a collector [22]. In this form, steady-state thermal efficiency is expressed as a function of the physical 

properties of the particular solar collector in terms of its thermo-optical properties as, 
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where Qu is useful energy produced in the form of heat, FR is the collector heat removal factor, (a factor 

that accounts for the increased thermal losses from the solar collector as the fluid heats above the 

collector inlet fluid temperature, Ti). (τα)e is the effective transmittance-absorptance product, UL is the 

heat loss coefficient, and Ta is ambient air temperature. Typically, one assumes that the collector area Ac 

and the aperture area Aa are nearly identical, so this portion of the equation is assumed to be close to 

unity. 

To account for the variation in optical properties as the sun moves across the sky, an incidence 

angle modifier, Kατ is used to adjust the efficiency equation that is normally derived at normal incidence, as 

shown in the following equation, 
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where bo is the incidence angle modifier coefficient, and θb is the angle of incidence of incident solar 

radiation. Alternatively, the incidence angle modifier can be presented in the following form, 
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where (τα)n and (τα)b are the transmittance-absorptance products determined at normal incidence and at 

the current incidence angle (which for flat-plate solar collectors is expressed as the angle between the 

suns “rays” and a “direct-normal” vector to the cover of the solar collector collector). Thus, the thermal 

efficiency equation becomes: 
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The thermal efficiency of a solar collector may be determined experimentally by measuring the 

solar radiation incident on the solar collector and the rate of heat removal in the heat transfer fluid as it is 

circulated through the solar collector.  Standard test methods require that the efficiency be determined at a 

range of fluid inlet and ambient air temperatures at normal incidences (i.e., θb=0). The calculated 

efficiency values are then plotted versus the factor (Ti - Ta)/G (known as the “reduced temperature”) to 

create a characteristic performance or efficiency curve as described by Eq. 2.  The performance curve is 

fit to the experimental data by the method of least squares and the intercept and slope of the curve are 

used to derive the values of FR(τα)n and FRUL at θb=0. Further measurements are taken at a range of 

incidence angles and with (Ti = Ta) to determine the relationship of Kατ to θb. Further regression according 

to Eq. 3 allows the value of the coefficient bo to be estimated. This is the conventional approach for 

comparing thermal collectors and their efficiencies. A typical performance characteristic is shown in  

Fig. 8. 
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Fig. 8:  Typical performance curve for a liquid solar thermal collector with one cover. The different 

groupings of data points represent different environmental conditions experienced during the 

testing sequence. [14]. GT is also referred to as incident solar radiation. 

The efficiency value at the y-intercept is represented by FR(τα) and is often referred to as the 

efficiency at zero reduced temperature or 𝜂0. It is an important variable that is often compared for systems 

of similar configuration. FRUL is the rate of heat loss from the solar collector and may be estimated from 

the slope of the performance curve in Fig. 8.  As the value of the reduced temperature increases (due to 

higher fluid inlet temperatures, lower ambient air-temperatures or increased solar radiation intensities), 

the thermal efficiency of the solar collector declines.   

The actual performance of a particular solar thermal collector will depend on its design, 

construction and materials, and the operational and atmospheric conditions.  It is possible to numerically 

estimate the performance of solar thermal collectors based on the knowledge of these parameters and the 

thermo-optical processes. Due to variations in manufacturing tolerances and processes, however, it is 

normal to experimentally determine the efficiency of commercial solar collectors and to express their 

performance with respect to the values of the performance coefficients, FR(τα), FRUL and bo derived from 

the regression of experimental test data.   

Thermal performance coefficients are commonly used as inputs to computer simulation models 

intended to determine the energy delivered by a particular solar collector or system.   Other performance 
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characteristic equations have been derived (e.g., Cooper and Dunkle), to better represent the performance 

of particular solar collector types (e.g., evacuated tube, concentrating collector types, etc.) but these 

provide only small improvements in the predicted performance for the type of flat-plate solar thermal 

collector investigated in this study [23].  

2.2.2 Design Considerations 

The most common design for a ST collector is the flat-plate type with a sheet-and-tube absorber, 

Fig. 9. This configuration has copper pipes bonded (i.e., soldered or welded) to the underside of a flat 

plate absorber, typically made of aluminum or copper. This is surrounded by insulation on the bottom and 

sides in order to minimize heat loss. Additionally, glass layers can be placed above the flat plate absorber, 

providing an insulating air space above the absorber. Although glazing reflects some radiation, the cover 

glass and air space reduces convection losses and reduces long-wave thermal radiation losses from the 

warm absorber out to the environment.  

 

Fig. 9: A cross-sectional schematic of a flat plate ST collector [24]. 
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2.3 Photovoltaic Panels 

Photovoltaic panels rely on the photovoltaic effect to generate electricity for various purposes. 

The PV industry is well-established and mature. Their use in DHW systems, however, is a recent 

development, driven by low PV module prices. The theory, operation, and development of PV modules 

have been reviewed extensively in literature [25] [26] [27]. The reader may refer to these documents to 

acquire a more in-depth analysis of those topics.  

A brief discussion of the performance indices is presented below as well as some schematics for 

PV-DHW systems. These are used as the basis for the simulated system studied in the current work. 

2.3.1 Performance Evaluation and Representation 

The performance of PV panels is measured in terms of electrical efficiency, or the fraction of how 

much incident solar radiation that is converted into useable electrical energy in the PV module. The 

electrical efficiency of a PV cell can be derived using the following terms, [25], 

OC SC elec elec
e

in in c

V I FF Q Q

P P G A
   


 (6) 

where VOC is the open-circuit voltage, ISC is the short-circuit current, FF is the fill factor, Pin is the 

incident solar power supplied to the system, Qelec is the electrical energy produced by the PV panel, G is 

the incident solar radiation, and Ap is the aperture area. The open circuit voltage and the short circuit 

current are the maximum possible values for voltage and current respectively, assuming a fill factor of 1. 

The numerator in the above equation can also be represented by Pmax, or maximum power that is delivered 

to the load and is the product of the current and voltage supplied to a load. Fill Factor is typically 

calculated in the following equation, 

MP MP

OC SC

V I
FF

V I
  (7) 

where VMP and IMP are the voltage and current at the maximum power point, and these represent the 

measured voltage and current in a PV cell. The Fill Factor value for crystalline systems will typically be 
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0.83-0.85, with maximum values approaching 0.89. The graphical representation of the above equations is 

called the IV curve, shown in Fig. 10. 

 

Fig. 10: Typical I-V curve for a PV cell [28] 

 The maximum power point is the point at which the maximum energy (and thus the maximum 

efficiency) is obtained from the PV device. This operation at maximum power point is essential if 

maximum efficiency is to be obtained. The operating point depends on the load but is adjusted by the use 

of an electronic Maximum Power Point Tracker. In the current work it is assumed that such a tracker is in 

place for PV cells. Therefore from the perspective of system design, the capacity of the PV cell to convert 

solar radiation into useful energy is given by the electrical efficiency, ηe, where,  

elec elecMP MP
e

c in c

Q QV I

A G P A G
     (8) 

The variables in the Equations 1, 2 and 3 are affected in various ways by the environment in 

which they are placed. These effects are: 

 Open-circuit voltage: As ambient air temperature increases, the VOC decreases; 

 Short-circuit current: As incident radiation G increases, ISC decreases. ISC is marginally increased 

as ambient air temperature increases; 

 Fill Factor: If VOC is increased, FF has the potential to increase as well, though this slightly 

positive impact is usually overcome by negative resistive factors within the system. 
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Additionally, if incident solar radiation significantly increases, both open-circuit voltage and 

short-circuit current are improved. These effects are demonstrated in IV curves, as shown in Appendix D 

for the current work. 

The effects of solar cell temperature on PV module efficiency is normally associated with [27], 

  1e NOCT a NOCTT T      (9) 

where β is the temperature coefficient of PV cells, and NOCTT and NOCT  are the Normal Operating Cell 

Temperature and the corresponding efficiency at that temperature. TNOCT is defined for standard rating 

conditions at G=800 W/m2and Ta=25°C.  

2.3.2 Design Considerations 

When choosing the material to construct a PV system, the spectral sensitivity of each material 

should be considered. Spectral sensitivity is synonymous with the range of wavelengths in which a PV 

material operates most efficiently. Crystalline silicon cells are the focus of the current work, which have a 

operational range of approximately 380-1200 nm. A graph of the solar spectrum of radiation is shown in 

the following figure. 

 

Fig. 11: Graphical representation of the solar spectrum as determined by the ASTM G173-03 

standard [29]. 
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For flat-plate PV modules the most common choice of material is silicon, since it is the most 

economically viable and the most abundant material available. Modules made from crystalline silicon can 

commonly achieve electrical efficiencies of 15-20%. Silicon cells can be further specified in two ways; 

they can be polycrystalline or monocrystalline. Polycrystalline cells are less expensive than 

monocrystalline, but due to the presence of grain boundaries in the atomic structure, the electrical 

efficiency suffers. As a result, monocrystalline cells have been the primary choice for PV systems [25].  

Much of the focus in research and development has been on increasing the electrical efficiency of 

PV modules. One of the ways this is done is by increasing the absorption factor; typically this value is 

90%, but it can be increased to 93% by eliminating reflective losses [30]. 

A factor for the performance of PV cells is their temperature dependency. PV modules can 

operate at 50°C above ambient temperature, which could result in a 25% decrease in electrical efficiency, 

due to the associated decrease in the open-circuit voltage [31]. This was demonstrated by Lu et al., in 

which the authors created an optical simulation for silicon solar modules and demonstrated that the actual 

electrical efficiency of their system could drop to 32.5% of the rated value [32]. 

There are few published journal articles currently available on the uses of PV panels in DHW 

systems. It is only recently that such a system was even considered, due to the relatively high capital cost 

and surface area requirements of PV modules. From 1998 to 2005 there was a sharp decline in the cost of 

PV arrays by an average of $0.40/W per year, caused primarily by the decrease in non-module costs 

(inverters, mounting hardware, labour, permitting and fees, shipping, taxes, overhead). From 2005 to 

2007, the cost of PV was relatively stationary due to increased demand of PV modules, leading to a 

shortage of silicon. This overall decline in costs was especially effective for PV arrays generating less 

than 5 kW, which is a typical energy size for a DHW system [33]. The International Energy Agency’s 

Technology Roadmap similarly states that the cost of PV systems is now a third of the cost associated 

with similar systems 6 years ago [34]. 2016 prices are close to $0.85/W for PV modules [35]. 
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Good et al. compared PV, ST, and PV/T systems for DHW heating for net zero energy buildings 

(i.e., the building exports as much energy as it imports) in Norway, with emphasis placed on PV 

configurations. It was shown that only PV modules with the highest efficiencies (roughly 20%) could 

achieve near-zero energy balance for the building The study clarifies that its definition of net zero energy 

balance is an annual value, and future work could analyse monthly, daily, or hourly variations. The 

authors, however, did also not factor in the hardware cost, but acknowledge that the cost of PV is 

reducing while the market is simultaneously expanding [36].  

One commercially available PV-DHW system of note is the Solar Hybrid Energy System from 

Sun Bandit. This product, which is certified by the US Solar Rating & Certification Corportation (SRCC), 

uses TrinaSolar PV panels to heat a hot water storage tank via resistance heaters [37]. With a module area 

of 7.75 m2, the system is able to produce a solar fraction between 29%-36% depending on tank volume 

[38]. Another PV-DHW system which has become available is the Liberty Box from Premium Solar, 

which incorporates a DC-to-DC Maximum Power Point Tracker for a PV-DHW system. In coordination 

with the city of Tallahassee, testing of the system produced a solar fraction of 26% in spring months for a 

four-person household [10].  

2.4 Photovoltaic/Thermal Collectors 

As mentioned previously, there is no universally-accepted evaluation method for PV/T systems. It 

is generally accepted that in order to analyze a PV/T system, both the thermal and electrical outputs must 

be combined into a value which is easily understood. Much of the literature for PV/T systems involves 

this issue in some capacity, and this is explored below.  

2.4.1 International Energy Agency Task 35  

The International Energy Agency is a multinational organization with its founding being a result 

of the Oil Crisis of 1974. Its Tasks cover various renewable energy fields with the goal of providing 

reliable, affordable, and sustainable energy to its member nations [39]. One such field, highlighted in 

Task 35, is PV/T systems. 
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IEA Task 35 originated from IEA’s Photovoltaic Power Systems Programme, Task 7. It became 

clear that PV/T collectors required a unique Task within the Solar Heating & Cooling division of the IEA, 

due to the complex issues related to the solar thermal aspects of PV/T collectors [40].  

The purpose of the Task was to: jumpstart the introduction of reliable and competitive PV/T 

systems; provide insight into the most commonly used methods of evaluating PV/T performance; and to 

investigate the commercial aspects of the various collector configurations [41]. The main report of the 

Task cites Coventry et al., which highlighted several possible methods of evaluating the performance a 

PV/T system [42]. They are as follows: 

 Final/Total Energy efficiency, which is a sum of both electrical and thermal energy; 

 Primary Energy Savings (PES) efficiency, which takes into account the primary energy 

consumption of the power stations that the PV/T system is replacing; 

 Exergy efficiency, the amount of “work” available (exergy) at the output of a system relative to 

its input; 

 Open Market Energy Cost, using utility prices for gas and electricity, as well as savings available 

due to replacing conventional heating installations; 

 Renewable Energy Market Energy Cost, which is the same as open market energy cost, but 

includes feed-in tariffs, subsidies, tax benefits, and other monetary-related benefits; 

 Displaced Greenhouse Gas Emissions, which compares the emissions generated by the 

consumption of fossil fuels to the electrical and thermal outputs of the PV/T; and, 

 Life Cycle Greenhouse Gas Emissions, which is similar to the previous criterion but adds the 

emissions created by producing the PV/T system. 

While many journal articles use energy efficiency, exergy efficiency or both in their analyses [43], the 

IEA recommends using PES efficiency, as it is the best indicator of the amount of fossil fuel reduction, 

which is the primary goal of renewable systems [44]. PES efficiency requires efficiency values for both 

electricity and heat production, which varies from country to country. Taking this fact into consideration, 

average electrical conversion efficiencies from local power plants are 36% globally, 39% for countries 

which are part of the Organisation for Economic Co-operation and Development (OECD), and 33% for 

non-OECD countries [44]. Finally, if PES is being used, the IEA report recommends including the values 
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of the thermal and electrical yield, as well as the conversion efficiencies used to calculate the PES values 

in order to allow other researchers to convert the numbers according to their specific requirements. 

The report discourages using exergy, citing the explanation provided in Coventry et al.  that 

thermal output is undervalued in that analysis. As for the remaining methods, they are considered to be 

less useful because they do not evaluate the energy directly produced by the system [42].  

The relevant performance equations chosen for the current work are included below [44].  

 Total collector energy efficiency: o e th                  (10) 

 PES collector efficiency:
e

f th

power

E





                                   (11)  

 System solar fraction: 1solar losses aux

load load

Q Q Q
f

Q Q


              (12) 

 Total system solar efficiency: solar losses solar losses
sys

c solarc

Q Q Q Q

A HA G dt


 
 

 
                                       (13) 

The total collector energy efficiency is commonly found in literature and is a simple sum of the 

thermal and electrical efficiency [3] [45], however, this efficiency can be misleading, because thermal 

energy is usually considered less valuable than electrical energy1. The collector PES efficiency avoids this 

controversy by comparing the contributions in terms of primary energy displaced. For this study, the 

electrical conversion efficiency ηpower is taken to be 39%, which is the value for OECD countries, as well 

as the primary fuel conversion efficiency for gas/oil power plants [3] [8] [42] [46].  

The system solar fraction, ,f   is the ratio of the solar energy delivered to the load minus the parasitic 

energy losses due to storage heat losses and energy consumption from pumps to the total hot water 

heating load.  The total system solar efficiency is defined as the net solar energy delivered to the load 

divided by the total solar irradiance incident on the solar collector surface, over a specified time period. 

 

                                                      
1 An example is electrical energy can be used to drive a heat pump, multiplying its delivery of “free energy” by 2 or 

3 times. 
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2.4.2 Relevant PV/T Collector Equations 

As described previously, the main benefit of PV/T systems is their combination of both PV and 

ST systems, which is reflected in the governing equations. Florschuetz proposed a modified performance 

representation for PV/T solar panels.  

Florschuetz added the electrical output of the panel to the Hottel Whillier Bliss model. This was 

done using two parameters: the cell array reference efficiency and a cell temperature dependency factor, 

as normally calculated, for a PV cell is as follows [47], 

 
0

cA

elec a c r r a

G
Q A T T dA  


   
    (14) 

where G is solar radiation, α is absorptance of solar energy, ηa and ηr are PV array efficiency at ambient 

and reference temperatures, Ac is collector area, βr is the temperature coefficient at reference temperature, 

and T and Ta are the local and ambient temperature values. The first term in the above equation accounts 

for energy acquired by the system, while the second term accounts for losses due to increased cell 

temperature, as indicated by βr. For the purposes of a PV/T collector this equation must take into account 

the heat removal via the solar thermal portion of the collector, which is altered by the presence of the PV 

cells. Similarly, the solar thermal portion’s available energy is reduced by the direct conversion of solar 

energy to electricity, making it unavailable for thermal conversion. Florshuetz’s approach necessitates the 

use of a modified solar radiation, modified heat removal factor, and modified heat loss coefficient to 

determine the thermal and electrical energy delivered from a PV/T collector.  

A simpler approach is to evaluate the thermal and electrical (PV) efficiencies separately, accounting 

for their temperature dependencies. Collins et al., as part of Task 35, expressed the PV/T thermal and 

electrical collector efficiencies in the following form. 
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where pF is the packing factor of the PV cells, τc is the transmissivity of glass covers, and Tcm is the mean 

cell temperature [48].  

Both Florshuetz’s and Collins’ approaches indicate that the performance characteristics of the 

individual components change when they are combined (e.g., FR, (τα), and UL). The modified performance 

equations presented by Collins et al. are used in the current work [48]. 

2.4.3 Design Considerations for PV/T Systems 

Zondag et al., concluded that there are four main design options when considering a PV/T system 

[49]. They are as follows: 

 Sheet-and-tube, consisting of a flat plate absorber with a PV cell placed on top - heat transfer 

occurs between the absorber and tubes (which are typically welded to the absorber); 

 Channel, which places the fluid above the PV; 

 Free-flow, a purely theoretical design due to the difficulty in constructing a free surface while 

limiting condensation; 

 Two-absorber, in which incident radiation passes through a water channel, interacts with a semi-

transparent PV panel, and passes through an air gap to a black absorber plate; 

These concepts are illustrated in the Fig.12. 

 

Fig. 12: PV/T collector types: (a) Sheet and Tube, (b) Channel, (c) Free-flow, (d) Two-absorber [49] 
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The sheet and tube design Fig. 12 (a) is the most common, since the others are too costly or 

impractical. This sheet and tube design is intended to maximize the delivery of thermal energy rather than 

electrical energy, as elevating the glass cover above the PV cells (and thereby introducing an insulating 

air layer between the cells and the cover) reduces thermal heat losses and thermal efficiency is increased. 

This comes at the cost of PV efficiency as the cells operate at higher temperatures lowering PV 

efficiency. 

Other PV/T designs are used to maximize PV output at the cost of thermal efficiency. Such a 

design bonds a solar absorber plate to the back of a relatively conventional PV module.  

For the purpose of this study, that is focused on ultimately producing domestic hot water, the 

previous design (i.e., with the cover glass elevated above the PV cells) was chosen for further study.  

In both cases, the effectiveness of the thermal contact between the solar cells and the thermal 

absorber is critical to achieve both high thermal and electrical performance. Consequently, many studies 

have focusing on the PV cell/absorber configuration. The three common designs concepts are: 

 Classical: a flat plate, typically made of copper, which is then welded to an array of channels 

circulating a heat transfer fluid 

 Roll-Bond: a specified pattern for channels is printed onto one of two aluminum sheets, which are 

then bonded together. The channel is then created by inflation with a high-pressure air. 

 Box Channel: consisting of parallel rectangular ducts, made of aluminum or polymers, which are 

connected such that almost the entire collector surface is in thermal contact with the fluid 

Typically, the sheet and tube and roll-bond methods are most often used. The sheet and tube 

model is typically made from copper, allowing for a thin flat plate absorber and higher heat transfer. The 

roll bond model is typically made out of aluminum; while manufacturing limitations require the thickness 

of aluminum absorbers to be thicker than copper, aluminum has become more cost-effective due to the 

sharp increase in the price of copper. In addition, roll bonding allows the tubing to be shaped as a Sin2 

function instead of the typical semicircular configuration, creating an increased surface area for heat 

transfer to the fluid. Box channel designs can be made out of aluminum or polymers, but the low thermal 

resistance to high temperatures and manufacturing disadvantages and relative high cost have limited the 
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use of this design [8]. 

Kalogirou et al., [50] compared the performance of two PV/T collectors, one made with 

amorphous silicon and the other with crystalline silicon in a PV/T system configuration. The performance 

was modeled in TRNSYS for Nicosia, Athens, and Madison WI. A small thermosyphon system with a 

collector surface area of 4 m2, a tank storage capacity of 160L, an auxiliary capacity of 3 kW, and a hot 

water load of 120L was studied. Their results showed that for Nicosia, Athens, and Madison, the 

thermosyphon PV/T systems with polycrystalline silicon cells was able to achieve solar fractions of 

68.6%, 56.4%, and 29.3% respectively. It was also shown that PV/T systems reduce the electrical energy 

output by 38% when compared to similar standalone PV systems. The authors note the Madison case 

required antifreeze in the collector loop, which resulted in a 15% decrease in thermal performance.  

Huang et al., [51] created a PV/T collector to demonstrate the idea of an integrated photovoltaic 

and thermal solar system (IPV/TS) using a polycarbonate panel. The authors decided to use PES 

efficiency in order to properly evaluate the energy saving potential of PV/T systems. It was determined 

that the system achieved a PES efficiency of 60%, which is higher than the PES for a ST collector 

(typically 50%). However, the thermal efficiency of the PV/T collector was 38%, which is 76% of the 

efficiency of the author’s similar ST system. 

Zondag et al., [52] carried out 1D, 2D, and 3D simulations for a 1.12 m2 sheet and tube PV/T 

system heating a 175L hot water tank during a typical Dutch meteorological year, and compared them to 

experimental results. The 1D model was nearly identical to the model created by Florshuetz, with an 

additional factor to account for the thermal resistance of the solar cells. While the models predicted that a 

conventional ST system generated 54% thermal efficiency and a conventional PV system generated 7.2% 

electrical efficiency, the models for the PV/T predicted thermal and electrical efficiencies of 33% and 

6.7%, respectively. The lower efficiency values for the PV/T collector was attributed to additional 

reflection losses from the laminated PV cells, which were not mitigated by the cooling of the PV, as well 

as MPP-tracking losses, low-irradiation losses and electrical losses due to the inverter.  
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Sandnes and Rekstad, [53]  performed experiments on a ST and PV/T system (both 0.32 m2 in 

collector area) manufactured using a black polymer absorber plate and a 30L storage tank. Comparisons 

were made between a PV/T module both with and without glazing. The authors concluded that both 

electrical and thermal energy suffered slight decreases in a PV/T system, and that the thermal energy 

could be recouped by adding a layer of glass above the PV cells, at the expense of electrical efficiency. 

This was attributed to the higher reflective value of the glass cover, which simultaneously acted to reduce 

heat loss to ambient air. This trade-off was found to provide a higher total energy value when compared 

to a system with no glazing. 

Zondag et al., [54]  compared various PV/T collector designs by their thermal and electrical 

efficiency values, as shown in Table 2. It was noted that while the sheet and tube design was less efficient 

than others in the paper, it was by far the easiest to manufacture, which made it the most suitable for 

commercial purposes [49].  This was confirmed by Daghigh et al., in which the authors performed a 

review on liquid-based PV/T collectors. The authors determined that while the sheet-and-tube method is 

not the most efficient (by a slight margin) it is the most cost-effective. 

 

Table 2: Thermal efficiency at zero reduced temperature with corresponding 

 electrical efficiency for PV/T designs [49]. 

Panel type 

Thermal 

Efficiency 

Electrical 

Efficiency 

PV laminate – 0.097 

Sheet and tube PV/T-collector 0 cover 0.52 0.097 

Sheet and tube PV/T-collector 1 cover 0.58 0.089 

Sheet and tube PV/T-collector 2 covers 0.58 0.081 

PV/T-collector with channel above PV 0.65 0.084 

PV/T-collector with channel below opaque PV 0.6 0.09 

PV/T-collector with channel below transparent PV 0.63 0.09 

Free flow PV/T-collector 0.64 0.086 

Two-absorber PV/T-collector (insulated type) 0.66 0.085 

Two-absorber PV/T-collector (non-insulated type) 0.65 0.084 

Thermal collector 0.83 – 

 

  



 

32 

 

2.5 Summary 

In summary, it has been shown that crystalline flat plate sheet-and-tube PV/T collectors are the 

most economically feasible design relative to the other potential options while producing competitive 

performance results, and the current PV/T market reflects this. Further, PV/T typically generates less 

electrical energy than PV-only and less thermal energy than ST-only devices, however an advantage of 

PV/T is the ability to generate both simultaneously, thus less area and capital investment would be 

required for a particular installation. One layer of glazing is preferred for SDHW systems, in order to 

maximize the thermal returns which mitigate electrical losses. The methods of performance evaluation 

(total efficiency, PES efficiency, and solar fraction) were chosen to highlight the advantages of various 

designs. Total efficiency makes no distinction, PES efficiency emphasises electrical efficiency, and solar 

fraction evaluates the performance of the whole system. 
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Chapter 3 

TRNSYS Model Developments 

3.1 Introduction 

SDHW simulation components can be separated into three categories. Each simulation has inputs, 

outputs, and the model itself. The inputs are variables that determine the simulation performance and are 

related to environmental factors (such as solar radiation and seasonal/climate conditions) and DHW load. 

The simulation itself can be described as a series of linked equations that can be solved simultaneously to  

predict desired outputs. This allows for different SDHW designs to be compared under similar climatic 

and load conditions, or to assess the effects of these and other factors, on component or system 

performance [55]. 

Simulation Outputs

Solar and 
Weather Data

DHW Load

SDHW Model
System 

Performance e.g., 
SF, ηtotal

 

Fig. 13: General SDHW simulation setup 

3.2 TRNSYS Description 

The simulations of the SDHW systems in the current work were completed in TRNSYS. 

TRNSYS, a TRaNsient System Simulation program, was created by the Solar Energy Laboratory in 

Madison, Wisconsin, and is used to solve energy equations associated with a user-configured system. 

TRNSYS components can be configured to represent a variety of system models, e.g., solar collectors, 

net-zero energy buildings, HVAC systems, fuel cells, etc. The transient nature of the equation-solving 

process allows TRNSYS to use successive substitution to iteratively solve equations at every time step 
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until the convergence criteria are satisfied. The convergence criteria used for the current study are listed 

in Table 3. 

Table 3: TRNSYS Simulation convergence criteria 

Parameter Value 

Simulation time step 3 minutes 

Max Iterations Before 'WARNING' 150 

Max Iterations Before 'ERROR' 10000 

Max Iterations Before 'TRACE' 100 

Integration Tolerance  0.001 

Convergence Tolerance  0.001 

 

Using the TRNSYS program, a user can create thermal systems with high degrees of complexity 

and evaluate their performance. This is accomplished by using TRNSYS “TYPES”. Each TYPE contains 

a set of equations pertaining to a standard piece of equipment and provides user-defined parameters as 

well as input/outputs which are affected by the simulation. Parameters determine the performance of a 

TYPE, with such examples being specific heat capacity, maximum power, and loss coefficients. Inputs 

and outputs are typically values that vary over time, such as incident radiation, fluid properties, and 

control signals. Outputs can also be measures of performance, such as efficiency. Certain components, 

such as “Ìntegrators”, can There are TYPES that are given as part of the basic TRNSYS package, and 

some that are provided as further improvements to the program, such as the Thermal Energy System 

Specialists (TESS) packages [56] [57]. In certain cases, it may be necessary to develop user-defined 

TYPES which makes TRNSYS extremely flexible and able to accommodate new concepts. 

3.3 Weather Files 

For the models used in this work, TYPE 15 was used to read hourly weather data from Typical 

Meteorological Year (TMY) files. Specifically, Meteonorm files were used for Vancouver, Montreal, and 

Halifax, and Canadian Weather for Energy Calculations (CWEC) files were used for Toronto and Calgary 

simulations.  
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Meteonorm files are produced by Meteotest and compile at least 10 years of data for all weather 

parameters (19 years for irradiation) [58]. The Meteonorm files are able to generate hourly and even 

minute values for weather data in a typical year, and the current files use a .tm2 format to be compatible 

with TRNSYS [59]. The .tm2 format represents Typical Meteorological Year 2 (TMY2) data sets, which 

are produced by the US National Renewable Energy laboratory (NREL). 

CWEC files are created by compiling Typical Meteorological Months from over 30 years of 

Canadian Weather Energy and Engineering Datasets (CWEEDS) data. The representative data for each 

month is chosen by comparing historical monthly means, minimums, and maximums with individual 

monthly means, minimums and maximums for solar radiation, dry bulb temperature, dew point 

temperature, and wind speed [60].  

For these weather files, solar data is typically measured on a horizontal surface. Therefore, 

calculations must be made for solar collectors with orientations that deviate from the recorded conditions. 

Of the five radiation models available, the Perez 1999 sky model was chosen for the current work. 

Although the Perez 1999 model predicts slightly higher total radiation on a tilted surface -and is therefore 

the less conservative method- it is the algorithm in most agreement with experimental data [14] [58] [61]. 

3.4 Domestic Hot Water Load 

When creating a simulation involving hot water loads, the typical profile used is important and 

varies from region to region. Fairey and Parker, DeOreo and Mayer, and Aguilar et al. evaluated domestic 

hot water use, and incorporate factors such as flow rate, appliances, and climate conditions [62] [63] [64].  

The Canadian Building Energy End-Use Data and Analysis Centre (CBEEDAC) study in 2005 

determined that Canadian individuals consumed between 47 L and 86 L each day, while typical 

households consume on average236 L/day. Natural Resources Canada determined modern household 

consumption of domestic hot water has increased in the past decade to 250 L/day [65].  
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The water draw profile is taken from the CSA F379-M1982 standard with the base case hot water 

load set to 250L to match modern consumption data [66], as well as 325L to match the higher-end 

individual hot water use for a family of four.  A normalized water draw is shown in Fig. 14. 

 

Fig. 14: Normalized water draw for a one-day period in a typical Canadian household. 

The mains water temperature is provided by the CWEC and Meteonorm files, which is calculated 

using algorithms provided by Burch and Christensen from NREL [67]. The mains water temperature is 

calculated using the following equations, 

     
360

sin 15 90
365

mains amb offset ambT T T R T day lag
 

        
 

   (17) 

where Tmains is the mains water temperature, 
ambT  is the annual average ambient temperature, R is the ratio 

of surface temperature to the temperature of the ground at a depth at which the mains water pipes are 

buried, and day is the day of the year. The ΔT offset, ratio R, and lag are given by the following 

equations: 
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A graph depicting the calculated mains water temperature and the actual mains water temperature 

for Toronto in 2015 is shown in the following figure. 
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Fig. 15: Toronto mains water temperature as calculated by Burch and 

Christensen compared to actual mains water temperature [68]. 

3.5 Thermal Storage Model 

The storage model is based on TRNSYS TYPE 534. In this model, the hot water storage is 

divided into “n” constant volume elements or “nodes” and the energy and mass balances are solved in 

each node simultaneously, resolving the net energy flows and temperature profiles. 

For the current work TYPE 534 was chosen to simulate a GSW model G680TDE-45 [69] hot 

water tank due to the TYPE’s ability to use energy (in kJ/hr) as an input rather than temperature and flow 

rate. This vertical cylindrical tank had a storage volume of 270 L and was 1.5 m high. The tank was 

assumed to be manufactured with stainless steel and a thin layer of insulation, giving a heat loss 

coefficient of 1.4 W/m2K for the sides, top, and bottom. Type 534 is able to account for heat losses for 

gas flues, but this is not a part of the current system and was thus ignored. 

For the current storage tank model, temperature calculations were computed using a differential 

equation subroutine; it is a double precision routine that solves first-order linear differential equations. 

These equations have the following general form: 

dT
aT b

dt
   (21) 
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where a and b are coefficients which are dependent on the mass flow rate and heat capacity for each node. 

The program calls the initial value of T, calls the coefficients, and returns a new instantaneous value of T 

and the average value of T over the time step. 

  The energy balance equation for the ith node is given in the following equation and is shown in 

graphically in the following figures. 
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Fig. 17: Potential energy balance terms on the ith tank node 

Fig. 16: Schematic for a storage tank model  
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The resulting potential energy balance equation for the ith node is: 
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where 
upm and downm are the flow rates up and down the tank; As,i and Ac,i  are the surface and 

cross-sectional areas of node i, respectively, k and Δk are the tank fluid thermal conductivity 

and de-stratification conductivity; Ui is the node heat loss coefficient per unit area, inletm and 

outletm are the mass flow rates for the inlet and outlet; Ti, Ti+1, Ti-1, Tinlet, Toutlet and Tenv are the 

temperatures located at, below, and above i, the inlet and outlet fluid temperature, and the 

environment temperature, respectively; 1i ix   and 1i ix    are the center-to-center distance 

between node i and the node below and above it, respectively; and Qaux is the auxiliary heat. 

The reader may refer to the work provided by Cruickshank for further discussion [70]. 

 

3.5.1 Hot Water Tank Node Configuration 

The current configuration for the DHW systems involves one storage tank with an auxiliary 

heater. While the PV Resistance system operates as mixed tank, the PV Sidearm, solar thermal, and PV/T 

systems thermally stratify under normal operation. A stratified thermal storage does not mix hot and cold 

sections of the storage and higher temperature water is available for distribution for the load. With a 

stratified thermal storage it is possible to extract cold water from the bottom of a tank, heat it (e.g., by a 

solar collector), and return it to the tank at a higher position [71]. This forms a temperature difference 

between the top of the tank and the bottom of the tank, which increases the system’s thermal performance 

as the coldest water is sent to the collectors to be heated, and the hottest water is drawn off the top of the 

tank when needed to meet a load. 
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In the systems modelled, the top portion of the tank volume is heated primarily by the auxiliary 

heater, while the bottom section is heated by solar energy. In the current configuration, the auxiliary unit 

heats the top 25% of the hot water tank.  

 When modelling a stratified thermal storage, it is important to use a sufficient number of nodes 

to accurately capture the temperature gradient in the thermal storage [72]. The effect of the number of 

nodes on tank performance for the PV-R system is shown in Fig. 18. In this case 20 nodes was 

determined to be sufficient, since increasing the number of nodes beyond this did not produce significant 

differences. 20 nodes was also used for the modelling of the other systems. 

 

Fig. 18: Annual solar fraction plotted against collector area for the PV Resistance 

system modeled for four node numbers 

3.6 Simulation Time step 

 To ensure accurate results, the simulation time step was evaluated in order to determine the 

minimum time required for accurate simulations without substantially increasing computational time. A 

less than 2% difference between solar fractions of different time step values was considered to be of 

sufficient accuracy for the purposes of the current work. In Fig. 19 the solar fraction as plotted against 

collector area for various simulation timesteps. A time step of 3 minutes was found to produce results 

within the 2% criterion over the entire range of collector areas for the PV-R simulation. 
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Fig. 19: Annual solar fraction plotted against collector area for the PV Resistance system for 

four simulation time steps 

3.7 Description of System Models 

A summary of the PV Resistance (PV-R), PV Sidearm (PV-S) Solar Thermal (ST), and 

Photovoltaic/Thermal (PV/T) systems under consideration is provided below. System parameters are 

defined in this section. The TRNSYS code for each system is available in Appendix E. 

3.7.1 PV Resistance System 

A schematic of the major components modelled in the PV Resistance system are shown in Fig. 

20. A graphical depiction of the system in TRNSYS is shown in Fig. 21, and a list of the TRNSYS Types 

used in the model given in Table 4. 
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Fig. 20: Simulation design of PV Resistance hot water system. 
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Fig. 21: TRNSYS Simulation Configuration for PV Resistance System 

Table 4: TYNSYS Types used in the PV-R system 

Type # Description 

2 Aquastat 

14 Draw Profile 

15 Weather File 

48a Inverter 

94a PV Array` 

534 Hot Water Storage Tank 

1556 Resistance Element 

 

In this configuration, power generated by the PV array is transmitted through an inverter, 

operating with a 90% DC-AC conversion efficiency, to a resistance heater located at the bottom of the 

storage tank. TYPE 48 was used to simulate DC-AC conversion. This TYPE included has only inverter 

efficiency as a parameter, and therefore it was set to a conversion efficiency of 0.90 to represent the sum 

of DC-AC conversion losses from microinverters, maximum power point tracking losses, and wiring 

losses. In the PV-R and PV-S simulations, this inverter module was placed between the PV module and 

the resistance module and had two inputs: input power and load power. The load power was set to 3800W 

with the PV array providing the input power.  

The resistance heater was modeled using TYPE 1226, a TESS model in which incoming energy 

from the PV panels is converted into useable energy for water heaters using the following equation [56], 
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Fluid elec heatQ Q    (23) 

where QFluid is energy going directly to the fluid in the storage tank, and ηheat is the efficiency of 

converting electrical energy coming from the PV panels into heat. It was assumed that this conversion 

efficiency is unity. An additional function of this model is that it is also capable of being controlled by a 

control signal. For the PV-resistance model, the resistance heater is designed to simulate an 11Ω 

resistance heater with a capacity of 3800W. The bottom 75% of the tank was configured to be heated by 

solar energy from the resistance heater, with the electrical auxiliary heater positioned to heat the top 25% 

of the storage volume (node 5). 

The temperature in the tank was controlled by two aquastats. One acted as a “high limit 

controller” limit the temperature of the bottom of the tank (node 20) to 80°C. This prevented any scenario 

in which a phase change (i.e., boiling) would be expected as the TYPES used were unable to compute 

property changes in the tank water when approaching the boiling point. The 2nd  aquastat is placed at node 

5 and maintains a delivery temperature of 49°C (the setpoint is 50°C ±1°C) at the top of the tank (node 1) 

in order to reduce the risk of Legionnaire’s Disease bacteria [13].  To illustrate the energy transfer 

processes in the hot water tank, the system was simulated with no load over the course of one sunny day 

(July 1st), Fig. 22. 

 

Fig. 22: One-day simulation of the PV-R system with no load. 
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Figure 22 clearly shows the mixed nature of the tank. The bottom node (node 20) loses additional 

heat compared to nodes above it due to its increased surface area. Node 5 is the input for the auxiliary 

heater and thus its temperature spikes when the heater switches on, but loses heat to the surrounding 

nodes up due to convection to the upper nodes and conduction to the lower nodes. This is shown in node 

1 (temperature increase due to convection) and node 6 (temperature increase due to conduction), Fig. 22. 

In the models, multiple equations were entered into “calculators” in TRNSYS for various 

purposes. Two of them were simple temperature and energy conversions, due to Type 94a’s different base 

units compared to conventional TRNSYS modules. 94a read ambient air temperature in Kelvin instead of 

°C and output energy in Watts instead of kJ/hr. “Draw” was a multiplication involving a desired daily 

load (in the current work, 250L or 325 L), proportioning the hourly draw according to the draw profile at 

the specific time step. The calculation named “Resistor Capacity” was a basic if-else statement: if the 

input solar energy to the resistor was greater than 3600W, the calculator reduced this value to 3600W. 

“Aux Heat Capacity” was a calculator that delivers electrical energy to the hot water tank; when the 

output of the Auxiliary Aquastat was set to 1, it delivered 4500W of energy, which was the maximum 

power allowed by the factory-supplied resistance heater for the GSW tank. 

Solar radiation interacts with the PV modules undergoing maximum power point tracking. Each 

module generated 180 W of peak power at the reference conditions. The PV model used properties 

associated with Trinasolar’s TSM-180D model [73], and the TRNSYS TYPE (94a) used a five-parameter 

model analysis to determine outputs [74]. The model inputs manufacturer’s data for modules operating at 

standard rating conditions and calculated the panel output according to Eq. 27. The equivalent circuit 

representing this five parameter model is shown in Fig. 23. 

exp 1s s
L o

sh

V IR V IR
I I I

a R

   
     

  
 (24) 

where a is the modified ideality factor (a ≡ Ns nI k Tc / q, where Ns is the number of PV cells in series, nI is 

the original ideality factor, k is the Boltzmann’s constant, Tc is the cell temperature, and q is the charge of 

an electron), IL is light current, Io is diode reverse saturation current, Rs is series resistance, and Rsh is 
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shunt resistance. Using the above equation, the five-parameter model determines these parameters at 

reference conditions using the three known I-V pairings: open-circuit voltage, short-circuit current, and 

the maximum power point. The model then alters the parameters using known equations which account 

for temperature and solar radiation dependencies.  

 

Fig. 23: Circuit representing the five parameter model [14] 

In addition, TYPE 94a uses incidence angle modifier equations to calculate the effect of the 

incidence angle of beam radiation on PV cells, accounting for a thin layer of glazing bonded to the 

surface of the cells. The same result can be accomplished for diffuse radiation using effective incidence 

angles calculated by Duffie and Beckman and effective transmittance-absorptance products from King et 

al. [14] [75]. The parameters for the PV module are shown in Table 5. 

 

Table 5: Parameters for TrinaSolar TSM-180D in TRNSYS. The series resistance is set to -1 in order 

to allow the simulation to calculate it based on the five-parameter model. 

Parameter Value Parameter Value 

Module ISC at reference conditions 5.35 A Number of modules in parallel 2 

Module VOC at reference conditions 44.2 V Module temperature at NOCT 313 K 

Reference temperature 298 K Ambient temperature at NOCT 293 K 

Reference insolation 1000 W/m2 Insolation at NOCT 800 W/m2 

Module voltage at MPP and reference conditions 36.8 V Module area 1.125 m2 

Module current at MPP and reference conditions 4.9 A 

tau-alpha product for normal 

incidence 0.85 

Temperature coefficient of ISC at (ref. cond.) 0.02 A/K Semiconductor bandgap 1.12 eV 

Temperature coefficient of VOC (ref. cond.) -0.079 V/K Slope of IV curve at ISC 0 

Number of cells wired in series 72 Module series resistance -1 

Number of modules in series 3     
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3.7.2 PV Sidearm System  

A schematic of the major components modelled in the PV Sidearm system are shown in Fig. 24. 

A graphical depiction of the system in TRNSYS is shown in Fig. 25, and a list of the TRNSYS Types 

used in the model given in Table 6. 
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Fig. 24: Simulation design of PV sidearm hot water system. 

 

Fig. 25: TRNSYS Simulation Configuration for PV Sidearm System 
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Table 6: TYNSYS Types used in the PV-S system 

Type # Description 

2 Aquastat 

2b Differential Controller 

3d Pump 

14 Draw Profile 

15 Weather File 

48a Inverter 

94a PV Array` 

534 Hot Water Storage Tank 

1556 Resistance Element 

 

The PV Sidearm system was very similar to the PV-Resistance System. The aquastat controllers, 

draw profile, inverter, PV array, hot water tank, resistance element, and calculator components contain 

the same values and equations.  However, instead of the solar-powered resistance heater being placed at 

the bottom of the hot water tank, it was placed in a sidearm flow loop. The sidearm contained 10 L of 

water and the heater element was modeled using the same TYPE as the 270L tank, as well as the same 

parameters; however the sidearm only used 2 nodes in order to minimize computational requirements. 

The water in the sidearm heater was circulated from the bottom of the storage, through the sidearm heater 

and then returned back to the upper portion of the tank (node 5). A pump which was regulated by a 

differential temperature controller returned the water to the node under the auxiliary heater (node 6), 

enabling stratification in the lower portion of the tank.  

The differential controller uses the temperature of the top of the sidearm and the temperature at 

the bottom of the hot water storage tank as the high and low temperature inputs respectively. The 

controller then calculates the temperature difference.  

The differential controller used a predetermined deadband, i.e., a range which the inputs must 

exceed on either end in order to turn the control signal on or off. In the current system, the differential 

controller measured the temperature of the water at the top of the sidearm heater as the higher temperature 

and the water at the bottom of the hot water tank as the lower temperature and calculated the difference 
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between them. If the temperature difference was greater than the “turn-on” deadband, the pump turned on, 

moving the water from the sidearm to the hot water tank (node 6). If the temperature then dropped below 

the lower deadband threshold, the pump turned off, allowing the fluid in the sidearm to heat up. A 

sensitivity study was the magnitude of the upper and lower inputs of the deadband that would yield the 

best solar fraction, and the results are presented in Appendix C. The current work used temperature 

deadband limits of 22-35°C. 

 

 

Fig. 26 One-day simulation of the PV-S system with no load and a 22-35°C deadband. 
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3.7.3 Solar Thermal System 

A schematic of the major components modelled in the ST system are shown in Fig. 27. A 

graphical depiction of the system in TRNSYS is shown in Fig. 28, and a list of the TRNSYS Types used 

in the model given in Table 7. Unless stated otherwise, TYPE and calculation parameters for the ST 

simulation are the same as in previous systems. 
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Fig. 27: Simulation design of the solar thermal hot water system. 

 

Fig. 28: TRNSYS Simulation Configuration for Solar Thermal System 
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Table 7: TYNSYS Types used in the ST system 

 

 

 

 

 

The configuration of a solar thermal domestic hot water system in the current work involved a 

solar collector heating a hot water tank using a primary collector loop and a secondary tank. A TYPE was 

used to model the pipe run in each case. Component parameters include inside diameter, length, loss 

coefficient (analogous to pipe insulation), and various fluid properties. 

In the current work, piping was accounted for in the collector loop only. The tank loop was 

located inside a heated space and was shorter compared to the collector loop, and thus heat losses were 

considered negligible. The properties of the piping used in this system are provided in the following table. 

Table 8: Modeled pipe properties (Type 31) 

Parameter Value 

Inside diameter  0.95 cm 

Pipe length  10 m 

Loss coefficient  1.84 W/m2 K 

Fluid density  1041 kg/m3 

Fluid specific heat  3.56 kJ/kg K 

Initial fluid temperature  10 °C 

  

In the current work, a constant-effectiveness heat exchanger was used. Type 91 assumes a 

counter-flow heat exchanger with no heat loss to the surroundings. The constant effectiveness for each 

simulation was chosen to be a value of 0.85 which was within the range of acceptable effectiveness values 

[76], and the module was able to implement two different heat transfer coefficients for the collector and 

tank loops. 

Type # Description 

2 Aquastat 

2b Differential Controller 

3d Pump 

14 Draw Profile 

15 Weather File 

31 Pipe/Duct 

91 Heat Exchanger 

534 Hot Water Storage Tank 
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The solar collector differential controller operated with a 2-5°C deadband with the collector outlet 

as the high temperature and the water at the bottom of the storage tank as the low temperature. The 

deadband in this system was different from the PV-S band system because the primary function of the 

controller in the ST simulation was intended to prevent hysteresis and rejection though the collector loop. 

Therefore in this simulation a TYPE 2b controller was used to turn off the pumps so that heat was not 

inadvertently rejected through the loop. To test and observe the function of the ST model, the results of a 

day-long simulation were plotted for July 1st, and are shown in Fig. 29. This result shows the stratification 

of the storage tank, as well as conduction and convection between nodes. 

 

Fig. 29: Simulation of the ST system with no load for July 1st, showing tank temperature profiles. 

The collector was modeled using specifications for the Dimas Sol+ 20 collector [77] [78]. The 

model used equations given by Brandemuehl and Beckman to calculate the effective incidence angles of 

diffuse and ground-reflected radiation [79]. Manufacturer-provided incident angle modifier coefficients 

were used to interpolate incidence angle modifiers for beam, diffuse, and ground-reflected radiation at all 

incidence angles. The model used the provided parameters to calculate outlet temperature and useful 

energy gain using the equations presented in Chapter 2.  
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Table 9: Parameters of the ST collector (TYPE 1c).  

Parameter Value Parameter Value 

Number in series 3 Efficiency slope (FRUL) 3.627 W/m2.K 

Collector area 5.49 m2 Efficiency curvature 0.0011 W/m2.K2 

Fluid specific heat 3.56 kJ/kg.K Optical mode 3 3 

Efficiency mode 1 Logical unit 53 

Tested flow rate 0.020 kg/s.m2 No. of IAM's in file 7 

Intercept efficiency (FR(τα)) 0.71     

 

In the above table, the collector area parameter was defined as the listed aperture area by the 

manufacturer, whereas a gross area of 6.06 m2 was the area used for performance evaluation in the current 

work [78].  

A 50% glycol 50% water mixture was specified for use in the collector loop. This had the 

beneficial effect of reducing the freezing point of the fluid to -34°C, but also reduced the specific heat to 

3.56 kJ/(kg K), reducing the heat transfer capability of the system. After the glycol mixture was heated in 

the solar collector, it was then evacuated through a counterflow constant-effectiveness heat exchanger (set 

to 85% effectiveness). The heat exchanger transferred heat from the source-side (primary side) loop to the 

load-side (secondary side) loop, which contained water from the storage tank. Pumps, controlled by the 

differential controller, regulated the flow in each loop; the pumps are designed to operate simultaneously 

in order to maximise heat transfer while minimizing energy draw for the pumps. This heated water is then 

circulated back to the tank to a position (node 6) just below that of the electrical auxiliary heater (node 5). 

This auxiliary heater heats the top 25% of the tank, which delivers the demanded hot water at the top of 

the tank. This hot water is replaced by mains water at the bottom of the tank. 
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3.7.4 PV/T System 

A schematic of the major components modelled in the ST system are shown in Fig. 30. A 

graphical depiction of the system in TRNSYS is shown in Fig. 31, and a list of the TRNSYS TYPES used 

in the model given in Table 10. Unless stated otherwise, TYPES and calculation parameters for the PVT-

DHW simulation are the same as in previous systems. 
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Fig. 30: Simulation design of the PV/T hot water system 

 

Fig. 31: TRNSYS Simulation Configuration for PV/T System 
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Table 10: TYNSYS Types used in the PV/T system 

Type # Description 

2 Aquastat 

2b Differential Controller 

3d Pump 

14 Draw Profile 

15 Weather File 

31 Pipe/Duct 

48a Inverter 

50d PV/T 

91 Heat Exchanger 

534 Hot Water Storage Tank 

1556 Resistance Element 

 

As the PVT-DHW system configuration is similar in design to the ST-DHW system, most of the 

TRNSYS TYPE that have been discussed used the same parameters as previously defined. To illustrate 

the operation of the system, the simulation results for a sunny day (July 1st) simulation are shown in the 

following graph, for a case with no hot water load. 

 

Fig. 32: One-day simulation of the PVT-DHW system with no load, July 1st  

Again, this system clearly stratifies and shows the same heat transfer characteristics as the 

previous systems (e.g., conduction characteristic at the node just below the auxiliary heater). 
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 The major difference for the PVT-DHW system from the ST-DHW simulation is the addition of 

the PV cells and the associated electrical energy production as specified in Type 50d. The properties of 

the PV/T collector are given in the following table.  

Table 11: Parameters of the PV/T collector (TYPE 50d)  

Parameter Value Parameter Value 

Mode 4 
Loss coefficient for bottom  

and edge losses 

0.9 W/m2 

K 

Collector Area 6.06 m2 Collector slope 45° 

Collector Efficiency Factor 0.9 Extinction coefficient thickness product 0.03 

Fluid Thermal Capacitance 
3.56 kJ/kg 

K 

Temperature coefficient  

of PV cell efficiency 
0.004 K-1 

Collector plate absorptance 0.9 Temperature for cell reference efficiency 25 °C 

Number of glass covers 1 Packing factor 0.9 

Collector plate emittance 0.8   

  

The simulation of the PV/T collector was similar to the solar thermal collector, in that it 

simulated the thermal performance of the PV/T collector at various fluid and ambient conditions. In 

addition, the PV/T simulation used the same assumptions for diffuse radiation as the previous models, 

however, this model added electrical energy calculations after the various environmental conditions have 

been calculated, accounting for performance degradation at higher temperatures. The PV/T module also 

calculated transmittance for the collector, which is a function of the number of glass covers, the properties 

of the glass cover, the angle of incidence, and beam and horizontal radiation. A single glass cover was 

assumed for the PV/T collector module. 

The values of collector efficiency factor, absorptance, emittance, extinction coefficient and loss 

coefficient were based on typical values [80] [48] [53]. The back and edge loss coefficients of a collector, 

were represented in the following equations, 

   /
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where L is insulation thickness, k is the thermal conductivity, P is the perimeter of the collector and t is 

the collector thickness. A typical range for insulation thickness is 30-120 mm, and an appropriate range of 

thermal conductivity would be 0.03-0.08 W/m K. Using these ranges, a back and edge loss coefficient of 

approximately 0.9 W/m2 K is achievable [9] [81]. The top heat loss coefficient was determined within the 

TRNSYS module by combining the effects of incidence angle, wind speed, and emittance of the absorber 

and the glass cover. 

The chosen emittance of 0.8 was designed to simulate the optical properties of PV cells, which is 

representative of a non-selective absorber coating. The efficiency factor and absorptance represent typical 

ST collector properties, and the temperature and extinction coefficients represent PV properties similar to 

the PV design presented in the PV-R and PV-S simulations [80] [48] [82].  

The collector efficiency factor is a value which was used to determine the heat removal factor, 

which is also a function of the flowrate, fluid properties, the heat loss coefficient and the collector area. 

The collector efficiency factor is a function of tube spacing and the extinction coefficient thickness 

product of the collector. A value of 0.9 represents a near-optimal tube spacing, as shown in Chapter 6 of 

Duffie and Beckman [14].  

Similar to the ST system, the collected thermal energy was transferred from the collector to a 

50% glycol/water mixture, then to the tank loop via a constant effectiveness heat exchanger. The tank 

loop directed the heated water into node 6, below the auxiliary heater located in node 5. The chosen 

configuration also allowed for stratification in the hot water tank to occur.  

The major difference in the PVT-DHW model is the addition of the electrical generation portion 

of the system, where an inverter (as described in the PV-R section of this chapter) was added such that the 

electrical energy could be sent directly to the electrical grid. The system thereby offsets the electrical 

demand of the pumps and auxiliary heater directly, or in the case of an energy surplus can sell extra 

energy back to the grid. 
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3.8 Simulation Configuration Summary 

 The specifications for the simulations and components listed above were generated from 

specification sheets or based on typically accepted values. The sensitivity analysis for each system is 

performed in Appendix C.  Simulation specifications are provided in Table 12 and Table 13. In all cases 

the collect array slop was set to the latitude of the city modelled. 

Table 12: Summary of simulation configurations 

Item Simulation 1 Simulation 2 Simulation 3 Simulation 4 Simulation 5 

Description PV Resistance PV Resistance PV Sidearm Solar Thermal PV/Thermal 

Collector PV - 6.75 m2 PV - 13.5 m2 PV - 6.75 m2  6.06 m2 6.06 m2 

Controller AQ* AQ* AQ*, DT** AQ*, DT** AQ*, DT** 

Heat Exchanger N/A N/A N/A Counterflow Counterflow 

Pump power N/A N/A 60 kJ/hr 60 kJ/hr 60 kJ/hr 

Setpoint Temp. 50 °C 50 °C 50 °C 50 °C 50 °C 

Main Tank 270 L 270 L 270 L 270 L 270 L 

DHW Load 250 L/day 250 L/day 250 L/day 250 L/day 250 L/day 

 

Table 13: Summary of simulation configurations, continued 

Item Simulation 6 Simulation 7 Simulation 8 Simulation 9 Simulation 10 

Description PV Resistance PV Resistance PV Sidearm Solar Thermal PV/Thermal 

Collector PV - 6.75 m2 PV - 13.5 m2 PV - 6.75 m2 6.06 m2 6.06 m2 

Controller AQ* AQ* AQ*, DT** AQ*, DT** AQ*, DT** 

Heat Exchanger N/A N/A N/A Counterflow Counterflow 

Pump power N/A N/A 60 kJ/hr 60 kJ/hr 60 kJ/hr 

Setpoint Temp. 50 °C 50 °C 50 °C 50 °C 50 °C 

Main Tank 270 L 270 L 270 L 270 L 270 L 

DHW Load 325 L/day 325 L/day 325 L/day 325 L/day 325 L/day 

 

 

*Aquastat 

**Differential Temperature Controller  
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Chapter 4 

Performance Analysis 

4.1 Introduction 

The performance and associated annual operating costs of the previously described hot water 

systems was predicted for five Canadian cities. To allow for a direct comparison, the performance 

indices:  energy efficiency, Primary Energy Savings (PES) efficiency, and solar fraction were calculated 

for each case. The operating cost of each system was also evaluated based on the current cost of 

electricity in each location. In all, four system configurations (as described in Chapter 3) were compared, 

consisting of: a conventional solar thermal system (ST-DHW); two PV-DHW systems (one with an 

internal tank resistance heater, i.e., PV-R, and one with a side-arm heater, i.e., PV-S); and, a PVT-DHW 

system.   The PV-R system was also modelled with two different solar array areas (i.e., 6.75 m2 and 13.5 

m2) to illustrate the affect PV array size.  

The simulation results for these cases are presented in the form of tables and graphs in the 

following sections. The results for Toronto are given in this chapter, while the results for the other four 

Canadian cities are presented in Appendix B. 

4.2 Annual Simulation Results 

The five cases described above were each simulated in TRNSYS, in each of the five Canadian 

cities. Weather data for each location was obtained from Typical Meteorological Year files (TMY) and a 

250 L/day (at 50oC) hot water load was assumed. The mains water supply temperature was adjusted 

during the course of the year as described in section 3.4.  Additional simulations were run for Toronto 

with a 325 L/day (at 50oC) hot water load and are also presented in the following section. 
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4.2.1 Toronto Simulations 

Monthly simulated solar fraction values for Toronto are shown in Fig. 33 for a 250 L daily load. 

Total energy efficiency (for the solar array), PES efficiency, and operating costs for the same load are 

shown in the Figs. 34 – 36. In each case, the collector area is indicated in the legend. Additionally, the PV 

total and PES efficiencies are the same, therefore their monthly profiles are superimposed. 

 

Fig. 33: Comparison of monthly solar fraction for four DHW systems with a 250 L load. 

 

 

Fig. 34: Comparison of collector total energy efficiency for four DHW systems with a 250 L load. 
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 Fig. 35 shows the monthly primary energy saving (PES) efficiency for each system based on the solar 

array output in each case, including the electrical and thermal solar collector outputs.  

 

Fig. 35: Comparison of collector PES efficiency for four DHW systems with a 250 L load. 

 

To estimate the operating cost of the simulated systems, the energy supplied by the auxiliary 

heater was multiplied by the residential electricity rate in the relevant province. In the case of Toronto, the 

rate at the time of the present work is $0.1515/kWh [83]. The rates for the other locations were: 

 Calgary: $0.0575/kWh [84] 

 Vancouver: $0.0797/kWh [85] 

 Montreal: $0.0568/kWh [86] 

 Halifax: $0.148/kWh [87] 

Using these rates, the operating cost for each system was calculated. The results for Toronto are 

shown in Fig. 36. The systems’ capital and installation costs are not included in the data shown in Fig. 36. 

A summary of the performance indices and operating costs of the systems is shown in Table 14 for the 

Toronto case. Corresponding annual values of the electrical, thermal, total solar, auxiliary and load 

energies are plotted in Fig. 37.  
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Fig. 36: Comparison of monthly operating costs of four DHW systems with a 250L load. 

 

Table 14: Annual performance indices and operating costs of the DHW systems for Toronto 

Simulation 
System 

Specifications 

 
Performance Indices 

System 
Collector 

Area (m2) 

Load 

(L) 

Qe 

(kWh) 

Qu 

(kWh) 

Qaux 

(kWh) 

Qsolar 

(kWh) 

Qload 

(kWh) 

Hsolar 

(kWh) 

Solar 

Fraction 

Op. 

Cost 

($/year) 

PV-R 6.75 250  1456 0 2956 1456 4156 1491 29 $447.84 

PV-R 13.5 250 2911 0 1851 2911 4337 1491 58 $280.44 

PV-S 6.75 250  1456 0 2915 1456 4159 1491 30 $441.60 

ST 6.06 250  0 3752 1609 3752 4720 1491 65 $243.74 

PV/T 6.06 250 985 2473 1260 3458 4253 1491 71 $190.91 

PV-R 6.75 325 L 1456 0 3965 1456 5218 1491 24 $600.62 

PV-R 13.5 325 L 2911 0 2814 2911 5399 1491 48 $426.33 

PV-S 6.75 325 L 1456 0 3969 1456 5244 1491 25 $601.37 

ST 6.06 325 L 0 4085 2240 4085 5833 1491 61 $339.36 

PV/T 6.06 325 L 984 2679 2083 3663 5344 1491 61 $315.62 
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Fig. 37: Graph of annual energy values for the SDHW systems at 250 L/day loads. 

Table 15 summarizes the performance of the solar arrays in each case in terms of monthly values 

of collector total energy efficiency and PES efficiency, for the 250 L/day and 325 L/day load cases.  

For the 250 L/day case, PV/T system produced the highest solar fraction at 71%. The 6.75 m2 

PV-R system had the lowest solar fraction at 29%, whereas the PV-S system attained a 30% solar fraction 

due to the slightly lower auxiliary energy requirements. The 13.5 m2 PV-R system produced a solar 

fraction of 58% and the ST-DHW system produced a solar fraction of 65%. The system with the largest 

variation in seasonal solar fraction was the PV/T system, which had an average value of 39.6% in the 

winter and 102.4% in the summer.  The solar thermal system varied from 41.4% to 87.1% in the same 

time frame. The 6.75 m2 PV-R system had the least variance, varying from 13.5% to 40.7%. The 6.75 m2 

PV-S system had a slightly larger variation than the PV-R system of equivalent area, ranging from 13.3% 

to 42.5%. The 13.5 m2 PV-R system was comparable to other systems, varying from 37.3% to 78.1%.   

The simulated total energy efficiency of the PV panels matched that provided by the 

manufacturer at 16.1%. There was very little deviation from this value: the maximum was 16.2%, and the 

minimum was 15.9%.  The deviations were greater for the solar thermal and PV/T systems. For a 250 L 

load, the maximum and minimum total energy efficiency for the solar thermal collector was 43.5% and 

37.2%, and for the PV/T was 43.6% and 35.3%, respectively. The summary data for the 250 L/day cases 
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listed in Table 15, are plotted in Figs. 38 and 39. The trends for the 325 L/day cases are similar, except 

that the solar thermal contribution increases as the hot water load increases (lowering collector 

temperatures) resulting in higher energy efficiency values.  

Table 15: Monthly average, maximum, and minimum values for collector total energy efficiency 

 and PES efficiency for the simulated systems for Toronto. 

Simulation 
Load 

(L/day) 
Energy Efficiency PES Efficiency 

avg max min avg max min 

PV  250  16.1% 16.2% 15.9% 41.3% 41.6% 40.8% 

ST 250 42.2% 45.1% 38.6% 42.2% 45.1% 38.6% 

PV/T 250  39.6% 43.6% 35.3% 58.6% 62.4% 54.7% 

PV  325  16.1% 16.2% 15.9% 41.3% 41.6% 40.8% 

ST 325  45.2% 47.9% 43.4% 45.2% 47.9% 43.4% 

PV/T 325  43.1% 46.2% 40.5% 62.1% 65.3% 59.8% 

        

 

 

Fig. 38: Graph of collector total efficiency values for Toronto (250 L/day loads). 

 

Fig. 39: Graph of collector PES efficiency values for Toronto (250 L/day loads). 
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The PV/T system had the lowest annual operating cost at $190.91, and operated at a negative 

average operating cost of -$1.26 in the summer due to the fact that it could feed electrical energy back to 

the electrical grid when the solar thermal system was not operating. The solar thermal collector, with the 

same area of 6.06 m2, had the second lowest operating cost at $243.74. The PV-R system with a similar 

area of 6.75 m2 had an operating cost of $447.84, while the PV-S system had a slightly lower cost at 

$441.60. When the area of the PV-R system was doubled, the operating cost was reduced by 37% to 

$280.44.  

The solar fractions of the systems for the 325 L/day load decreased significantly. For example, 

the solar fraction of the PV systems dropped approximately 17%, while the solar thermal system 

decreased by 6.2% and the PV/T system decreased by 14.1%. The collector efficiency values however, 

either remain the same or increase, as was discussed for the ST and PV/T collectors. 

The final index of interest is total system solar efficiency, as calculated according to Eq. 14, for 

the total year, i.e., 

solar losses solar losses
sys

c solarc

Q Q Q Q

A HA G dt


 
 

 
 

(13) 

Calculated values of 
sys  are shown in Fig. 40 for each of the system types calculated from the 

simulation results for the Toronto region and the 250 L/day hot water draw.  

 

Fig. 40: 
sys  for each of the system types for the Toronto (250 L/day hot water draw).  
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As shown in Fig. 40, the total system efficiency of the PV systems are close while the value for 

the ST and PV/T systems are higher, consistent with their higher solar collector conversion efficiencies.  

In Fig. 40, the total system solar efficiency was calculated based on the volume of hot water drawn over 

the course of a day (regardless of the delivery temperature). The large capacity of the solar thermal 

systems results in hot water occasionally being delivered slightly above the set-point temperature in the 

summer.  In most real systems, a mixing-valve is used to lower the delivery temperature to the desired 

value, however, this was not assumed in the simulations conducted for this study.   This has the net effect 

of increasing both the energy delivered in a fixed-volume hot water draw and the load calculated for the 

hot water draw. Consequently, this has a small effect on solar fraction, but it does slightly increase the 

calculation total system solar efficiency as solarQ  increases for a fixed value of incident solar irradiance.  

4.2.2 Other Canadian Regions 

 The results of the simulations for Montreal, Halifax, Calgary, and Vancouver are presented in 

Appendix C. The general trends for these locations were similar to Toronto. As such, only the major 

differences are highlighted here and compared to the Toronto systems. 

 In Vancouver, the variations in solar fraction increased significantly. As an example, for the 6.75 

m2 PV-R, the maximum solar fraction increased by 14%, and the minimum decreased by 50%. Due to the 

lower price of utilities in the region, the operating cost of each system was nearly halved compared to the 

system simulated in Toronto. However, the annual solar fraction remained the same in nearly all cases. 

For Montreal, the annual operating costs were even lower; the 13.5 m2 PV, ST and PV/T systems 

were below $100. The annual solar fraction of each system improved by 2-4 percentage points. The ST 

exhibited lower performance than the 13.5 m2 PV-R system in February, March and December. The 

various efficiencies all have similar average values to simulated Toronto efficiencies, which can be 

attributed to both similar weather conditions and similar latitude. 
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Halifax had the highest average PES efficiency of any region, where the PV/T system attained a 

PES efficiency of 59.8%. The annual solar fractions for the systems were similar to that of Toronto, with 

the highest increase for the PV/T system (1 percentage point). Under the 325 L load, the PV/T system 

produced almost the same solar fraction as compared to Toronto (62% compared to 61%), due to the 

increased thermal energy acquired from the collector loop.  

The simulations for Calgary provide larger solar fractions compared to any other location; the 

annual solar fraction values for: the 6.75 m2 PV-R and PV-S; the 13.5 m2 PV-R; ST and PV/T systems 

were 34%, 35%, 74%, 72%, and 82%, respectively. The differences relative to the other Canadian 

locations can be primarily attributed to the large increases in the winter, spring, and fall solar fractions, 

while the summer values remained nearly the same. As an example, the winter average solar fraction for 

the ST system in Toronto 39.6%, while the winter average solar fraction in Calgary is 57%. 
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Chapter 5 

Discussion of Results 

5.1 Introduction 

This chapter discusses the results of the system simulations presented in Chapter 4 based on the 

system descriptions outlined in Chapter 3. An evaluation of the capital costs for the simulated systems is 

performed, as well as potential future costs estimated using a Present Worth analysis.  

5.2 Toronto Simulation Results 

The simulations results described in Chapter 3 indicated that the PV systems operated at average 

energy efficiencies of 16.1%, which matches the TrinaSolar specifications [73]. The average monthly 

collector PES efficiency values for the PV modules was 41.3%, and the solar fractions of the 6.75 m2 

systems were approximately 30%. This is slightly higher than the reported values for the commercial 

“Liberty Box” design, which was reported to have a solar fraction of 26% [10].The system modelled in 

the current work is comparable to the “Sun Bandit” design, which was reported to produce a solar fraction 

range from 29% to 36% for a panel area of 7.75 m2 and tank volumes ranging from 182 L to 424 L [38].  

It is worth noting that the results for the PV-R and the PV-S systems were not appreciably different which 

is unlike what is observed with Solar thermal systems that can often benefit from the use of a side-arm 

configuration that promotes stratification.  This result is in part due to relatively small solar fraction 

provided by the PV-DHW systems and the fact that the efficiencies of the resistance heaters modelled in 

both the PV-R and PV-S systems were not affected by the storage tank temperature distribution.  As well, 

the single-tank, solar-plus-auxiliary design used for all cases ensured that water at the top 25 % of the 

storage tanks was always at the set-point temperature and therefore was available for the next hot water 

draw. It is possible that the benefits of the stratified hot water storage may be more apparent as the PV 

array size is increased and the load and storage volume are increased.   This is an area requiring further 

investigation to arrive at an optimum configuration.  



 

68 

 

The solar thermal system exhibited an average total collector energy efficiency value of 42.2%, a 

PES efficiency equal to 42.2% and a total system solar efficiency, ,sys  of 34.3%. The results also 

indicate that the average maximum monthly thermal efficiency for the solar thermal collectors was 47.9% 

which is less than the maximum reported rated efficiency for the simulated Dimas Sol 20+ solar thermal 

collector (i.e., 79.5%).  This is expected as the collector was subject to optical and thermal losses caused 

by incidence angle and diffuse radiation effects and the use of glycol rather than water that resulted in 

slightly higher thermal losses.  For a similar system tested in Madison, Wisconsin, Kalogirou et al. also 

reported a 15% decrease in the collector performance due to the use of antifreeze [50].   It should be 

noted, however, that the effect of the lower specific heat of the glycol solution, relative to water, could be 

reduced by increasing the flow rate of the collector fluid by a proportional amount. In addition, the 

presence of the heat exchanger used in the ST system increased the collector loop temperature and 

reduced collector performance.  Using a heat exchanger with higher effectiveness and a solar collector 

with a lower heat loss coefficient, UL, would minimize this effect, but as indicated by the sensitivity 

analysis presented in Appendix C, the net result on annual solar fraction are relatively modest.  

Of the systems studied, the PV/T system achieved the highest average PES efficiency of 58.6%, 

however, the total collector energy efficiency value was lower at 38.5%. The total energy efficiency and 

PES efficiency values observed in this study are consistent with the values given by Huang et al., that 

reported an average total efficiency of 41.7% and an average PES efficiency of 55.8% [51].  The PES 

efficiency of the PV/T system in the current work is also very close to the value reported by Tiwari et al. , 

who found their system achieved a PES efficiency of 58% [46]. The results of this study are also 

consistent with the predictions of Collins et al., in which their simulated PV/T collector achieved a 

thermal efficiency of 50% and an electrical efficiency of 11% [48]. 

The PV/T electrical efficiency was 32% lower than that achieved by the PV-R and PV-S systems, 

primarily due to the lower optical performance of the PV/T collectors and the higher operation 

temperatures.  These results are within the range determined by Good et al.  The authors describe PV/T 
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products which produce an electrical efficiency drop range of 24-41% when compared to similar PV 

designs [36]. Kalogirou et al. reported a 38% drop in PV/T electrical output as compared to a standalone 

PV electrical output [50]. Tripanagnostopoulos et al. also observed a 27% drop in their experimental 

results for PV/T electrical efficiency relative to conventional PV [88]. Similarly, the thermal efficiency 

drop between the ST and PV/T collector in the current work was 32% slightly higher than the range 

reported by Good et al. that indicated a range of 10-28% [36].  This value is not unexpected due to the 

lower thermo-optical properties of the PV/T collector that did not benefit from the low-emissivity coating 

that was present on the surface of the solar thermal collector’s absorber.  The magnitude of the higher 

thermal emittance on the surface of the PV cells within a PV/T collector will depend on operating and 

climatic conditions.  

While the PV/T system had the largest variation in monthly solar fraction, it had the highest 

annual solar fractions. The PV/T annual solar fraction was 6 percentage points higher than the ST system, 

42 percentage points higher than the 6.75 m2 PV systems, and 17 percentage points higher than the 13.5 

m2 PV system. This can be directly attributed to the combination of PV and ST components into one 

module, maximizing energy obtained for a specific collector array area.  

The PES efficiencies for each collector type studied are the closest values to each other (41.3%, 

42.2%, and 58.6% for PV, ST, and PV/T, respectively). It is important to recall that the PES efficiency is 

the measurement of performance which takes into account the primary energy (assumed to be provided by 

a fossil fuel source in this study) saved by generating electrical energy using PV instead of a conventional 

power plant. The IEA recommended the calculation of PES efficiency to indicate the potential of PV/T 

collectors to displace fossil fuel consumption accounting for conversion efficiencies of typical power 

generation stations. Therefore, from a sustainability standpoint, the solar thermal collectors used in the 

simulations were more environmentally friendly than the PV modules. However the PV/T system 

produced the highest overall PES efficiency and solar fraction. This is indicative of the total solar energy 

delivered by the PV/T system as opposed to just the collector’s performance. 
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It was shown for the PV-S (sidearm heater) systems that storage tank stratification only increased 

the solar fraction by a modest 3% relative to the PV-R (resistance) system. With the deadband for the  

PV-S system set to 22-35°C, the modules produce the same energy but the PV-S system requires less 

auxiliary energy. The PV-S system displayed slight variation in monthly performance as compared to the 

PV-R system.  By adjusting the differential temperature controller setting it was possible to increase the 

system output during   the summer months, but this limited the performance in the winter months due to 

not surpassing the high limit of the deadband. Further research is required to see if this system could 

benefit from a smart controller or the use of a self-modulating natural convection configuration rather 

than the fixed speed pumped configuration used for this study. 

 The solar thermal and PV/T systems provided similar levels of solar energy. In Toronto, the solar 

thermal system generated 3752 kWh of energy, while the PV/T system generated 3458 kWh of energy 

(985 kWh electrical, 2473 kWh thermal energy). The energy required by the auxiliary heater was 1609 

kWh for the solar thermal system, and 2245 kWh for the PV/T system. However, by feeding the PV 

generated electricity back to the electrical grid, the electrical contribution of the PVT-DHW system was 

able to offset its auxiliary energy consumption such that the final energy needed from the grid was only 

1260 kWh.   

The total hot water load for the various system types varied somewhat for the different system 

types primarily because the load was controlled by volume draws rather than energy draws and some 

systems (e.g., ST and PV/T) occasionally delivered water above the 50°C set-point temperature.  A 

mixing valve should be used at the outlet of these systems to prevent scalding and to maximize the energy 

contribution.   Tank temperature distributions and charge level also affect the storage thermal heat losses 

and contribute to the thermal load.  Consequently, the energy delivered to the load for the 6.75 m2 PV-R, 

13.5 m2 PV-R, 6.75 m2 PV-S, ST, and PV/T systems was 4156 kWh, 4337 kWh, 4159 kWh, 4720 kWh, 

and 4253 kWh. The PV/T system did have the advantage that excess solar energy could be delivered to 

the electrical grid which in effect represented an “infinite” energy storage and therefore did not 

experience the same problem of excessive delivery temperatures. 
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Under increased load each system showed a reduction in solar fraction, however, the ST and 

PV/T systems were able to provide more solar energy due that lower average storage and collector 

temperatures that improved solar collector efficiency. The resulting cooler collector loop temperatures 

also increased the PES efficiency values for those systems as shown in Appendix B. For the 6.75 m2 PV, 

ST, and PV/T systems, the solar fraction decreased by 17.2%, 6.2%, and 13.6% respectively when 

increasing the load from 250 L to 325 L. 

5.3 Other Canadian Cities 

The trends that were shown in the Toronto results were repeated in the results for other locations. 

The following section only includes a summary of the results from each location with emphasis on the 

more notable changes. Climatic comparisons are available in Appendix A, and graphs and tables for the 

following locations are available in Appendix B.  

Vancouver had the least consistent solar fraction values for each simulated system. This is a 

direct result of the high fluctuation in incident radiation, which has the lowest values of the simulated 

regions in the winter and among the highest in the summer. For the winter months, the systems with 

thermal energy components had lower efficiency values due to decreased solar radiation combined with 

high mains-water temperatures. The high FRUL value for the solar thermal collector is a significant factor 

in this deteriorated winter performance. The systems at this location also produced the greatest solar 

fractions during the summer months. For the 325 L loads, the only system which had a solar fraction 

greater than 100% was the PV/T in the month of July for this location. 

Calgary, in contrast, had the most consistent ST and PVT solar fractions; these systems’ 

performance were increased in the winter by consistently higher beam radiation. The solar fraction of 

each system decreased sharply from August to September due to lower-than-expected ambient air 

temperature. Additionally, these systems benefitted from the lowest operating costs; the ST system cost 

approximately $78 per year to operate, while the PV/T system cost approximately $56.  
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Halifax had the most consistent PV solar fraction. This is due to Halifax’s geographic location 

(i.e., milder climate) and relatively higher solar radiation in the winter months combined with a cooler 

Atlantic climate in the summer months. This had a negative impact on the PV/T system, which was the 

only location that did not produce a negative operating cost in the summer months. 

Montreal is in close proximity to Toronto and climate conditions, weather profiles, and solar 

radiation are similar for the two locations. Therefore the results were expected to be very similar. 

However variations in in March and August solar radiation values altered the solar fractions of the PV 

and PV/T systems significantly in those months.  

5.4 Life-Cycle Cost 

 In order to effectively compare the domestic hot water systems under consideration, a full cost 

analysis was conducted.  A detailed analysis of the Toronto region is performed here. The results from the 

other regions are shown in Table 18. 

The current year annual operating cost for the various systems was estimated in Chapter 5. To 

complete the financial analysis, the operating cost of a system over the course of its lifetime is required. 

The life cycle cost is calculated by finding the Present Worth (PW) of the system. 

   elec omPW I i C C SPWF      (27) 

where I is capital cost, i is the interest rate, elecC  is operating cost due to electrical demand, omC  is 

associated system maintenance costs, and SPWF is the series present worth factor, which is calculated 

using the following equation: 

 1 1
n

i
SPWF

i


 

  (289) 

where n is the number of years. For the purposes of this analysis, the interest rate is assumed to be 10%. 

Therefore, for a 20-year period (the required lifetime for solar collectors), 8.5136SPWF  .  

The operating cost is based on utility rates of the location. In Toronto, this rate is $0.1515/kWh, 

and an electricity escalation rate of 6.4% was assumed (based reported electricity rates for Ontario for 
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2015 [83]. To fully evaluate the costs of a system, the levelized electricity cost is required, which 

accounts for the changing cost of both money and electricity. The equation takes the following form: 

1 n

level

P
f

i k
f

SPWF

 
 

 
  

(29) 

where f is the utility rate, k is the escalation rate, and    1 / 1 0.96727P k i    . For Ontario, the 

final value is $0.2402/kWhlevelf  .  

The total cost of electricity for the time period (20 years) is expressed by the following equation. 

elec level elecC f Q   (30) 

where Qelec is the annual electrical consumption. This assumes that electrical consumption is constant for 

the 20 year period. Incorporating the levelized electricity cost calculated above, this equation becomes: 

$0.2402/kWhelec elecC Q   (31) 

 The capital costs of each simulated system were estimated based on typical costs of individual 

components. The costs of common non-solar collector/module elements (e.g., wiring, piping, insulation, 

etc.) are based on retail values obtained from major distribution centers. The standard cost of PV modules 

is currently estimated at $0.85/peak W as reported by the IEA for PV panels in 2014 [35]. The cost of 

PV/T PV cells in the current work is modified by the packing factor and the smaller size of the collector. 

Table 16 lists product parts and prices for each simulated system and lists the estimated component costs 

based on the specification sheets provided by manufacturers and large retail outlets. Table 17 lists the 

capital costs for the systems based on the above equations and the current region-specific utility rates. 

These results indicate the PVT-DHW system produces the lowest Life cycle cost, followed closely by the 

conventional ST-DHW stem. 

For each location and for both draw profiles, it was determined that the PV/T systems had the 

lowest Present Worth values. The capital cost of the base PV systems would be below that of the solar 
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thermal system and if a consumer’s primary concern is capital costs, the small PV-DHW system is less 

expensive but delivers less energy.  

Another important index for comparison of the systems is the solar energy delivered per unit area 

of solar collectors this may significantly affect the choice of system if roof space is limited.   This analysis 

is described in Appendix D where the collector system areas required for a 50% solar fraction are calculated 

for each system types.  These results indicate that the PVT-DHW system delivers the highest solar energy 

to the load per unit area.  
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Table 16: Component list with specifications and designated costs. 

Part Specification Cost per unit 

Hot water Tank 270L $400 

Pumps  $115 

Wiring ($0.38/ft) 12 ga $1.24/m 

Piping ($2.01/ft) Type M copper pipe $6.56/m 

Insulation ($0.38/ft)  $1.24/m 

PV panels TrinaSolar, 180Wp per panel $2.80/W 

Flat Plate Absorber  For PV/T, Non-selective $21/m2 

Solar Thermal collector Sol20+, Selective PVD coating $150/m2 

Heat Exchanger  $125 

DC-AC inverter  $100 

Controller   $90 

 

 

Table 17: Estimated costs for each component for the simulated systems, 

 assuming a $0.85/peak W for PV systems 

 

 

Component
Number

of units
Cost ($)

Number

of units
Cost ($)

Number

of units
Cost ($)

Number

of units
Cost ($)

Number

of units
Cost ($)

Tank 1 400.00$    1 400.00$    1 400.00$      1 400.00$   1 400.00$    

Pumps 0 -$         0 -$         1 115.00$      2 230.00$   2 230.00$    

PV panels 6 918.00$    12 1,836.00$ 6 918.00$      0 -$        6 741.74$    

Solar 

Collector
0 -$         0 -$         0 -$           6.06 909.00$   6.06 127.26$    

DC-AC 

Inverter
1 100.00$    1 100.00$    1 100.00$      0 -$        1 100.00$    

Heat

 Exchanger
0 -$         0 -$         0 -$           1 125.00$   1 125.00$    

Wiring 20 24.80$     20 24.80$     20 24.80$       0 -$        20 24.80$     

Piping 0 -$         0 -$         0 -$           30 196.80$   30 196.80$    

Insulation 0 -$         0 -$         0 -$           30 37.20$     30 37.20$     

Controller 2 180.00$    2 180.00$    3 270.00$      2 90.00$     2 90.00$     

Misc. 1 300.00$    1 300.00$    1 350.00$      1 300.00$   1 300.00$    

Total $1,922.80 $2,840.80 2,177.80$ $2,288.00 $2,372.80

6.06 PV/T6.75 PV-R 6.06 ST13.5 PV-R 6.75 PV-S
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Table 18: Present Worth estimations for each system in the five Canadian climates. 

The lowest value is highlighted. 

City System 250 L/Day Load 325 L/Day Load 

Celec ($) TPW ($) Celec ($) TPW ($) 

Toronto 6.75 PV-R 710 7683 952 9745 

13.5 PV-R 445 6204 676 8174 

6.75 PV-S 700 7816 954 9874 

6.06 ST 386 5238 538 6529 

6.06 PV/T 303 4597 500 6281 

Vancouver 6.75 PV-R 320 4358 428 5282 

13.5 PV-R 211 4219 304 5010 

6.75 PV-S 315 4538 454 5617 

6.06 ST 177 3456 255 4117 

6.06 PV/T 132 3140 218 3872 

Montreal 6.75 PV-R 214 3463 307 4247 

13.5 PV-R 142 3627 210 4203 

6.75 PV-S 212 3655 306 4363 

6.06 ST 119 2960 189 3553 

6.06 PV/T 88 2772 149 3291 

Halifax 6.75 PV-R 633 7028 850 8875 

13.5 PV-R 385 5699 596 7489 

6.75 PV-S 622 7145 851 8999 

6.06 ST 311 4593 466 5917 

6.06 PV/T 249 4141 423 5620 

Calgary 6.75 PV-R 245 3727 335 4488 

13.5 PV-R 135 3564 221 4296 

6.75 PV-S 241 3902 334 4597 

6.06 ST 111 2893 173 3421 

6.06 PV/T 79 2694 149 3285 
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Chapter 6 

Conclusions and Recommendations 

Computer simulations were created in TRNSYS to evaluate the performance of several types of 

hot water heating systems for typical domestic hot water loads. The goal of this analysis was to compare 

systems’ performance, through various performance indices that relate to solar energy delivery, Primary 

energy displaced and cost. 

The PV-DHW systems suffered from the lower efficiency of the PV modules that severely 

limited the conversion of the solar radiation into useful electrical energy.  Increasing the area of the PV 

array compensated for the lower solar cell efficiency, increasing energy output to the level achieved by 

the PV/T and solar thermal systems. In the PV Sidearm system (PV-S), increasing the stratification 

implemented by the differential controller improved the solar fraction by approximately 3% as compared 

to the PV-R system.  

The solar thermal system in the current work obtains the highest values for total solar collector 

efficiency and total system solar efficiency, 
sys . It is also able to maximize effectiveness in the hot water 

tank by implementing stratification. The use of indirect water heating loop to protect from freezing did 

impact overall system performance. The ST-DHW system during the summer did frequently deliver hot 

water above the desired set point and its design could not benefit from directing excess energy back to the 

electrical grid as is possible with the PVT-DHW system.  

Results from this analysis indicate that the PV/T system provided the best PES efficiency and 

solar fraction values for each of the given locations and loads, meanwhile offering the lowest operating 

costs. It was shown that despite obtaining less electrical energy than the PV system and less thermal 

energy than the solar thermal system, the PV/T system obtains significant amounts of both types of 

energy simultaneously. This enables greater energy acquisition within the same space limitations. 

Negative effects in colder temperature conditions were mitigated by the energy generated from the PV 
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cells, increasing the performance of the system. Additionally, if collector area is a limiting factor, an 

equivalent solar fraction analysis (Appendix D) has shown the PV/T system has lower area requirements 

than the other simulated systems.  

 Comparing the results from the five locations, the systems had the highest annual solar fraction 

values in Calgary. The annual average collector total energy efficiency and PES efficiency values of the 

PV systems were similar for each location, which was expected. However the highest maximum ST and 

PV/T collector efficiencies for each system were obtained in Halifax. 

An evaluation of capital costs showed that the 6.75 m2 PV systems are the most affordable in the 

short-term. However, PV systems are cost-prohibitive in the long-term; a Present Worth analysis 

determined that the PV systems cost more over a 20-year period than the other studied systems, although 

the 13.5 m2 system’s Present Worth overcomes the capital costs when compared to the 6.75 m2 system. 

The current work demonstrated that the PV/T system ultimately achieved the best Present Worth values. 

 In the future, it is recommended that experimental and modelling research be conducted on PV-

DHW systems to improve performance. Considering the sidearm heater modification, including a 

seasonal controller with variable deadband could further improve the solar fraction. Alternatively, 

replacing the temperature-controlled pump with a thermosiphon system could improve performance. 

Future investigations could include the implementation of a heat pump to lower ST and PV/T collector 

operating temperature to increase collector efficacy.  

In addition, more system configurations could be studied to identify optimal configurations. This 

could include the use of concentrating collectors, evacuated tube collectors, flat plate collectors with 

different channel configurations, and various hot water tank configurations. 
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Appendix A 

Regional Comparisons 

Plots of average monthly horizontal solar radiation, ambient air temperature and water mains 

temperature. 
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Fig. 41: Plots of average monthly horizontal solar radiation for the five Canadian locations 

 

Fig. 42: Plots of average monthly ambient air temperature for the five Canadian locations 
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Fig. 43: Plots of average monthly mains water temperature for the five Canadian locations 
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Appendix B 

Regional Analysis Results 

Plots of average monthly values for solar fraction, total energy efficiency, and operating cost in 

the remaining four Canadian locations with 250 L/day loads.  
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B.1 Vancouver 

 

Fig. 44: Plots of monthly solar fraction for the simulated systems in Vancouver under 250 L/day load 

 

Fig. 45: Plots of monthly total energy efficiency for the simulated systems in Vancouver under 250 L/day 

load 
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Fig. 46: Plots of monthly PES efficiency for the simulated systems in Vancouver under 250 L/day load 

 

Fig. 47: Plots of monthly operating cost for the simulated systems in Vancouver 
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Table 19: Annual performance indices and operating costs of the DHW systems for Vancouver 

Simulation System Specifications  Performance Indices 

System 
Collector 

Area (m2) 

Load 

(L/day) 

Qe 

(kWh) 

Qu 

(kWh) 

Qaux 

(kWh) 

Qsolar 

(kWh) 

Qload 

(kWh) 

Hsolar 

(kWh) 

Solar 

Fraction 

Op. 

Cost 

($/year) 

PV-R 6.75 250  1412 0 2798 1412 3911 1445 28 $222.99 

PV-R 13.5 250 2911 0 1851 2911 4337 1445 57 $147.53 

PV-S 6.75 250  1412 0 2759 1412 3908 1445 29 $219.91 

ST 6.06 250  0 3595 1550 3595 4479 1445 65 $123.57 

PV/T 6.06 250 952 2407 1152 3359 4015 1445 71 $91.78 

PV-R 6.75 325 1412 0 3747 1412 4910 1445 24 $298.65 

PV-R 13.5 325 2824 0 2664 2824 5117 1445 48 $212.34 

PV-S 6.75 325  1456 0 3969 1456 5244 1445 24 $316.37 

ST 6.06 325  0 3828 2230 3828 5494 1445 59 $177.72 

PV/T 6.06 325 952 2607 1904 3559 5031 1445 62 $151.75 

 

Table 20: Average, maximum, and minimum values for total energy efficiency, and PES efficiency for the 

simulated systems for Vancouver. 

Simulation 
Load 

(L/day) 
Energy Efficiency PES Efficiency 

avg max min avg max min 

PV 250 16.1% 16.2% 16.0% 41.3% 41.5% 41.0% 

ST 250 42.3% 43.8% 39.3% 42.3% 43.8% 39.3% 

PV/T 250 40.3% 42.1% 36.9% 59.3% 61.3% 56.1% 

PV 325 16.1% 16.2% 16.0% 41.3% 41.5% 41.0% 

ST 325 44.5% 46.2% 40.3% 44.5% 46.2% 40.3% 

PV/T 325 42.2% 44.4% 37.7% 61.2% 63.6% 56.9% 
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Fig. 48: sys  for each of the system types for the Vancouver (250 L/day hot water draw).  

 

B.2 Montreal  

 

Fig. 49: Plots of monthly solar fraction for the simulated systems in Montreal 
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Fig. 50: Plots of monthly total energy efficiency for the simulated systems in Montreal 

 

Fig. 51: Plots of monthly PES efficiency for the simulated systems in Montreal 
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Fig. 52: Plots of monthly operating cost for the simulated systems in Montreal 

 

Table 21: Annual performance indices and operating costs of the DHW systems for Montreal 

Simulation 
System 

Specifications 

 
Performance Indices 

System 
Collector 

Area 

Load 

(L/day) 

Qe 

(kWh) 

Qu 

(kWh) 

Qaux 

(kWh) 

Qsolar 

(kWh) 

Qload 

(kWh) 

Hsolar 

(kWh) 

Solar 

Fraction 

Op. Cost 

($/year) 

PV-R 6.75 250  1412 0 2798 1412 3911 1597 28 $222.99 

PV-R 13.5 250 2911 0 1851 2911 4337 1597 57 $147.53 

PV-S 6.75 250  1412 0 2759 1412 3908 1597 29 $219.91 

ST 6.06 250  0 3595 1550 3595 4479 1597 65 $123.57 

PV/T 6.06 250 952 2407 1152 3359 4015 1597 74 $91.78 

PV-R 6.75 325 1563 0 3999 1563 5374 1597 26 $227.15 

PV-R 13.5 325 3125 0 2734 3125 5537 1597 51 $155.28 

PV-S 6.75 325  1563 0 3994 1563 5401 1597 26 $226.83 

ST 6.06 325  0 3979 2460 3979 5943 1597 59 $139.70 

PV/T 6.06 325 1054 2905 1947 3958 5495 1597 65 $110.57 
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Table 22: Average, maximum, and minimum values for total energy efficiency, 

and PES efficiency for the simulated systems for Montreal. 

Simulation 
Load 

(L/day) 
Energy Efficiency PES Efficiency 

avg max min avg max min 

PV 250 16.1% 16.3% 16.0% 41.3% 41.8% 40.9% 

ST 250 41.8% 45.4% 36.7% 41.8% 45.4% 36.7% 

PV/T 250 40.1% 42.8% 36.6% 59.1% 61.7% 56.0% 

PV 325 16.1% 16.3% 16.0% 41.3% 41.8% 40.9% 

ST 325 44.1% 48.4% 37.9% 44.1% 48.4% 37.9% 

PV/T 325 42.3% 45.8% 37.8% 61.3% 64.5% 57.1% 

  

  

Fig. 53: sys  for each of the system types for the Montreal (250 L/day hot water draw).  
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B.3 Halifax 

 

Fig. 54: Plots of monthly solar fraction for the simulated systems in Halifax 

 

Fig. 55: Plots of monthly total energy efficiency for the simulated systems in Halifax 
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Fig. 56: Plots of monthly PES efficiency for the simulated systems in Halifax 

 

Fig. 57: Plots of monthly operating cost for the simulated systems in Halifax 
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Table 23: Annual performance indices and operating costs of the DHW systems for Halifax 

Simulation 
System 

Specifications 

 
Performance Indices 

System 
Collector 

Area (m2) 

Load 

(L/day) 

Qe 

(kWh) 

Qu 

(kWh) 

Qaux 

(kWh) 

Qsolar 

(kWh) 

Qload 

(kWh) 

Hsolar 

(kWh) 

Solar 

Fraction 

Op. 

Cost 

($/year) 

PV-R 6.75 250  1496 0 3007 1496 4262 1528 29 $445.05 

PV-R 13.5 250 2993 0 1830 2993 4405 1528 58 $270.86 

PV-S 6.75 250  1496 0 2952 1496 4263 1528 31 $436.86 

ST 6.06 250  0 3873 1476 3873 4734 1528 69 $218.40 

PV/T 6.06 250 1008 2595 1183 3603 4337 1528 73 $175.07 

PV-R 6.75 325 1496 0 4038 1496 5349 1528 25 $597.60 

PV-R 13.5 325 2993 0 2828 2993 5508 1528 49 $418.61 

PV-S 6.75 325  1496 0 4040 1496 5382 1528 25 $597.97 

ST 6.06 325  0 4130 2214 4130 5846 1528 62 $327.70 

PV/T 6.06 325 1008 2825 2008 3833 5463 1528 63 $297.19 

 

Table 24: Average, maximum, and minimum values for total energy efficiency, 

and PES efficiency for the simulated systems for Halifax. 

Simulation 
Load 

(L/day) 
Energy Efficiency PES Efficiency 

avg max min avg max min 

PV  
250  16.1% 16.3% 16.0% 41.4% 41.7% 41.0% 

ST 
250 43.1% 45.7% 41.3% 43.1% 45.7% 41.3% 

PV/T 
250  40.8% 43.6% 38.7% 59.8% 62.8% 57.9% 

PV  325 16.1% 16.3% 16.0% 41.4% 41.7% 41.0% 

ST 325 43.8% 46.6% 42.0% 43.8% 46.6% 42.0% 

PV/T 325  43.1% 46.2% 40.5% 62.1% 65.3% 59.8% 
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Fig. 58: sys  for each of the system types for the Halifax (250 L/day hot water draw).  

 

B.4 Calgary 

 

Fig. 59: Plots of monthly solar fraction for the simulated systems in Calgary 
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Fig. 60: Plots of monthly total energy efficiency for the simulated systems in Calgary 

 

Fig. 61: Plots of monthly PES efficiency for the simulated systems in Calgary 
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Fig. 62: Plots of monthly operating cost for the simulated systems in Calgary 

 

Table 25: Annual performance indices and operating costs of the DHW systems for Calgary 

Simulation 
System 

Specifications 

 
Performance Indices 

System 
Collector 

Area (m2) 

Load 

(L/day) 

Qe 

(kWh) 

Qu 

(kWh) 

Qaux 

(kWh) 

Qsolar 

(kWh) 

Qload 

(kWh) 

Hsolar 

(kWh) 

Solar 

Fraction 
Op. Cost 

($/year) 

PV-R 6.75 250  1744 0 3001 1744 4523 1781 34 $172.53 

PV-R 13.5 250 3488 0 1645 3488 4708 1781 65 $94.61 

PV-S 6.75 250  1744 0 2941 1744 4530 1781 35 $222.60 

ST 6.06 250  0 4518 1357 4518 5185 1781 74 $78.04 

PV/T 6.06 250 1313 2969 836 4282 4634 1781 82 $48.09 

PV-R 6.75 325 1744 0 4094 1744 5681 1781 28 $235.40 

PV-R 13.5 325 3488 0 2696 3488 5876 1781 54 $155.02 

PV-S 6.75 325  1744 0 4079 1744 5709 1781 29 $234.52 

ST 6.06 325  0 4819 2115 4819 6373 1781 67 $121.60 

PV/T 6.06 325 1181 3240 1817 4421 5830 1781 69 $104.45 
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Table 26: Average, maximum, and minimum values for total energy efficiency, and PES efficiency for the 

simulated systems for Calgary. 

Simulation 
Load 

(L/day) 
Energy Efficiency PES Efficiency 

avg max min avg max min 

PV  
250  16.1% 16.3% 16.0% 41.4% 41.8% 41.0% 

ST 
250 43.0% 44.8% 41.5% 43.0% 44.8% 41.5% 

PV/T 
250  40.3% 42.4% 38.5% 59.4% 61.3% 57.9% 

PV  325 16.1% 16.3% 16.0% 41.4% 41.8% 41.0% 

ST 325 45.6% 47.9% 43.5% 45.6% 47.9% 43.5% 

PV/T 325  42.6% 45.2% 39.9% 61.7% 64.1% 59.3% 

 

 

Fig. 63: sys  for each of the system types for the Calgary (250 L/day hot water draw).  

 

 

  

0%

5%

10%

15%

20%

25%

30%

35%

40%

ηsys

E
ff

ic
ie

n
cy

 (
%

) 6.75 PV-R

13.5 PV-R

6.75 PV-S

6.06 ST

6.06 PV/T



 

104 

 

 

 

 

 

 

 

 

 

  Appendix C 

Sensitivity Analyses 

Sensitivity analyses for the simulated systems in the current work, including one-parameter analyses and 

coupled-parameter analyses.  
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C.1 Introduction 

In this appendix, the simulated systems are studied to better understand the impact of simulation 

parameters on the produced results. Specifically, the systems as outlined in Chapter 3 are altered in order 

to view the change in solar fraction. From this analysis, assumptions for the current work are tested.  

C.2 PV-Resistance 

 The sensitivity analysis was performed by varying the value of individual parameters above and 

below the base case of the current work to observe the change in solar fraction. The current section shows 

these changes in the PV-R simulation. 

One-Parameter Analysis 

The purpose of this analysis was to determine which parameters had the greatest effect on system 

performance. Parameters which did not significantly alter the solar fraction were not included in further 

investigation. For the PV-R system, the preliminary analysis evaluated the effect of the short circuit 

current, the open circuit voltage, the voltage and current at the maximum power point, the transmittance-

absorptance coefficient (also referred to as the tau-alpha product), tank volume, and the efficiency of the 

inverter. Fig. 64 displays the results of the parametric alterations. 

While in experimental work certain parameters cannot be altered, sensitivity analysis using 

TRNSYS provides the opportunity to evaluate theoretical changes to chosen parameters. Examples of this 

are the current-voltage characteristics of PV cells, as shown in the following figure. 
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Fig. 64: Comparison of changes in solar fraction due to parametric alteration in the PV-R system 

 While the PV-specific parameters were unable to perform certain simulation runs due to errors 

(e.g., VOC would exceed a maximum value, returning zero electrical output, etc.), combining alterations 

between similar parameters could yield positive results.  

 For the second phase of the sensitivity study, the parameter pairings were as follows: VOC-VMPP, 

ISC-IMPP, tank volume-inverter efficiency. The other parameters did not produce significant changes in the 

solar fraction. 

  

-60%

-50%

-40%

-30%

-20%

-10%

0%

10%

20%

30%

40%

50%

-60% -40% -20% 0% 20% 40% 60%

%
 C

h
an

g
e 

in
 S

o
la

r 
F

ra
ct

io
n

% Change in Parameter Value

Isc

Voc

Vmpp

Impp

Temp. Coefficient of Isc

Temp. Coefficient of Voc

Tau-alpha product

Tank Volume

Inverter Efficiency



 

107 

 

Coupled Analysis 

For the pairings described above, each parameter was altered by ±10% from the base case. In 

some cases, the PV TRNSYS module would not return an electrical output. This is attributable to the 

parameter associated with the maximum power point being higher than the other parameter’s value, 

which is impossible. An example of this in the following tables is lowering the short-circuit current while 

increasing the current at maximum power point. In such cases, those results were omitted. The three 

pairings were simulated for Toronto, Vancouver and Calgary, and are displayed in the following tables. In 

each table, the first iteration is the base case. 

Table 27: VOC and VMPP iterations for Toronto. 

VOC (V) VMPP (V) 

Solar  

Fraction (%) 

% Change  

from base Case 

44.2 36.8 29.28 0.00 

44.2 33.12 27.15 -7.27 

44.2 40.48 31.44 7.38 

39.78 36.8 28.02 -4.32 

39.78 33.12 25.84 -11.75 

48.62 36.8 30.57 4.41 

48.62 33.12 28.46 -2.81 

48.62 40.48 32.76 11.87 

 

Table 28: ISC and IMPP iterations for Toronto. 

ISC (A) IMPP (A) 

Solar  

Fraction (%) 

% Change  

from base Case 

5.35 4.9 28.78 0.00 

5.35 4.41 28.23 -1.92 

4.815 4.41 26.16 -9.11 

5.885 4.9 31.32 8.81 

5.885 4.41 30.39 5.58 

5.885 5.39 32.45 12.75 
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Table 29: Tank volume and inverter efficiency iterations for Toronto. 

Tank 

Volume 

(L) 

Inverter 

Efficiency 

Solar  

Fraction 

(%) 

% Change  

from base Case 

270 0.9 29.28 0.00 

270 0.81 26.17 -10.64 

270 0.99 32.42 10.70 

243 0.9 30.01 2.46 

243 0.81 26.87 -8.24 

243 0.99 33.15 13.19 

297 0.9 28.69 -2.01 

297 0.81 25.64 -12.43 

297 0.99 31.75 8.41 

 

Table 30: VOC and VMPP iterations for Vancouver. 

VOC (V) VMPP (V) 

Solar  

Fraction 

(%) 

% Change  

from base 

Case 

44.2 36.8 28.87 0.00 

44.2 33.12 26.70 -7.53 

44.2 40.48 31.03 7.45 

39.78 36.8 27.41 -5.07 

39.78 33.12 25.24 -12.58 

48.62 36.8 30.33 5.03 

48.62 33.12 28.22 -2.26 

48.62 40.48 32.46 12.42 

 

 

Table 31: ISC and IMPP iterations for Vancouver. 

ISC (A) IMPP (A) 

Solar  

Fraction 

(%) 

% Change  

from base 

Case 

5.35 4.9 28.87 0.00 

5.35 4.41 27.77 -3.83 

4.815 4.41 25.63 -11.23 

5.885 4.9 31.00 7.37 

5.885 4.41 30.10 4.24 

5.885 5.39 32.10 11.18 
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Table 32: Tank volume and inverter efficiency iterations for Vancouver. 

Tank 

Volume 

(L) 

Inverter 

Efficiency 

Solar  

Fraction 

(%) 

% Change  

from base 

Case 

270 0.9 28.87 0.00 

270 0.81 25.64 -11.21 

270 0.99 32.09 11.14 

243 0.9 29.63 2.62 

243 0.81 26.36 -8.69 

243 0.99 32.88 13.88 

297 0.9 28.16 -2.47 

297 0.81 25.04 -13.28 

297 0.99 31.39 8.72 

 

Table 33: VOC and VMPP iterations for Calgary. 

VOC (V) VMPP (V) 

Solar  

Fraction 

(%) 

% Change  

from base 

Case 

44.2 36.8 34.04 0.00 

44.2 33.12 31.65 -7.03 

44.2 40.48 36.51 7.25 

39.78 36.8 32.79 -3.69 

39.78 33.12 30.38 -10.75 

48.62 36.8 35.35 3.83 

48.62 33.12 32.97 -3.14 

48.62 40.48 37.76 10.93 

 

Table 34: ISC and IMPP iterations for Calgary. 

ISC (A) IMPP (A) 

Solar  

Fraction 

(%) 

% Change  

from base 

Case 

5.35 4.9 34.04 0.00 

5.35 4.41 32.83 -3.57 

4.815 4.41 30.64 -10.00 

5.885 4.9 36.29 6.61 

5.885 4.41 35.26 3.57 

5.885 5.39 37.51 10.18 
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Table 35: Tank volume and inverter efficiency iterations for Calgary. 

Tank 

Volume 

(L) 

Inverter 

Efficiency 

Solar  

Fraction 

(%) 

% Change  

from base 

Case 

270 0.9 34.04 0.00 

270 0.81 30.67 -9.92 

270 0.99 37.45 10.02 

243 0.9 34.75 2.06 

243 0.81 31.29 -8.10 

243 0.99 38.21 12.25 

297 0.9 33.51 -1.56 

297 0.81 30.15 -11.43 

297 0.99 36.90 8.39 

  

 In each location, the inverter efficiency has the largest impact on solar fraction, with 10% 

increases in inverter efficiency producing approximately 11% increase in solar fraction. The largest 

change in solar fraction produced by the 10% decrease in volume and 10% increase in inverter efficiency 

occurred in Vancouver. This can be attributed to the higher mains water temperature, which allows the 

system to use less auxiliary energy to reach the required minimum system temperature. Additionally, 

simulations for Vancouver showed greater increases in solar fraction due to the lower radiation available 

in winter months to the system combined with higher ambient air temperature. Refer to Appendix A for 

relevant figures of monthly total horizontal radiation, ambient air temperature, and mains water 

temperature. 

C.3 PV Sidearm 

A sensitivity analysis similar to the one carried out for the PV-R system was performed for the 

PV-S system. The parameters that did not produce significant changes in the PV-R system were not 

analyzed in this analysis. Instead, the effect of the temperature deadband in the differential temperature 

controller was observed.  
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One-Parameter Analysis 

Similar to the analysis of the PV-R sensitivity study, certain parametric changes would cause the 

PV module to return zero electrical energy, and are thus omitted from the graph. In addition, while 

manipulated the upper deadband temperature did not yield significant results, it was expected that 

combining alterations of both the upper and lower limits of the deadband would produce interesting 

results. The pairings for the other parameters remained the same as in the previous section. 

 

 

Fig. 65: Comparison of changes in solar fraction due to parametric alteration in the PV-S system 

Coupled Analysis 

 Similar to the second phase of PV-R sensitivity study, the pairings were altered by ±10% from 

the base case. The pairings were simulated for Toronto, Vancouver and Calgary. In addition, the 

deadband temperatures in the differential controller underwent a specific sensitivity analysis to determine 

the effect of the deadband on the solar fraction and the temperature profile. 
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Table 36: VOC and VMPP PV-S iterations for Toronto.  

VOC (V) VMPP (V) 

Solar  

Fraction 

(%) 

% Change  

from base 

Case 

44.2 36.8 30.36 0.00 

44.2 33.12 28.20 -7.10 

44.2 40.48 32.48 7.00 

39.78 36.8 28.99 -4.52 

39.78 33.12 26.82 -11.65 

48.62 36.8 31.69 4.37 

48.62 33.12 29.58 -2.58 

48.62 40.48 33.84 11.48 

 

Table 37: ISC and IMPP PV-S iterations for Toronto.  

ISC (A) IMPP (A) 

Solar  

Fraction 

(%) 

% Change  

from base 

Case 

5.35 4.9 30.36 0.00 

5.35 4.41 29.26 -3.60 

4.815 4.41 27.11 -10.67 

5.885 4.9 32.45 6.95 

5.885 4.41 30.39 3.77 

5.885 5.39 32.45 10.82 

 

Table 38: Tank volume and inverter efficiency PV-S iterations for Toronto.  

Tank 

Volume 

(L) 

Inverter 

Efficiency 

Solar  

Fraction 

(%) 

% Change  

from base 

Case 

270 0.9 30.36 0.00 

270 0.81 27.13 -10.64 

270 0.99 33.61 10.70 

243 0.9 31.11 2.46 

243 0.81 27.86 -8.24 

243 0.99 34.36 13.19 

297 0.9 29.75 -2.01 

297 0.81 26.59 -12.43 

297 0.99 32.91 8.41 
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Table 39: VOC and VMPP PV-S iterations for Vancouver. The first iteration is the base case. 

VOC (V) VMPP (V) 

Solar  

Fraction 

(%) 

% Change  

from base 

Case 

44.2 36.8 29.40 0.00 

44.2 33.12 27.19 -7.53 

44.2 40.48 31.59 7.45 

39.78 36.8 27.91 -5.07 

39.78 33.12 25.70 -12.58 

48.62 36.8 30.88 5.03 

48.62 33.12 28.74 -2.26 

48.62 40.48 33.06 12.42 

 

Table 40: ISC and IMPP PV-S iterations for Vancouver.  

ISC (A) IMPP (A) 

Solar  

Fraction 

(%) 

% Change  

from base 

Case 

5.35 4.9 29.40 0.00 

5.35 4.41 28.28 -3.83 

4.815 4.41 26.10 -11.23 

5.885 4.9 31.57 7.37 

5.885 4.41 30.65 4.24 

5.885 5.39 32.69 11.18 

 

Table 41: Tank volume and inverter efficiency PV-S iterations for Vancouver.  

Tank 

Volume 

(L) 

Inverter 

Efficiency 

Solar  

Fraction 

(%) 

% Change  

from base 

Case 

270 0.9 29.40 0.00 

270 0.81 26.11 -11.21 

270 0.99 32.68 11.14 

243 0.9 30.17 2.62 

243 0.81 26.85 -8.69 

243 0.99 33.48 13.88 

297 0.9 28.68 -2.47 

297 0.81 25.50 -13.28 

297 0.99 31.97 8.72 
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Table 42: VOC and VMPP PV-S iterations for Calgary.  

VOC (V) VMPP (V) 

Solar  

Fraction 

(%) 

% Change  

from base 

Case 

44.2 36.8 35.09 0.00 

44.2 33.12 32.62 -7.03 

44.2 40.48 37.63 7.25 

39.78 36.8 33.80 -3.69 

39.78 33.12 31.32 -10.75 

48.62 36.8 36.43 3.83 

48.62 33.12 33.99 -3.14 

48.62 40.48 38.93 10.93 

 

Table 43: ISC and IMPP PV-S iterations for Calgary.  

ISC (A) IMPP (A) 

Solar  

Fraction 

(%) 

% Change  

from base 

Case 

5.35 4.9 35.09 0.00 

5.35 4.41 33.84 -3.57 

4.815 4.41 31.58 -10.00 

5.885 4.9 37.41 6.61 

5.885 4.41 36.34 3.57 

5.885 5.39 38.66 10.18 

 

Table 44: Tank volume and inverter efficiency PV-S iterations for Calgary.  

Tank 

Volume 

(L) 

Inverter 

Efficiency 

Solar  

Fraction 

(%) 

% Change  

from base 

Case 

270 0.9 35.09 0.00 

270 0.81 31.61 -9.92 

270 0.99 38.61 10.02 

243 0.9 35.81 2.06 

243 0.81 32.25 -8.10 

243 0.99 39.39 12.25 

297 0.9 34.54 -1.56 

297 0.81 31.08 -11.43 

297 0.99 38.03 8.39 
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The effects of the various PV parameters on the system’s solar fraction are similar to the ones 

observed in the PV-R sensitivity analysis. While the relative solar fraction percentage increased, the 

absolute solar fraction values still remain slightly lower than the PV-R counterparts.  

Additionally, the upper and lower limit temperatures of the differential controller underwent a 

sensitivity analysis. It was hypothesized that altering these values would positively affect the solar 

fraction of the PV-S system. In the first case, both the lower and higher limits were increased in 

increments of 2°C each in order to observe the effect both the position of the deadband on the solar 

fraction. In the second case, the lower temperature increased by 2 and the upper temperature increased by 

3 in each increment in order to observe the effects of both the position and size of the deadband on the 

solar fraction. The results of these analyses are displayed in Table 45, Table 46, and Table 47. It was 

observed in both cases that the maximum relative percentage change in solar fraction was approximately 

5.5%. Additionally, there were no appreciable gains above a lower limit of 22°C. The diminished 

available energy for the sidearm heater in periods of low solar radiation leads to a reduced effectiveness 

of the system.  

The end-cases in each table represent the peak solar annual solar fraction achieved. This peak 

occurs because in winter months the temperature of the sidearm is unable to overcome the upper limit of 

the deadband with increasing frequency, and the solar fraction is summer months increases with 

diminishing returns. 

The results from the 2-5°C case (Fig. 66) show that the base case for the differential controller is 

nearly the same as the mixed PV-R tank, and is therefore not suitable for purpose of the PV-S design, 

which is to enable stratification. The second and third cases, using 22-25°C and 22-35°C deadbands, are 

nearly identical in both solar fraction improvement and degree of stratification. However the larger 

deadband (22-35°C) allows for less hysteresis in the sidearm heater, therefore the 22-35°C deadband was 

chosen for the thermal performance analysis. 
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Fig. 66: One-day simulation of the PV-S system with no load and 2-5°C differential temperature limits. 

Table 45: Deadband sensitivity analysis for Toronto, with both limits increasing by 2°C. 

Lower Deadband  

 (°C) 

Upper Deadband  

(°C) 

Solar Fraction 

 (%) 

% Change  

from base Case 

2 5 28.78 0.00 

4 7 29.08 1.04 

6 9 29.31 1.82 

8 11 29.53 2.61 

10 13 29.73 3.30 

12 15 29.89 3.84 

14 17 30.03 4.33 

16 19 30.15 4.76 

18 21 30.25 5.09 

20 23 30.28 5.20 

22 25 30.35 5.43 

Table 46: Deadband sensitivity analysis for Toronto, with the lower limit increasing by 2°C and the upper 

limit increasing by 3°C. 

Lower Deadband  

 (°C) 

Upper Deadband  

(°C) 

Solar Fraction 

 (%) 

% Change  

from base Case 

2 5 28.78 0.00 

4 8 29.14 1.23 

6 11 29.37 2.06 

8 14 29.62 2.90 

10 17 29.83 3.65 

12 20 30.06 4.42 

14 23 30.17 4.83 

16 26 30.26 5.14 

18 29 30.30 5.28 

20 32 30.30 5.28 

22 35 30.36 5.48 
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Table 47: Deadband sensitivity analysis for Toronto, with the lower limit increasing by 1°C and 

the upper limit increasing by 3°C 

Lower Deadband  

 (°C) 

Upper Deadband  

(°C) 

Solar  

Fraction (%) 

% Change  

from base Case 

2 5 28.78 0.00 

3 8 29.05 0.97 

4 11 29.23 1.57 

5 14 29.37 2.05 

6 17 29.50 2.53 

7 20 29.61 2.92 

8 23 29.75 3.38 

9 26 29.82 3.62 

10 29 29.88 3.85 

11 32 29.99 4.24 

12 35 30.06 4.47 

13 38 30.13 4.71 

14 41 30.17 4.85 

 

 

 

Fig. 67: One-day simulation of the PV-S system with no load and 22-25°C differential temperature limits. 
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C.4 Solar Thermal  

In the following section a sensitivity analysis is performed for the ST system, where parameters 

in major components of the solar thermal system are changed and the change in solar fraction is observed. 

A one-parameter analysis is conducted to highlight the effect of individual performance, followed by a 

coupled analysis where system parameters are paired together to observe change in performance. 

One-Parameter Analysis  

For the preliminary analysis of the solar thermal SDHW system, 7 parameters were altered: pipe 

insulation, tank volume, collector area, heat exchanger effectiveness, and the three collector efficiency 

factors (intercept, slope, and curvature). 

Based on the information displayed in Fig. 68, the efficiency curvature and pipe insulation did not 

produce significant alterations in the solar fraction and were therefore not explored further. Similarly, the 

tank volume did not produce major changes with increasing volume, and changes with decreasing volume 

were relatively minor.  

 

Fig. 68: Comparison of changes in solar fraction due to parameter alterations in the ST system 
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Coupled Analysis 

 The intercept and slope coefficients for the solar thermal efficiency equations, which are also 

called ( )RF   and R LF U   respectively, were varied by ±10%. It is important to note the collector slope is 

displayed as a positive value but is negative when inputted into the simulation; it is therefore expected 

that as the slope increases, the solar fraction will decrease. The simulated results for Toronto, Calgary, 

and Vancouver are presented in the following tables. 

 

Table 48: Collector Intercept and Slope iterations for Toronto.  

Intercept 

Slope 

(kJ/hr/m2/C) 

Solar  

Fraction (%) 

% Change  

from base Case 

0.795 13.06 65.08 0.00 

0.795 11.75 66.61 2.35 

0.795 14.37 63.65 -2.20 

0.716 13.06 60.46 -7.10 

0.716 11.75 62.00 -4.74 

0.716 14.37 58.93 -9.46 

0.874 13.06 68.96 5.96 

0.874 11.75 70.28 7.99 

0.874 14.37 67.63 3.91 

 

Table 49: Collector Intercept and Slope iterations for Calgary.  

Intercept 

Slope 

(kJ/hr/m2/C) 

Solar  

Fraction (%) 

% Change  

from base Case 

0.795 13.06 73.82 0.00 

0.795 11.75 75.45 2.20 

0.795 14.37 72.21 -2.19 

0.716 13.06 68.74 -6.88 

0.716 11.75 70.55 -4.43 

0.716 14.37 67.03 -9.20 

0.874 13.06 77.99 5.64 

0.874 11.75 79.52 7.72 

0.874 14.37 76.55 3.69 
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Table 50: Collector Intercept and Slope iterations for Vancouver.  

Intercept 

Slope 

(kJ/hr/m2/C) 

Solar  

Fraction (%) 

% Change  

from base Case 

0.795 13.06 65.38 0.00 

0.795 11.75 66.76 2.11 

0.795 14.37 63.96 -2.18 

0.716 13.06 60.81 -6.99 

0.716 11.75 62.34 -4.65 

0.716 14.37 59.22 -9.42 

0.874 13.06 69.12 5.72 

0.874 11.75 70.38 7.64 

0.874 14.37 67.80 3.70 

 

In all three cases, a 10% change in the parameters was able to create an approximate maximum 

change of 10% in solar fraction. The solar fraction produced in the Toronto region was equally affected 

by changes in both parameters; this can be attributed to the relatively similar changes between ambient 

temperature and incident radiation. Simulations in Calgary were most affected by the changes in the 

intercept; this is a result of higher incident radiation and lower ambient temperatures. For Vancouver, the 

system was most affected by the slope, which is a result of significantly higher temperatures and lower 

radiation in winter months. 

 In each location, the alterations created a maximum 6.6% change in solar fraction. The collector 

area had the largest impact on annual solar fraction; this indicates that heat generated by the solar 

collector is more beneficial than the rate of heat transfer across the heat exchanger. Additionally, a 10% 

decrease in collector area created a greater change in solar fraction than a 10% increase in collector area, 

indicating a diminishing rate of return on system performance above the base case collector area. Similar 

results occurred for the heat exchanger effectiveness. 
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Table 51: Collector Area and Heat Exchanger effectiveness for Toronto.  

Collector 

Area 

HX 

Effectiveness 

Solar  

Fraction (%) 

% Change  

from base Case 

6.06 0.85 63.63 0.00 

6.06 0.765 62.15 -2.33 

6.06 0.935 64.72 1.71 

5.454 0.85 60.65 -4.69 

5.454 0.765 59.30 -6.80 

5.454 0.935 61.81 -2.86 

6.666 0.85 65.96 3.66 

6.666 0.765 64.49 1.35 

6.666 0.935 67.12 5.48 

 

 

Table 52: Collector Area and Heat Exchanger effectiveness alterations for Calgary. 

Collector 

Area 

HX 

Effectiveness 

Solar  

Fraction (%) 

% Change  

from base Case 

6.06 0.85 71.30 0.00 

6.06 0.765 69.84 -2.05 

6.06 0.935 72.52 1.70 

5.454 0.85 68.29 -4.22 

5.454 0.765 66.80 -6.32 

5.454 0.935 69.51 -2.52 

6.666 0.85 73.83 3.55 

6.666 0.765 72.35 1.47 

6.666 0.935 74.98 5.15 
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Table 53: Collector Area and Heat Exchanger effectiveness iterations for Vancouver. 

Collector 

Area 

HX 

Effectiveness 

Solar  

Fraction (%) 

% Change  

from base 

Case 

6.06 0.85 62.14 0.00 

6.06 0.765 60.80 -2.16 

6.06 0.935 63.22 1.74 

5.454 0.85 59.38 -4.44 

5.454 0.765 58.04 -6.60 

5.454 0.935 60.48 -2.67 

6.666 0.85 64.35 3.55 

6.666 0.765 63.07 1.49 

6.666 0.935 65.50 5.41 

 

C.5 PV/T 

In the following section a sensitivity analysis is performed for the PV/T system, where 

parameters in major components are changed and the change in solar fraction is observed. The procedure 

is similar to the previous sensitivity analyses. A one-parameter analysis is conducted to highlight the 

change in solar fraction, followed by a coupled analysis where system parameters are paired together to 

observe changes in performance. 

One-Parameter Analysis 

Similar to the sensitivity analysis of the ST system, PV/T system, several parameters were 

altered: efficiency factor, collector plate absorptance, collector plate emittance, edge and bottom loss 

coefficient, extinction coefficient thickness product, PV temperature coefficient, PV packing factor, tank 

volume, and inverter efficiency. 

Based on the information displayed in the following figure, the tank volume, temperature 

coefficient, inverter efficiency, extinction coefficient thickness product, and bottom and edge loss 

coefficient did not produce large changes in solar fraction. This contrasts with the PV system, in which 

inverter efficiency was found to have the largest impact on solar fraction. This is attributable to the 
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combined effects of packing factor, lower collector area, and reduced PV efficiency due to the presence of 

glazing. In addition, the tank volume providing negligible contributions to solar fraction is due to the 

contribution of electrical energy directly to the auxiliary heater, minimizing the fluctuations associated 

with thermal energy contributions to the hot water tank.  

The largest changes occurred with PV efficiency, absorptance, emittance, efficiency factor and 

packing factor, however the largest changes would be negative. All of the values are listed as 0.9 with the 

exception of emittance (base case value is 0.8). These are typical values for non-selective black absorbers, 

and in a theoretical scenario absorptance, efficiency factor and packing factor cannot exceed a value of 1. 

As such, this PV/T system approaches a best-case scenario with the exception of the emittance, which 

with selective absorbers could reach values as low as 0.1 [82].  

The pairings for further analysis were as follows: PV efficiency and PV packing factor and 

absorptance and emittance. The other parameters did not yield significant results, and the efficiency factor 

is less dependent on the other significant parameters, as it already describes the relationship between the 

heat transfer coefficients of the collector to the working fluid and the collector to the surroundings. 

 

Fig. 69: Comparison of changes in solar fraction due to parameter alterations in the PV/T system 
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Coupled Analysis 

 Using the pairings described above, each parameter was altered by ±10% from the base case. 

Table 54: PV Efficiency and PV Packing Factor iterations for Toronto.  

PV 

Efficiency 

PV 

Packing 

Factor 

Solar  

Fraction 

(%) 

% Change  

from base 

Case 

0.16 0.9 71.00 0.00 

0.16 0.81 69.41 -2.24 

0.16 0.99 72.59 2.23 

0.144 0.9 69.41 -2.24 

0.144 0.81 67.95 -4.31 

0.144 0.99 70.86 -0.21 

0.176 0.9 72.59 2.23 

0.176 0.81 70.86 -0.21 

0.176 0.99 74.30 4.65 

 

 

Table 55: Collector absorptance and emittance iterations for Toronto 

absorptance emittance 

Solar  

Fraction 

(%) 

% Change  

from base 

Case 

0.9 0.8 71.00 0.00 

0.9 0.72 71.61 0.86 

0.9 0.88 70.42 -0.81 

0.81 0.8 65.32 -8.01 

0.81 0.72 65.95 -7.12 

0.81 0.88 64.78 -8.76 

0.99 0.8 74.53 4.97 

0.99 0.72 75.15 5.84 

0.99 0.88 74.00 4.22 
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Table 56: PV Efficiency and PV Packing Factor iterations for Vancouver 

PV 

Efficiency 

PV 

Packing 

Factor 

Solar  

Fraction 

(%) 

% Change  

from base 

Case 

0.16 0.9 71.31 0.00 

0.16 0.81 69.83 -2.08 

0.16 0.99 73.08 2.48 

0.144 0.9 69.83 -2.08 

0.144 0.81 68.32 -4.20 

0.144 0.99 71.27 -0.07 

0.176 0.9 73.08 2.48 

0.176 0.81 71.27 -0.07 

0.176 0.99 74.88 5.00 

 

Table 57: Collector absorptance and emittance iterations for Vancouver 

absorptance emittance 

Solar  

Fraction 

(%) 

% Change  

from base 

Case 

0.9 0.8 71.31 0.00 

0.9 0.72 72.05 1.04 

0.9 0.88 70.90 -0.58 

0.81 0.8 66.53 -6.71 

0.81 0.72 67.12 -5.88 

0.81 0.88 65.99 -7.47 

0.99 0.8 75.65 6.08 

0.99 0.72 76.26 6.94 

0.99 0.88 75.16 5.39 

Table 58: PV Efficiency and PV Packing Factor iterations for Calgary 

PV 

Efficiency 

PV 

Packing 

Factor 

Solar  

Fraction 

(%) 

% Change  

from base 

Case 

0.16 0.9 79.12 0.00 

0.16 0.81 77.78 -1.69 

0.16 0.99 81.29 2.74 

0.144 0.9 77.78 -1.69 

0.144 0.81 76.21 -3.67 

0.144 0.99 79.36 0.31 

0.176 0.9 81.29 2.74 

0.176 0.81 79.36 0.31 

0.176 0.99 83.15 5.10  
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Table 59: Collector absorptance and emittance iterations for Calgary 

absorptance emittance 

Solar  

Fraction 

(%) 

% Change  

from base 

Case 

0.9 0.8 79.12 0.00 

0.9 0.72 80.26 1.44 

0.9 0.88 78.94 -0.22 

0.81 0.8 73.34 -7.31 

0.81 0.72 74.06 -6.40 

0.81 0.88 72.74 -8.06 

0.99 0.8 83.57 5.62 

0.99 0.72 84.26 6.50 

0.99 0.88 82.94 4.83 

 

The simulations for each location indicate that the absorptance has the largest impact on solar 

fraction, with approximately 5% or greater improvements in each area when increasing the absorptance 

by 10%.  The largest increase occurred with raised absorptance and lower emittance in Vancouver.  

For the PV efficiency and packing factor comparison, both factors produce similar changes in 

solar fraction. This is because of the proportional increase in the PV characteristics, which are linked 

when determining system performance. The iteration of emittance displayed the smallest changes, 

however the emittance is high to simulate a non-selective surface, and the analysis shows large increases 

are possible for selective absorbers. 
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Appendix D 

Further Analyses 

Other associated analyses for the simulated systems, focusing on the following situations: IV curves for 

the PV panels, and varying the collector area for each system to achieve 50% solar fraction.  
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D.1 PV IV Curve Analysis 

 This section provides additional insight into the operation of the PV collector and PV-powered 

systems in the current work 

 A monthly average of IV traces of the simulated PV collector was calculated, in order to view the 

effect of incident radiation and ambient temperature. This was accomplished using a counter in TRNSYS, 

which collected data points between 8A.M and 8 P.M. daily for one typical meteorological year in 

Toronto and calculated the mean current and voltage output for each month. The results are shown in the 

following figures. 

 

Fig. 70: Representation of IV curves for the simulated PV panels for January-June. 

 

Fig. 71: Representation of IV curves for the simulated PV panels for July-December. 
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The beginning of the simulated year has low incident radiation and low ambient temperature. As 

the amount of incident radiation increases, so too does the open-circuit voltage, short-circuit current, and 

maximum power point. Short-circuit current is also slightly negatively affected by increasing solar 

radiation, and this is more prevalent in the summer months as shown by the diminishing returns. For the 

open-circuit voltage, the net positive effect of increasing solar radiation is reduced by increasing ambient 

air temperature, and it is clear that in the summer months the relative increases in PV performance 

parameters are diminished compared to changes in winter months.  

D.2 Collector Area Requirements for Equivalent Solar Fraction 

 For comparative purposes, it is useful to compare the SDHW systems such that a benchmark solar 

fraction is achieved while minimizing collector area. In the current work, this benchmark solar fraction 

was set to 50%. Table 60 contains data for collector area requirements of the simulated systems 

undergoing 250 L/day and 325 L/day loads, and Table 60 displays the collector performance data for the 

specified areas. The monthly distribution for each system under the 250 L/day load is shown in Fig. 72.  

Table 60: Annual performance indices and operating costs for 50% solar fraction systems in Toronto.  

Simulation 

System 

Specifications Performance Indices 

System 

Collector 

Area 

Load 

(L/day) 

Qe 

(kWh) 

Qu 

(kWh) 

Qaux 

(kWh) 

Qsolar 

(kWh) 

Qload 

(kWh) 

Solar 

Fraction 
Op. Cost 

($/year) 

PV 

Resistance 
11.25 250  2426 0 2164 2426 

4223 
49 

$327.79 

PV Sidearm 11.25 250  2426 0 2131 2426 4234 50 $322.84 

Solar Thermal 3.7 250  0 2601 2157 2601 4286 50 $326.77 

PV/T 3.6 250  580 1836 2135 2415 4151 50 $323.38 

PV 

Resistance 
13.5 325  2911 0 2814 2911 

5399 
48 

$426.33 

PV Sidearm 13.5 325  2904 0 2820 2904 5427 48 $427.18 

Solar Thermal 4.5 325  0 3192 2724 3192 5486 50 $412.76 

PV/T 4.4 325  708 2233 2686 2942 5261 50 $406.97 
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Table 61: Average, maximum, and minimum values for total energy efficiency, and PES 

efficiency for equivalent solar fractions of to 250 L/day load systems in Toronto. 

Simulation Energy Efficiency PES Efficiency 

avg max min avg max min 

PV 

Resistance 
16.1% 16.2% 15.9% 41.3% 41.6% 40.8% 

Solar 

Thermal 
48.0% 52.6% 42.9% 48.0% 52.6% 42.9% 

PV/T 46.2% 51.5% 40.2% 65.1% 70.0% 59.5% 

 

Table 62: Average, maximum, and minimum values for total energy efficiency, and PES 

efficiency for equivalent solar fractions of to 325 L/day load systems in Toronto. 

Simulation Energy Efficiency PES Efficiency 

avg max min avg max min 

PV 

Resistance 
16.1% 16.2% 15.9% 41.3% 41.6% 40.8% 

Solar 

Thermal 
47.7% 52.6% 42.4% 47.7% 52.6% 42.4% 

PV/T 
45.7% 51.3% 39.5% 64.6% 69.8% 58.9% 

 

 

Fig. 72: Comparison of monthly solar fraction for SDHW systems with equivalent solar 

fraction with a 250 L/day load. 
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  Appendix E 

TRNSYS Deck Files 

TRNSYS Deck (.dck) files of the systems modeled in the current work.  
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E.1 PV Resistance 

VERSION 17 

******************************************************************************* 

*** TRNSYS input file (deck) generated by TrnsysStudio 

*** on Sunday, April 24, 2016 at 00:15 

*** from TrnsysStudio project: C:\Trnsys17\MyProjects\PV Resistance\PV Resistance.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=0.049999999 

SIMULATION   START  STOP  STEP ! Start time End time Time step 

TOLERANCES 0.001 0.001   ! Integration  Convergence 

LIMITS 30 500 50    ! 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 

* User defined CONSTANTS  

 

 

* Model "Tank Temperatures" (Type 65) 

*  

 

UNIT 2 TYPE 65  Tank Temperatures 

*$UNIT_NAME Tank Temperatures 

*$MODEL .\Output\Online Plotter\Online Plotter Without File\Type65d.tmf 

*$POSITION 1012 367 

*$LAYER Outputs #  

PARAMETERS 12 

7  ! 1 Nb. of left-axis variables 

2  ! 2 Nb. of right-axis variables 

0.0  ! 3 Left axis minimum 

100  ! 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 
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-1  ! 10 Logical unit for output file 

0  ! 11 Output file units 

0  ! 12 Output file delimiter 

INPUTS 9 

4,15   ! Type534-NoHX:Tank nodal temperature-1 ->Left axis variable-1 

4,19   ! Type534-NoHX:Tank nodal temperature-5 ->Left axis variable-2 

4,24   ! Type534-NoHX:Tank nodal temperature-10 ->Left axis variable-3 

4,29   ! Type534-NoHX:Tank nodal temperature-15 ->Left axis variable-4 

4,34   ! Type534-NoHX:Tank nodal temperature-20 ->Left axis variable-5 

4,1   ! Type534-NoHX:Temperature at outlet ->Left axis variable-6 

0,0  ! [unconnected] Left axis variable-7 

Qaux  ! Aux heat capacity:Qaux ->Right axis variable-1 

0,0  ! [unconnected] Right axis variable-2 

*** INITIAL INPUT VALUES 

1 5 10 15 20 Outlet aux_after Required Rate  

LABELS  3 

"Temperatures" 

"Heat transfer rates" 

"Tank Temperatures" 

*------------------------------------------------------------------------------ 

 

* Model "Type534-NoHX" (Type 534) 

*  

 

UNIT 4 TYPE 534  Type534-NoHX 

*$UNIT_NAME Type534-NoHX 

*$MODEL .\Storage Tank Library (TESS)\Cylindrical Storage Tank\Vertical 

Cylinder\Version without Plug-In\No HXs\Type534-NoHX.tmf 

*$POSITION 815 261 

*$LAYER Main #  

*$# CYLINDRICAL STORAGE TANK 

PARAMETERS 59 

-1  ! 1 LU for data file 

20  ! 2 Number of tank nodes 

1  ! 3 Number of ports 

0  ! 4 Number of immersed heat exchangers 

0  ! 5 Number of miscellaneous heat flows 

.27  ! 6 Tank volume 

1.5  ! 7 Tank height 

0  ! 8 Tank fluid 

4.19  ! 9 Fluid specific heat 

1000  ! 10 Fluid density 

2.14  ! 11 Fluid thermal conductivity 

3.21  ! 12 Fluid viscosity 

0.00026  ! 13 Fluid thermal expansion coefficient 

5.0  ! 14 Top loss coefficient 

5.0  ! 15 Edge loss coefficient for node-1 

5.0  ! 16 Edge loss coefficient for node-2 

5.0  ! 17 Edge loss coefficient for node-3 

5.0  ! 18 Edge loss coefficient for node-4 

5.0  ! 19 Edge loss coefficient for node-5 

5.0  ! 20 Edge loss coefficient for node-6 

5.0  ! 21 Edge loss coefficient for node-7 

5.0  ! 22 Edge loss coefficient for node-8 

5.0  ! 23 Edge loss coefficient for node-9 

5.0  ! 24 Edge loss coefficient for node-10 

5.0  ! 25 Edge loss coefficient for node-11 

5.0  ! 26 Edge loss coefficient for node-12 

5.0  ! 27 Edge loss coefficient for node-13 

5.0  ! 28 Edge loss coefficient for node-14 

5.0  ! 29 Edge loss coefficient for node-15 

5.0  ! 30 Edge loss coefficient for node-16 

5.0  ! 31 Edge loss coefficient for node-17 
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5.0  ! 32 Edge loss coefficient for node-18 

5.0  ! 33 Edge loss coefficient for node-19 

5.0  ! 34 Edge loss coefficient for node-20 

5.0  ! 35 Bottom loss coefficient 

0  ! 36 Additional thermal conductivity 

1  ! 37 Inlet flow mode 

20  ! 38 Entry node 

1  ! 39 Exit node 

0  ! 40 Flue loss coefficient for node-1 

0  ! 41 Flue loss coefficient for node-2 

0  ! 42 Flue loss coefficient for node-3 

0  ! 43 Flue loss coefficient for node-4 

0  ! 44 Flue loss coefficient for node-5 

0  ! 45 Flue loss coefficient for node-6 

0  ! 46 Flue loss coefficient for node-7 

0  ! 47 Flue loss coefficient for node-8 

0  ! 48 Flue loss coefficient for node-9 

0  ! 49 Flue loss coefficient for node-10 

0  ! 50 Flue loss coefficient for node-11 

0  ! 51 Flue loss coefficient for node-12 

0  ! 52 Flue loss coefficient for node-13 

0  ! 53 Flue loss coefficient for node-14 

0  ! 54 Flue loss coefficient for node-15 

0  ! 55 Flue loss coefficient for node-16 

0  ! 56 Flue loss coefficient for node-17 

0  ! 57 Flue loss coefficient for node-18 

0  ! 58 Flue loss coefficient for node-19 

0  ! 59 Flue loss coefficient for node-20 

INPUTS 46 

6,5   ! Type15-3:Mains water temperature ->Inlet temperature for port 

Draw  ! Draw:Draw ->Inlet flow rate for port 

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 

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 

Qaux  ! Aux heat capacity:Qaux ->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 



 

135 

 

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 

Qin  ! Resistor Capacity:Qin ->Auxiliary heat input for node-20 

*** INITIAL INPUT VALUES 

20.0 0.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 

20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 -100 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0  

DERIVATIVES 20 

20.0  ! 1 Initial Tank Temperature-1 

20.0  ! 2 Initial Tank Temperature-2 

20.0  ! 3 Initial Tank Temperature-3 

20.0  ! 4 Initial Tank Temperature-4 

20.0  ! 5 Initial Tank Temperature-5 

20.0  ! 6 Initial Tank Temperature-6 

20.0  ! 7 Initial Tank Temperature-7 

20.0  ! 8 Initial Tank Temperature-8 

20.0  ! 9 Initial Tank Temperature-9 

20.0  ! 10 Initial Tank Temperature-10 

20.0  ! 11 Initial Tank Temperature-11 

20.0  ! 12 Initial Tank Temperature-12 

20.0  ! 13 Initial Tank Temperature-13 

20.0  ! 14 Initial Tank Temperature-14 

20.0  ! 15 Initial Tank Temperature-15 

20.0  ! 16 Initial Tank Temperature-16 

20.0  ! 17 Initial Tank Temperature-17 

20.0  ! 18 Initial Tank Temperature-18 

20.0  ! 19 Initial Tank Temperature-19 

20.0  ! 20 Initial Tank Temperature-20 

*------------------------------------------------------------------------------ 

 

* Model "Lower element" (Type 1226) 

*  

 

UNIT 5 TYPE 1226  Lower element 

*$UNIT_NAME Lower element 

*$MODEL .\Storage Tank Library (TESS)\Tank Heating Device\Electric\Type1226-Elec.tmf 

*$POSITION 545 287 

*$LAYER Main #  

INPUTS 3 

25,2   ! Type48a:Power out ->Heating capacity 

0,0  ! [unconnected] Thermal efficiency 

9,1   ! Resistance Aquastat:Output control function ->Control signal 

*** INITIAL INPUT VALUES 

13680 1. 1.  

*------------------------------------------------------------------------------ 

 

* Model "Type15-3" (Type 15) 

*  

 

UNIT 6 TYPE 15  Type15-3 

*$UNIT_NAME Type15-3 

*$MODEL .\Weather Data Reading and Processing\Standard Format\Energy+ Weather Files 

(EPW)\Type15-3.tmf 

*$POSITION 40 298 
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*$LAYER Main #  

PARAMETERS 9 

3  ! 1 File Type 

41  ! 2 Logical unit 

5  ! 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 

0  ! 9 Azimuth of surface 

*** External files 

ASSIGN "C:\Trnsys17\Weather\CWEC\CAN_ON_Toronto_CWEC.epw" 41 

*|? Which file contains the Energy+ weather data? |1000 

*------------------------------------------------------------------------------ 

 

* EQUATIONS "W->kJ/hr" 

*  

EQUATIONS 1 

kJperHr = [10,4]*3.6 

*$UNIT_NAME W->kJ/hr 

*$LAYER Main 

*$POSITION 345 282 

 

*------------------------------------------------------------------------------ 

 

 

* EQUATIONS "Resistor Capacity" 

*  

EQUATIONS 1 

Qin = 13680*GE( [5,1] , 13680 ) + [5,1]*LT( [5,1] , 13680) 

*$UNIT_NAME Resistor Capacity 

*$LAYER Main 

*$POSITION 676 261 

 

*------------------------------------------------------------------------------ 

 

 

* Model "Resistance Aquastat" (Type 2) 

*  

 

UNIT 9 TYPE 2  Resistance Aquastat 

*$UNIT_NAME Resistance Aquastat 

*$MODEL .\Controllers\Aquastat\Heating Mode\Type2-AquastatH.tmf 

*$POSITION 751 581 

*$LAYER Main #  

*$# NOTE: This controller can only be used with solver 0 (Successive substitution) 

*$#  

PARAMETERS 2 

5  ! 1 No. of oscillations 

80  ! 2 Safety limit temperature 

INPUTS 6 

0,0  ! [unconnected] Setpoint temperature 

4,3   ! Type534-NoHX:Average tank temperature ->Temperature to watch 

0,0  ! [unconnected] High limit monitoring temperature 

9,1   ! Resistance Aquastat:Output control function ->Input control function--

>Connect from output control signal 

0,0  ! [unconnected] Turn on temperature difference 

0,0  ! [unconnected] Turn off temperature difference 

*** INITIAL INPUT VALUES 

79 10.0 80 0 1 -1  

*------------------------------------------------------------------------------ 
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* Model "Type94a" (Type 94) 

*  

 

UNIT 10 TYPE 94  Type94a 

*$UNIT_NAME Type94a 

*$MODEL .\Electrical\Photovoltaic Panels\Crystalline Modules\Type94a.tmf 

*$POSITION 241 314 

*$LAYER Main #  

PARAMETERS 19 

5.35  ! 1 Module short-circuit current at reference conditions 

44.2  ! 2 Module open-circuit voltage at reference conditions 

298  ! 3 Reference temperature 

1000  ! 4 Reference insolation 

36.8  ! 5 Module voltage at max power point and reference conditions 

4.9  ! 6 Module current at max power point and reference conditions 

0.02  ! 7 Temperature coeficient of Isc at (ref. cond) 

-0.079  ! 8 Temperature coeficient of Voc (ref. cond.) 

72  ! 9 Number of cells wired in series 

3  ! 10 Number of modules in series 

2  ! 11 Number of modules in parallel 

313  ! 12 Module temperature at NOCT 

293  ! 13 Ambient temperature at NOCT 

800  ! 14 Insolation at NOCT 

1.125  ! 15 Module area 

.85  ! 16 tau-alpha product for normal incidence 

1.12  ! 17 Semiconductor bandgap 

0  ! 18 Slope of IV curve at Isc 

-1  ! 19 Module series resistance 

INPUTS 8 

6,24   ! Type15-3:Total tilted surface radiation for surface ->Total incident 

radiation 

K  ! C->K:K ->Ambient temperature 

0,0  ! [unconnected] Load voltage 

0,0  ! [unconnected] Flag for convergence promotion 

6,30   ! Type15-3:Slope of surface ->Array slope 

6,25   ! Type15-3:Beam radiation for surface ->Beam radiation 

6,28   ! Type15-3:Total diffuse radiation for surface ->Diffuse radiation 

6,29   ! Type15-3:Angle of incidence for surface ->Incidence angle of beam 

radiation 

*** INITIAL INPUT VALUES 

0 298 0 0 45 0 0 0  

*------------------------------------------------------------------------------ 

 

* EQUATIONS "C->K" 

*  

EQUATIONS 1 

K = [6,1]+273 

*$UNIT_NAME C->K 

*$LAYER Main 

*$POSITION 159 282 

 

*------------------------------------------------------------------------------ 

 

 

* Model "Aux heater Aquastat" (Type 2) 

*  

 

UNIT 13 TYPE 2  Aux heater Aquastat 

*$UNIT_NAME Aux heater Aquastat 

*$MODEL .\Controllers\Aquastat\Heating Mode\Type2-AquastatH.tmf 

*$POSITION 770 485 

*$LAYER Main #  

*$# NOTE: This controller can only be used with solver 0 (Successive substitution) 
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*$#  

PARAMETERS 2 

5  ! 1 No. of oscillations 

80  ! 2 Safety limit temperature 

INPUTS 6 

0,0  ! [unconnected] Setpoint temperature 

4,1   ! Type534-NoHX:Temperature at outlet ->Temperature to watch 

0,0  ! [unconnected] High limit monitoring temperature 

13,1   ! Aux heater Aquastat:Output control function ->Input control function--

>Connect from output control signal 

0,0  ! [unconnected] Turn on temperature difference 

0,0  ! [unconnected] Turn off temperature difference 

*** INITIAL INPUT VALUES 

50 10.0 60 0 1 -1  

*------------------------------------------------------------------------------ 

 

* EQUATIONS "Aux heat capacity" 

*  

EQUATIONS 1 

Qaux = [13,1]*16200 

*$UNIT_NAME Aux heat capacity 

*$LAYER Main 

*$POSITION 581 479 

 

*------------------------------------------------------------------------------ 

 

 

* Model "Solar Energy" (Type 65) 

*  

 

UNIT 15 TYPE 65  Solar Energy 

*$UNIT_NAME Solar Energy 

*$MODEL \Trnsys17\Studio\lib\System_Output\TYPE65d.tmf 

*$POSITION 215 399 

*$LAYER Outputs #  

PARAMETERS 12 

2  ! 1 Nb. of left-axis variables 

2  ! 2 Nb. of right-axis variables 

0.0  ! 3 Left axis minimum 

2500  ! 4 Left axis maximum 

0.0  ! 5 Right axis minimum 

694.44  ! 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 

6,24   ! Type15-3:Total tilted surface radiation for surface ->Left axis 

variable-1 

10,4   ! Type94a:Power at maximum power point ->Left axis variable-2 

Qin  ! Resistor Capacity:Qin ->Right axis variable-1 

25,2   ! Type48a:Power out ->Right axis variable-2 

*** INITIAL INPUT VALUES 

G MPP Qin After_inverter  

LABELS  3 

"Watts" 

"kJperhr" 

"Solar Energy" 

*------------------------------------------------------------------------------ 

 

* Model "Evaluation" (Type 25) 
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*  

 

UNIT 16 TYPE 25  Evaluation 

*$UNIT_NAME Evaluation 

*$MODEL \Trnsys17\Studio\lib\System_Output\Type25a.tmf 

*$POSITION 456 634 

*$LAYER Outputs #  

PARAMETERS 10 

-1  ! 1 Printing interval 

START  ! 2 Start time 

STOP  ! 3 Stop time 

43  ! 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 2 

eta  ! Efficiency,  PES:eta ->Input to be printed-1 

PES  ! Efficiency,  PES:PES ->Input to be printed-2 

*** INITIAL INPUT VALUES 

Efficiency PES  

*** External files 

ASSIGN "Evaluation.out" 43 

*|? Which file should contain the printed results? You can use the deck filename by 

entering "***", e.g. "***.out", or "***.dat"  |1000 

*------------------------------------------------------------------------------ 

 

* EQUATIONS "Efficiency,  PES" 

*  

EQUATIONS 3 

A = 13.5 

eta = [29,2]/(([29,1]/3.6)*A+0.00000000000000001) 

PES = eta/.39 

*$UNIT_NAME Efficiency,  PES 

*$LAYER Outputs 

*$POSITION 327 634 

 

*------------------------------------------------------------------------------ 

 

 

* EQUATIONS "Draw" 

*  

EQUATIONS 2 

DailyLoad = 325 

Draw = DailyLoad*[19,2] 

*$UNIT_NAME Draw 

*$LAYER Main 

*$POSITION 788 397 

 

*------------------------------------------------------------------------------ 

 

 

* Model "Draw Profile" (Type 14) 

*  

 

UNIT 19 TYPE 14  Draw Profile 

*$UNIT_NAME Draw Profile 

*$MODEL .\Utility\Forcing Functions\Water Draw\Type14b.tmf 

*$POSITION 675 397 

*$LAYER Main #  

PARAMETERS 108 
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0  ! 1 Initial value of time 

0  ! 2 Initial value of function 

7  ! 3 Time at point-1 

0  ! 4 Water draw at point -1 

7  ! 5 Time at point-2 

0.177777778  ! 6 Water draw at point -2 

7.25  ! 7 Time at point-3 

0.177777778  ! 8 Water draw at point -3 

7.25  ! 9 Time at point-4 

0  ! 10 Water draw at point -4 

8  ! 11 Time at point-5 

0  ! 12 Water draw at point -5 

8  ! 13 Time at point-6 

0.444444444  ! 14 Water draw at point -6 

8.25  ! 15 Time at point-7 

0.444444444  ! 16 Water draw at point -7 

8.25  ! 17 Time at point-8 

0  ! 18 Water draw at point -8 

9  ! 19 Time at point-9 

0  ! 20 Water draw at point -9 

9  ! 21 Time at point-10 

0.088888889  ! 22 Water draw at point -10 

9.25  ! 23 Time at point-11 

0.088888889  ! 24 Water draw at point -11 

9.25  ! 25 Time at point-12 

0  ! 26 Water draw at point -12 

10  ! 27 Time at point-13 

0  ! 28 Water draw at point -13 

10  ! 29 Time at point-14 

0.8  ! 30 Water draw at point -14 

10.25  ! 31 Time at point-15 

0.8  ! 32 Water draw at point -15 

10.25  ! 33 Time at point-16 

0  ! 34 Water draw at point -16 

11  ! 35 Time at point-17 

0  ! 36 Water draw at point -17 

11  ! 37 Time at point-18 

0.088888889  ! 38 Water draw at point -18 

11.25  ! 39 Time at point-19 

0.088888889  ! 40 Water draw at point -19 

11.25  ! 41 Time at point-20 

0  ! 42 Water draw at point -20 

12  ! 43 Time at point-21 

0  ! 44 Water draw at point -21 

12  ! 45 Time at point-22 

0.177777778  ! 46 Water draw at point -22 

12.25  ! 47 Time at point-23 

0.177777778  ! 48 Water draw at point -23 

12.25  ! 49 Time at point-24 

0  ! 50 Water draw at point -24 

13  ! 51 Time at point-25 

0  ! 52 Water draw at point -25 

13  ! 53 Time at point-26 

0.088888889  ! 54 Water draw at point -26 

13.25  ! 55 Time at point-27 

0.088888889  ! 56 Water draw at point -27 

13.25  ! 57 Time at point-28 

0  ! 58 Water draw at point -28 

16  ! 59 Time at point-29 

0  ! 60 Water draw at point -29 

16  ! 61 Time at point-30 

0.177777778  ! 62 Water draw at point -30 

16.25  ! 63 Time at point-31 
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0.177777778  ! 64 Water draw at point -31 

16.25  ! 65 Time at point-32 

0  ! 66 Water draw at point -32 

17  ! 67 Time at point-33 

0  ! 68 Water draw at point -33 

17  ! 69 Time at point-34 

0.444444444  ! 70 Water draw at point -34 

17.25  ! 71 Time at point-35 

0.444444444  ! 72 Water draw at point -35 

17.25  ! 73 Time at point-36 

0  ! 74 Water draw at point -36 

18  ! 75 Time at point-37 

0  ! 76 Water draw at point -37 

18  ! 77 Time at point-38 

0.8  ! 78 Water draw at point -38 

18.25  ! 79 Time at point-39 

0.8  ! 80 Water draw at point -39 

18.25  ! 81 Time at point-40 

0  ! 82 Water draw at point -40 

19  ! 83 Time at point-41 

0  ! 84 Water draw at point -41 

19  ! 85 Time at point-42 

0.444444444  ! 86 Water draw at point -42 

19.25  ! 87 Time at point-43 

0.444444444  ! 88 Water draw at point -43 

19.25  ! 89 Time at point-44 

0  ! 90 Water draw at point -44 

20  ! 91 Time at point-45 

0  ! 92 Water draw at point -45 

20  ! 93 Time at point-46 

0.177777778  ! 94 Water draw at point -46 

20.25  ! 95 Time at point-47 

0.177777778  ! 96 Water draw at point -47 

20.25  ! 97 Time at point-48 

0  ! 98 Water draw at point -48 

21  ! 99 Time at point-49 

0  ! 100 Water draw at point -49 

21  ! 101 Time at point-50 

0.088888889  ! 102 Water draw at point -50 

21.25  ! 103 Time at point-51 

0.088888889  ! 104 Water draw at point -51 

21.25  ! 105 Time at point-52 

0  ! 106 Water draw at point -52 

24  ! 107 Time at point-53 

0  ! 108 Water draw at point -53 

*------------------------------------------------------------------------------ 

 

* Model "Annual Integrator" (Type 24) 

*  

 

UNIT 23 TYPE 24  Annual Integrator 

*$UNIT_NAME Annual Integrator 

*$MODEL .\Utility\Integrators\Quantity Integrator\Type24.tmf 

*$POSITION 938 474 

*$LAYER Outputs #  

PARAMETERS 2 

STOP  ! 1 Integration period 

0  ! 2 Relative or absolute start time 

INPUTS 3 

Qaux  ! Aux heat capacity:Qaux ->Auxiliary-1 

4,4   ! Type534-NoHX:Energy delivery rate ->Load-2 

Qin  ! Resistor Capacity:Qin ->Qelec-3 

*** INITIAL INPUT VALUES 
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0.0 0.0 0.0  

*------------------------------------------------------------------------------ 

 

* Model "Annual SF" (Type 25) 

*  

 

UNIT 24 TYPE 25  Annual SF 

*$UNIT_NAME Annual SF 

*$MODEL \Trnsys17\Studio\lib\System_Output\Type25a.tmf 

*$POSITION 935 581 

*$LAYER Outputs #  

PARAMETERS 10 

24  ! 1 Printing interval 

START  ! 2 Start time 

STOP  ! 3 Stop time 

45  ! 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 3 

23,1   ! Annual Integrator:Result of integration-1 ->Input to be printed-1 

23,2   ! Annual Integrator:Result of integration-2 ->Input to be printed-2 

23,3   ! Annual Integrator:Result of integration-3 ->Input to be printed-3 

*** INITIAL INPUT VALUES 

Qaux Qload Qelec  

*** External files 

ASSIGN "annual.out" 45 

*|? Which file should contain the printed results? You can use the deck filename by 

entering "***", e.g. "***.out", or "***.dat"  |1000 

*------------------------------------------------------------------------------ 

 

* Model "Type48a" (Type 48) 

*  

 

UNIT 25 TYPE 48  Type48a 

*$UNIT_NAME Type48a 

*$MODEL .\Electrical\Regulators and Inverters\System w_o battery storage\Type48a.tmf 

*$POSITION 433 293 

*$LAYER Main #  

PARAMETERS 2 

0  ! 1 Mode 

0.90  ! 2 Efficiency 

INPUTS 2 

kJperHr  ! W->kJ/hr:kJperHr ->Input power 

0,0  ! [unconnected] Load power 

*** INITIAL INPUT VALUES 

0 13679.999638  

*------------------------------------------------------------------------------ 

 

* Model "Monthly Integrator" (Type 24) 

*  

 

UNIT 27 TYPE 24  Monthly Integrator 

*$UNIT_NAME Monthly Integrator 

*$MODEL .\Utility\Integrators\Quantity Integrator\Type24.tmf 

*$POSITION 1054 474 

*$LAYER Outputs #  

PARAMETERS 2 

-1  ! 1 Integration period 

0  ! 2 Relative or absolute start time 
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INPUTS 3 

Qaux  ! Aux heat capacity:Qaux ->Aux-1 

4,4   ! Type534-NoHX:Energy delivery rate ->Load-2 

Qin  ! Resistor Capacity:Qin ->Elec-3 

*** INITIAL INPUT VALUES 

0.0 0.0 0.0  

*------------------------------------------------------------------------------ 

 

* Model "Monthly SF" (Type 25) 

*  

 

UNIT 26 TYPE 25  Monthly SF 

*$UNIT_NAME Monthly SF 

*$MODEL \Trnsys17\Studio\lib\System_Output\Type25a.tmf 

*$POSITION 1056 581 

*$LAYER Outputs #  

PARAMETERS 10 

-1  ! 1 Printing interval 

START  ! 2 Start time 

STOP  ! 3 Stop time 

46  ! 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 3 

27,1   ! Monthly Integrator:Result of integration-1 ->Input to be printed-1 

27,2   ! Monthly Integrator:Result of integration-2 ->Input to be printed-2 

27,3   ! Monthly Integrator:Result of integration-3 ->Input to be printed-3 

*** INITIAL INPUT VALUES 

Qaux Qload Qelec  

*** External files 

ASSIGN "PV Resistance.out" 46 

*|? Which file should contain the printed results? You can use the deck filename by 

entering "***", e.g. "***.out", or "***.dat"  |1000 

*------------------------------------------------------------------------------ 

 

* Model "Performance Integrator" (Type 24) 

*  

 

UNIT 29 TYPE 24  Performance Integrator 

*$UNIT_NAME Performance Integrator 

*$MODEL .\Utility\Integrators\Quantity Integrator\Type24.tmf 

*$POSITION 167 634 

*$LAYER Outputs #  

PARAMETERS 2 

-1  ! 1 Integration period 

0  ! 2 Relative or absolute start time 

INPUTS 2 

6,24   ! Type15-3:Total tilted surface radiation for surface ->G-1 

10,4   ! Type94a:Power at maximum power point ->Pmp-2 

*** INITIAL INPUT VALUES 

0.0 0.0  

*------------------------------------------------------------------------------ 

 

* Model "Stratification" (Type 25) 

*  

 

UNIT 30 TYPE 25  Stratification 

*$UNIT_NAME Stratification 

*$MODEL .\Output\Printer\Unformatted\TRNSYS-Supplied Units\Type25a.tmf 
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*$POSITION 1004 261 

*$LAYER Outputs #  

PARAMETERS 10 

STEP  ! 1 Printing interval 

4344  ! 2 Start time 

4416  ! 3 Stop time 

58  ! 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 5 

4,15   ! Type534-NoHX:Tank nodal temperature-1 ->Input to be printed-1 

4,19   ! Type534-NoHX:Tank nodal temperature-5 ->Input to be printed-2 

4,24   ! Type534-NoHX:Tank nodal temperature-10 ->Input to be printed-3 

4,29   ! Type534-NoHX:Tank nodal temperature-15 ->Input to be printed-4 

4,34   ! Type534-NoHX:Tank nodal temperature-20 ->Input to be printed-5 

*** INITIAL INPUT VALUES 

1 5 10 15 20  

*** External files 

ASSIGN "stratification.out" 58 

*|? Output File for printed results |1000 

*------------------------------------------------------------------------------ 

 

* Model "IV Curve" (Type 25) 

*  

 

UNIT 28 TYPE 25  IV Curve 

*$UNIT_NAME IV Curve 

*$MODEL \Trnsys17\Studio\lib\System_Output\Type25a.tmf 

*$POSITION 465 197 

*$LAYER Outputs #  

PARAMETERS 10 

-1  ! 1 Printing interval 

START  ! 2 Start time 

STOP  ! 3 Stop time 

59  ! 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 6 

31,3   ! Type55:Mean value of input-1 ->Input to be printed-1 

31,13   ! Type55:Mean value of input-2 ->Input to be printed-2 

31,23   ! Type55:Mean value of input-3 ->Input to be printed-3 

31,33   ! Type55:Mean value of input-4 ->Input to be printed-4 

31,43   ! Type55:Mean value of input-5 ->Input to be printed-5 

31,53   ! Type55:Mean value of input-6 ->Input to be printed-6 

*** INITIAL INPUT VALUES 

Voc Isc Vmpp Impp G temp  

*** External files 

ASSIGN "IV.out" 59 

*|? Which file should contain the printed results? You can use the deck filename by 

entering "***", e.g. "***.out", or "***.dat"  |1000 

*------------------------------------------------------------------------------ 

 

* Model "Type55" (Type 55) 

*  
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UNIT 31 TYPE 55  Type55 

*$UNIT_NAME Type55 

*$MODEL .\Utility\Integrators\Periodic Integrator\Type55.tmf 

*$POSITION 355 197 

*$LAYER Outputs #  

PARAMETERS 42 

-1  ! 1 Integrate or sum input-1 

1  ! 2 Relative starting hour for input-1 

24  ! 3 Duration for input-1 

24  ! 4 Cycle repeat time for input-1 

-1  ! 5 Reset time for input-1 

0  ! 6 Absolute starting hour for input-1 

8760  ! 7 Absolute stopping hour for input -1 

-2  ! 8 Integrate or sum input-2 

1  ! 9 Relative starting hour for input-2 

24  ! 10 Duration for input-2 

24  ! 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 

-3  ! 15 Integrate or sum input-3 

1  ! 16 Relative starting hour for input-3 

24  ! 17 Duration for input-3 

24  ! 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 

-4  ! 22 Integrate or sum input-4 

1  ! 23 Relative starting hour for input-4 

24  ! 24 Duration for input-4 

24  ! 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 

-5  ! 29 Integrate or sum input-5 

6  ! 30 Relative starting hour for input-5 

14  ! 31 Duration for input-5 

24  ! 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 

-6  ! 36 Integrate or sum input-6 

1  ! 37 Relative starting hour for input-6 

24  ! 38 Duration for input-6 

24  ! 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 

10,8   ! Type94a:Open circuit voltage ->Input-1 

10,9   ! Type94a:Short circuit current ->Input-2 

10,6   ! Type94a:Voltage at MPP ->Input-3 

10,7   ! Type94a:Current at MPP ->Input-4 

6,24   ! Type15-3:Total tilted surface radiation for surface ->Input-5 

6,1   ! Type15-3:Dry bulb temperature ->Input-6 

*** INITIAL INPUT VALUES 

0. 0. 0. 0. 0. 0.  

*------------------------------------------------------------------------------ 

 

END  
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E.2 PV Sidearm 

VERSION 17 

******************************************************************************* 

*** TRNSYS input file (deck) generated by TrnsysStudio 

*** on Sunday, April 24, 2016 at 00:19 

*** from TrnsysStudio project: C:\Trnsys17\MyProjects\sidearm heater\sidearm 

heater.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=0.049999999 

SIMULATION   START  STOP  STEP ! Start time End time Time step 

TOLERANCES 0.001 0.001   ! Integration  Convergence 

LIMITS 150 10000 100    ! 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 

* User defined CONSTANTS  

 

 

* Model "10L Tank" (Type 534) 

*  

 

UNIT 2 TYPE 534  10L Tank 

*$UNIT_NAME 10L Tank 

*$MODEL .\Storage Tank Library (TESS)\Cylindrical Storage Tank\Vertical 

Cylinder\Version without Plug-In\No HXs\Type534-NoHX.tmf 

*$POSITION 823 367 

*$LAYER Main #  

*$# CYLINDRICAL STORAGE TANK 

PARAMETERS 28 

-1  ! 1 LU for data file 

4  ! 2 Number of tank nodes 

1  ! 3 Number of ports 

0  ! 4 Number of immersed heat exchangers 

1  ! 5 Number of miscellaneous heat flows 
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0.005  ! 6 Tank volume 

0.5  ! 7 Tank height 

0  ! 8 Tank fluid 

4.19  ! 9 Fluid specific heat 

1000  ! 10 Fluid density 

2.14  ! 11 Fluid thermal conductivity 

3.21  ! 12 Fluid viscosity 

0.00026  ! 13 Fluid thermal expansion coefficient 

5.0  ! 14 Top loss coefficient 

5.0  ! 15 Edge loss coefficient for node-1 

5.0  ! 16 Edge loss coefficient for node-2 

5.0  ! 17 Edge loss coefficient for node-3 

5.0  ! 18 Edge loss coefficient for node-4 

5.0  ! 19 Bottom loss coefficient 

0  ! 20 Additional thermal conductivity 

1  ! 21 Inlet flow mode 

2  ! 22 Entry node 

1  ! 23 Exit node 

0  ! 24 Flue loss coefficient for node-1 

0  ! 25 Flue loss coefficient for node-2 

0  ! 26 Flue loss coefficient for node-3 

0  ! 27 Flue loss coefficient for node-4 

2  ! 28 Node for miscelaneous heat gain 

INPUTS 15 

19,1   ! Type3d:Outlet fluid temperature ->Inlet temperature for port 

19,2   ! Type3d:Outlet flow rate ->Inlet flow rate for port 

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] 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 

Qin  ! Resistor Capacity:Qin ->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] Miscellaneous heat input 

*** INITIAL INPUT VALUES 

20.0 0.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 -100 0.0 0.0 0.0 0.0 0  

DERIVATIVES 4 

50  ! 1 Initial Tank Temperature-1 

50  ! 2 Initial Tank Temperature-2 

50  ! 3 Initial Tank Temperature-3 

50  ! 4 Initial Tank Temperature-4 

*------------------------------------------------------------------------------ 

 

* Model "Lower element" (Type 1226) 

*  

 

UNIT 3 TYPE 1226  Lower element 

*$UNIT_NAME Lower element 

*$MODEL .\Storage Tank Library (TESS)\Tank Heating Device\Electric\Type1226-Elec.tmf 

*$POSITION 532 357 

*$LAYER Main #  

INPUTS 3 

27,2   ! Type48a:Power out ->Heating capacity 

0,0  ! [unconnected] Thermal efficiency 

9,1   ! 10L Resistance Aquastat:Output control function ->Control signal 

*** INITIAL INPUT VALUES 

13680 1. 1.  

*------------------------------------------------------------------------------ 
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* Model "Solar Power" (Type 65) 

*  

 

UNIT 4 TYPE 65  Solar Power 

*$UNIT_NAME Solar Power 

*$MODEL .\Output\Online Plotter\Online Plotter With File\No Units\Type65c.tmf 

*$POSITION 309 191 

*$LAYER Outputs #  

PARAMETERS 12 

2  ! 1 Nb. of left-axis variables 

3  ! 2 Nb. of right-axis variables 

0.0  ! 3 Left axis minimum 

1000.0  ! 4 Left axis maximum 

0.0  ! 5 Right axis minimum 

4000.0  ! 6 Right axis maximum 

1  ! 7 Number of plots per simulation 

12  ! 8 X-axis gridpoints 

0  ! 9 Shut off Online w/o removing 

38  ! 10 Logical Unit for output file 

0  ! 11 Output file units 

0  ! 12 Output file delimiter 

INPUTS 5 

10,4   ! Type94a:Power at maximum power point ->Left axis variable-1 

5,24   ! Type15-3:Total tilted surface radiation for surface ->Left axis 

variable-2 

27,1   ! Type48a:Power in ->Right axis variable-1 

27,2   ! Type48a:Power out ->Right axis variable-2 

27,3   ! Type48a:Excess power ->Right axis variable-3 

*** INITIAL INPUT VALUES 

Power Irradiance In Out Excess  

LABELS  3 

"Power" 

"Heat transfer rates" 

"Power" 

*** External files 

ASSIGN "solar_power.plt" 38 

*|? What file should the online print to? |1000 

*------------------------------------------------------------------------------ 

 

* Model "Type15-3" (Type 15) 

*  

 

UNIT 5 TYPE 15  Type15-3 

*$UNIT_NAME Type15-3 

*$MODEL .\Weather Data Reading and Processing\Standard Format\Energy+ Weather Files 

(EPW)\Type15-3.tmf 

*$POSITION 38 367 

*$LAYER Main #  

PARAMETERS 9 

3  ! 1 File Type 

39  ! 2 Logical unit 

5  ! 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 

0  ! 9 Azimuth of surface 

*** External files 

ASSIGN "C:\Trnsys17\Weather\CWEC\CAN_ON_Toronto_CWEC.epw" 39 

*|? Which file contains the Energy+ weather data? |1000 

*------------------------------------------------------------------------------ 
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* EQUATIONS "W->kJ/hr" 

*  

EQUATIONS 1 

kJperHr = [10,4]*3.6 

*$UNIT_NAME W->kJ/hr 

*$LAYER Main 

*$POSITION 334 372 

 

*------------------------------------------------------------------------------ 

 

 

* EQUATIONS "Resistor Capacity" 

*  

EQUATIONS 1 

Qin = 13680*GE( [3,1] , 13680 ) + [3,1]*LT( [3,1] , 13680) 

*$UNIT_NAME Resistor Capacity 

*$LAYER Main 

*$POSITION 663 357 

 

*------------------------------------------------------------------------------ 

 

 

* Model "10L Resistance Aquastat" (Type 2) 

*  

 

UNIT 9 TYPE 2  10L Resistance Aquastat 

*$UNIT_NAME 10L Resistance Aquastat 

*$MODEL .\Controllers\Aquastat\Heating Mode\Type2-AquastatH.tmf 

*$POSITION 619 495 

*$LAYER Main #  

*$# NOTE: This controller can only be used with solver 0 (Successive substitution) 

*$#  

PARAMETERS 2 

5  ! 1 No. of oscillations 

80  ! 2 Safety limit temperature 

INPUTS 6 

0,0  ! [unconnected] Setpoint temperature 

2,1   ! 10L Tank:Temperature at outlet ->Temperature to watch 

0,0  ! [unconnected] High limit monitoring temperature 

9,1   ! 10L Resistance Aquastat:Output control function ->Input control 

function-->Connect from output control signal 

0,0  ! [unconnected] Turn on temperature difference 

0,0  ! [unconnected] Turn off temperature difference 

*** INITIAL INPUT VALUES 

79 10.0 80 0 29 -1  

*------------------------------------------------------------------------------ 

 

* Model "Type94a" (Type 94) 

*  

 

UNIT 10 TYPE 94  Type94a 

*$UNIT_NAME Type94a 

*$MODEL .\Electrical\Photovoltaic Panels\Crystalline Modules\Type94a.tmf 

*$POSITION 239 378 

*$LAYER Main #  

PARAMETERS 19 

5.35  ! 1 Module short-circuit current at reference conditions 

44.2  ! 2 Module open-circuit voltage at reference conditions 

298  ! 3 Reference temperature 

1000  ! 4 Reference insolation 

36.8  ! 5 Module voltage at max power point and reference conditions 

4.9  ! 6 Module current at max power point and reference conditions 
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0.02  ! 7 Temperature coeficient of Isc at (ref. cond) 

-0.079  ! 8 Temperature coeficient of Voc (ref. cond.) 

72  ! 9 Number of cells wired in series 

4  ! 10 Number of modules in series 

3  ! 11 Number of modules in parallel 

313  ! 12 Module temperature at NOCT 

293  ! 13 Ambient temperature at NOCT 

800  ! 14 Insolation at NOCT 

1.125  ! 15 Module area 

0.95  ! 16 tau-alpha product for normal incidence 

1.12  ! 17 Semiconductor bandgap 

0  ! 18 Slope of IV curve at Isc 

-1  ! 19 Module series resistance 

INPUTS 8 

5,24   ! Type15-3:Total tilted surface radiation for surface ->Total incident 

radiation 

K  ! C->K:K ->Ambient temperature 

0,0  ! [unconnected] Load voltage 

0,0  ! [unconnected] Flag for convergence promotion 

5,30   ! Type15-3:Slope of surface ->Array slope 

5,25   ! Type15-3:Beam radiation for surface ->Beam radiation 

5,28   ! Type15-3:Total diffuse radiation for surface ->Diffuse radiation 

5,29   ! Type15-3:Angle of incidence for surface ->Incidence angle of beam 

radiation 

*** INITIAL INPUT VALUES 

0 298 0 0 45 0 0 0  

*------------------------------------------------------------------------------ 

 

* EQUATIONS "C->K" 

*  

EQUATIONS 1 

K = [5,1]+273 

*$UNIT_NAME C->K 

*$LAYER Main 

*$POSITION 148 362 

 

*------------------------------------------------------------------------------ 

 

 

* Model "Tank Temperatures" (Type 65) 

*  

 

UNIT 13 TYPE 65  Tank Temperatures 

*$UNIT_NAME Tank Temperatures 

*$MODEL .\Output\Online Plotter\Online Plotter Without File\Type65d.tmf 

*$POSITION 1095 261 

*$LAYER Outputs #  

PARAMETERS 12 

8  ! 1 Nb. of left-axis variables 

2  ! 2 Nb. of right-axis variables 

0.0  ! 3 Left axis minimum 

100  ! 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 10 

18,18   ! Main Tank:Tank nodal temperature-1 ->Left axis variable-1 

18,22   ! Main Tank:Tank nodal temperature-5 ->Left axis variable-2 
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18,27   ! Main Tank:Tank nodal temperature-10 ->Left axis variable-3 

18,32   ! Main Tank:Tank nodal temperature-15 ->Left axis variable-4 

18,37   ! Main Tank:Tank nodal temperature-20 ->Left axis variable-5 

2,1   ! 10L Tank:Temperature at outlet ->Left axis variable-6 

18,1   ! Main Tank:Temperature at outlet-1 ->Left axis variable-7 

18,23   ! Main Tank:Tank nodal temperature-6 ->Left axis variable-8 

Qaux  ! Aux heat capacity:Qaux ->Right axis variable-1 

0,0  ! [unconnected] Right axis variable-2 

*** INITIAL INPUT VALUES 

1 5 10 15 20 10L_Outlet Main_Outlet 6 Required MPP  

LABELS  3 

"Temperatures" 

"Heat transfer rates" 

"Graph 1" 

*------------------------------------------------------------------------------ 

 

* Model "Main Tank" (Type 534) 

*  

 

UNIT 18 TYPE 534  Main Tank 

*$UNIT_NAME Main Tank 

*$MODEL .\Storage Tank Library (TESS)\Cylindrical Storage Tank\Vertical 

Cylinder\Version without Plug-In\No HXs\Type534-NoHX.tmf 

*$POSITION 1037 367 

*$LAYER Main #  

*$# CYLINDRICAL STORAGE TANK 

PARAMETERS 62 

-1  ! 1 LU for data file 

20  ! 2 Number of tank nodes 

2  ! 3 Number of ports 

0  ! 4 Number of immersed heat exchangers 

0  ! 5 Number of miscellaneous heat flows 

.27  ! 6 Tank volume 

1.5  ! 7 Tank height 

0  ! 8 Tank fluid 

4.19  ! 9 Fluid specific heat 

1000  ! 10 Fluid density 

2.14  ! 11 Fluid thermal conductivity 

3.21  ! 12 Fluid viscosity 

0.00026  ! 13 Fluid thermal expansion coefficient 

5.0  ! 14 Top loss coefficient 

5.0  ! 15 Edge loss coefficient for node-1 

5.0  ! 16 Edge loss coefficient for node-2 

5.0  ! 17 Edge loss coefficient for node-3 

5.0  ! 18 Edge loss coefficient for node-4 

5.0  ! 19 Edge loss coefficient for node-5 

5.0  ! 20 Edge loss coefficient for node-6 

5.0  ! 21 Edge loss coefficient for node-7 

5.0  ! 22 Edge loss coefficient for node-8 

5.0  ! 23 Edge loss coefficient for node-9 

5.0  ! 24 Edge loss coefficient for node-10 

5.0  ! 25 Edge loss coefficient for node-11 

5.0  ! 26 Edge loss coefficient for node-12 

5.0  ! 27 Edge loss coefficient for node-13 

5.0  ! 28 Edge loss coefficient for node-14 

5.0  ! 29 Edge loss coefficient for node-15 

5.0  ! 30 Edge loss coefficient for node-16 

5.0  ! 31 Edge loss coefficient for node-17 

5.0  ! 32 Edge loss coefficient for node-18 

5.0  ! 33 Edge loss coefficient for node-19 

5.0  ! 34 Edge loss coefficient for node-20 

5.0  ! 35 Bottom loss coefficient 

0  ! 36 Additional thermal conductivity 
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1  ! 37 Inlet flow mode-1 

20  ! 38 Entry node-1 

1  ! 39 Exit node-1 

1  ! 40 Inlet flow mode-2 

6  ! 41 Entry node-2 

20  ! 42 Exit node-2 

0  ! 43 Flue loss coefficient for node-1 

0  ! 44 Flue loss coefficient for node-2 

0  ! 45 Flue loss coefficient for node-3 

0  ! 46 Flue loss coefficient for node-4 

0  ! 47 Flue loss coefficient for node-5 

0  ! 48 Flue loss coefficient for node-6 

0  ! 49 Flue loss coefficient for node-7 

0  ! 50 Flue loss coefficient for node-8 

0  ! 51 Flue loss coefficient for node-9 

0  ! 52 Flue loss coefficient for node-10 

0  ! 53 Flue loss coefficient for node-11 

0  ! 54 Flue loss coefficient for node-12 

0  ! 55 Flue loss coefficient for node-13 

0  ! 56 Flue loss coefficient for node-14 

0  ! 57 Flue loss coefficient for node-15 

0  ! 58 Flue loss coefficient for node-16 

0  ! 59 Flue loss coefficient for node-17 

0  ! 60 Flue loss coefficient for node-18 

0  ! 61 Flue loss coefficient for node-19 

0  ! 62 Flue loss coefficient for node-20 

INPUTS 48 

5,5   ! Type15-3:Mains water temperature ->Inlet temperature for port-1 

Draw  ! Draw:Draw ->Inlet flow rate for port-1 

2,1   ! 10L Tank:Temperature at outlet ->Inlet temperature for port-2 

2,2   ! 10L Tank:Flow rate at outlet ->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 

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 

Qaux  ! Aux heat capacity:Qaux ->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 
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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 20.0 0.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 

20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 -100 0.0 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0  

DERIVATIVES 20 

20  ! 1 Initial Tank Temperature-1 

20  ! 2 Initial Tank Temperature-2 

20  ! 3 Initial Tank Temperature-3 

20  ! 4 Initial Tank Temperature-4 

20  ! 5 Initial Tank Temperature-5 

20  ! 6 Initial Tank Temperature-6 

20  ! 7 Initial Tank Temperature-7 

20  ! 8 Initial Tank Temperature-8 

20  ! 9 Initial Tank Temperature-9 

20  ! 10 Initial Tank Temperature-10 

20  ! 11 Initial Tank Temperature-11 

20  ! 12 Initial Tank Temperature-12 

20  ! 13 Initial Tank Temperature-13 

20  ! 14 Initial Tank Temperature-14 

20  ! 15 Initial Tank Temperature-15 

20  ! 16 Initial Tank Temperature-16 

20  ! 17 Initial Tank Temperature-17 

20  ! 18 Initial Tank Temperature-18 

20  ! 19 Initial Tank Temperature-19 

20  ! 20 Initial Tank Temperature-20 

*------------------------------------------------------------------------------ 

 

* Model "Type3d" (Type 3) 

*  

 

UNIT 19 TYPE 3  Type3d 

*$UNIT_NAME Type3d 

*$MODEL .\Hydronics\Pumps\Single Speed\Type3d.tmf 

*$POSITION 930 389 

*$LAYER Main #  

PARAMETERS 4 

60  ! 1 Maximum flow rate 

4.190  ! 2 Fluid specific heat 

60  ! 3 Maximum power 

0.05  ! 4 Conversion coefficient 

INPUTS 3 

18,3   ! Main Tank:Temperature at outlet-2 ->Inlet fluid temperature 

18,4   ! Main Tank:Flow rate at outlet-2 ->Inlet mass flow rate 

28,1   ! Type2b:Output control function ->Control signal 

*** INITIAL INPUT VALUES 

20.0 100.0 1.0  

*------------------------------------------------------------------------------ 

 

* Model "Aux heater Aquastat" (Type 2) 

*  
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UNIT 20 TYPE 2  Aux heater Aquastat 

*$UNIT_NAME Aux heater Aquastat 

*$MODEL .\Controllers\Aquastat\Heating Mode\Type2-AquastatH.tmf 

*$POSITION 971 634 

*$LAYER Main #  

*$# NOTE: This controller can only be used with solver 0 (Successive substitution) 

*$#  

PARAMETERS 2 

5  ! 1 No. of oscillations 

80  ! 2 Safety limit temperature 

INPUTS 6 

0,0  ! [unconnected] Setpoint temperature 

18,1   ! Main Tank:Temperature at outlet-1 ->Temperature to watch 

0,0  ! [unconnected] High limit monitoring temperature 

20,1   ! Aux heater Aquastat:Output control function ->Input control function--

>Connect from output control signal 

0,0  ! [unconnected] Turn on temperature difference 

0,0  ! [unconnected] Turn off temperature difference 

*** INITIAL INPUT VALUES 

50 10.0 60 0 1 -1  

*------------------------------------------------------------------------------ 

 

* EQUATIONS "Aux heat capacity" 

*  

EQUATIONS 1 

Qaux = [20,1]*16200 

*$UNIT_NAME Aux heat capacity 

*$LAYER Main 

*$POSITION 824 570 

 

*------------------------------------------------------------------------------ 

 

 

* Model "Draw Profile" (Type 14) 

*  

 

UNIT 23 TYPE 14  Draw Profile 

*$UNIT_NAME Draw Profile 

*$MODEL .\Utility\Forcing Functions\Water Draw\Type14b.tmf 

*$POSITION 940 568 

*$LAYER Main #  

PARAMETERS 108 

0  ! 1 Initial value of time 

0  ! 2 Initial value of function 

7  ! 3 Time at point-1 

0  ! 4 Water draw at point -1 

7  ! 5 Time at point-2 

0.177777778  ! 6 Water draw at point -2 

7.25  ! 7 Time at point-3 

0.177777778  ! 8 Water draw at point -3 

7.25  ! 9 Time at point-4 

0  ! 10 Water draw at point -4 

8  ! 11 Time at point-5 

0  ! 12 Water draw at point -5 

8  ! 13 Time at point-6 

0.444444444  ! 14 Water draw at point -6 

8.25  ! 15 Time at point-7 

0.444444444  ! 16 Water draw at point -7 

8.25  ! 17 Time at point-8 

0  ! 18 Water draw at point -8 

9  ! 19 Time at point-9 

0  ! 20 Water draw at point -9 

9  ! 21 Time at point-10 



 

155 

 

0.088888889  ! 22 Water draw at point -10 

9.25  ! 23 Time at point-11 

0.088888889  ! 24 Water draw at point -11 

9.25  ! 25 Time at point-12 

0  ! 26 Water draw at point -12 

10  ! 27 Time at point-13 

0  ! 28 Water draw at point -13 

10  ! 29 Time at point-14 

0.8  ! 30 Water draw at point -14 

10.25  ! 31 Time at point-15 

0.8  ! 32 Water draw at point -15 

10.25  ! 33 Time at point-16 

0  ! 34 Water draw at point -16 

11  ! 35 Time at point-17 

0  ! 36 Water draw at point -17 

11  ! 37 Time at point-18 

0.088888889  ! 38 Water draw at point -18 

11.25  ! 39 Time at point-19 

0.088888889  ! 40 Water draw at point -19 

11.25  ! 41 Time at point-20 

0  ! 42 Water draw at point -20 

12  ! 43 Time at point-21 

0  ! 44 Water draw at point -21 

12  ! 45 Time at point-22 

0.177777778  ! 46 Water draw at point -22 

12.25  ! 47 Time at point-23 

0.177777778  ! 48 Water draw at point -23 

12.25  ! 49 Time at point-24 

0  ! 50 Water draw at point -24 

13  ! 51 Time at point-25 

0  ! 52 Water draw at point -25 

13  ! 53 Time at point-26 

0.088888889  ! 54 Water draw at point -26 

13.25  ! 55 Time at point-27 

0.088888889  ! 56 Water draw at point -27 

13.25  ! 57 Time at point-28 

0  ! 58 Water draw at point -28 

16  ! 59 Time at point-29 

0  ! 60 Water draw at point -29 

16  ! 61 Time at point-30 

0.177777778  ! 62 Water draw at point -30 

16.25  ! 63 Time at point-31 

0.177777778  ! 64 Water draw at point -31 

16.25  ! 65 Time at point-32 

0  ! 66 Water draw at point -32 

17  ! 67 Time at point-33 

0  ! 68 Water draw at point -33 

17  ! 69 Time at point-34 

0.444444444  ! 70 Water draw at point -34 

17.25  ! 71 Time at point-35 

0.444444444  ! 72 Water draw at point -35 

17.25  ! 73 Time at point-36 

0  ! 74 Water draw at point -36 

18  ! 75 Time at point-37 

0  ! 76 Water draw at point -37 

18  ! 77 Time at point-38 

0.8  ! 78 Water draw at point -38 

18.25  ! 79 Time at point-39 

0.8  ! 80 Water draw at point -39 

18.25  ! 81 Time at point-40 

0  ! 82 Water draw at point -40 

19  ! 83 Time at point-41 

0  ! 84 Water draw at point -41 
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19  ! 85 Time at point-42 

0.444444444  ! 86 Water draw at point -42 

19.25  ! 87 Time at point-43 

0.444444444  ! 88 Water draw at point -43 

19.25  ! 89 Time at point-44 

0  ! 90 Water draw at point -44 

20  ! 91 Time at point-45 

0  ! 92 Water draw at point -45 

20  ! 93 Time at point-46 

0.177777778  ! 94 Water draw at point -46 

20.25  ! 95 Time at point-47 

0.177777778  ! 96 Water draw at point -47 

20.25  ! 97 Time at point-48 

0  ! 98 Water draw at point -48 

21  ! 99 Time at point-49 

0  ! 100 Water draw at point -49 

21  ! 101 Time at point-50 

0.088888889  ! 102 Water draw at point -50 

21.25  ! 103 Time at point-51 

0.088888889  ! 104 Water draw at point -51 

21.25  ! 105 Time at point-52 

0  ! 106 Water draw at point -52 

24  ! 107 Time at point-53 

0  ! 108 Water draw at point -53 

*------------------------------------------------------------------------------ 

 

* EQUATIONS "Draw" 

*  

EQUATIONS 2 

DailyLoad = 325 

Draw = DailyLoad*[23,2] 

*$UNIT_NAME Draw 

*$LAYER Main 

*$POSITION 1042 568 

 

*------------------------------------------------------------------------------ 

 

 

* Model "Type2b" (Type 2) 

*  

 

UNIT 28 TYPE 2  Type2b 

*$UNIT_NAME Type2b 

*$MODEL .\Controllers\Differential Controller w_ Hysteresis\for Temperatures\Solver 0 

(Successive Substitution) Control Strategy\Type2b.tmf 

*$POSITION 824 239 

*$LAYER Controls #  

*$# NOTE: This control strategy can only be used with solver 0 (Successive 

substitution) 

*$#  

PARAMETERS 2 

5  ! 1 No. of oscillations 

100  ! 2 High limit cut-out 

INPUTS 6 

2,1   ! 10L Tank:Temperature at outlet ->Upper input temperature Th 

18,3   ! Main Tank:Temperature at outlet-2 ->Lower input temperature Tl 

0,0  ! [unconnected] Monitoring temperature Tin 

28,1   ! 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 10.0 100 0 35 22  

*------------------------------------------------------------------------------ 
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* Model "Type48a" (Type 48) 

*  

 

UNIT 27 TYPE 48  Type48a 

*$UNIT_NAME Type48a 

*$MODEL .\Electrical\Regulators and Inverters\System w_o battery storage\Type48a.tmf 

*$POSITION 420 367 

*$LAYER Main #  

PARAMETERS 2 

0  ! 1 Mode 

0.90  ! 2 Efficiency 

INPUTS 2 

kJperHr  ! W->kJ/hr:kJperHr ->Input power 

kJperHr  ! W->kJ/hr:kJperHr ->Load power 

*** INITIAL INPUT VALUES 

0 0  

*------------------------------------------------------------------------------ 

 

* Model "Monthly Integrator" (Type 24) 

*  

 

UNIT 29 TYPE 24  Monthly Integrator 

*$UNIT_NAME Monthly Integrator 

*$MODEL .\Utility\Integrators\Quantity Integrator\Type24.tmf 

*$POSITION 956 709 

*$LAYER Outputs #  

PARAMETERS 2 

-1  ! 1 Integration period 

0  ! 2 Relative or absolute start time 

INPUTS 3 

Qaux  ! Aux heat capacity:Qaux ->Qaux-1 

18,7   ! Main Tank:Energy delivered to flow -1 ->Qload-2 

Qin  ! Resistor Capacity:Qin ->Qelec-3 

*** INITIAL INPUT VALUES 

0.0 0.0 0.0  

*------------------------------------------------------------------------------ 

 

* Model "Monthly SF" (Type 25) 

*  

 

UNIT 30 TYPE 25  Monthly SF 

*$UNIT_NAME Monthly SF 

*$MODEL \Trnsys17\Studio\lib\System_Output\Type25a.tmf 

*$POSITION 958 815 

*$LAYER Outputs #  

PARAMETERS 10 

-1  ! 1 Printing interval 

START  ! 2 Start time 

STOP  ! 3 Stop time 

47  ! 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 3 

29,1   ! Monthly Integrator:Result of integration-1 ->Input to be printed-1 

29,2   ! Monthly Integrator:Result of integration-2 ->Input to be printed-2 

29,3   ! Monthly Integrator:Result of integration-3 ->Input to be printed-3 

*** INITIAL INPUT VALUES 

Qaux Qload Qelec  
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*** External files 

ASSIGN "sidearm heater.out" 47 

*|? Which file should contain the printed results? You can use the deck filename by 

entering "***", e.g. "***.out", or "***.dat"  |1000 

*------------------------------------------------------------------------------ 

 

* Model "Annual SF" (Type 25) 

*  

 

UNIT 34 TYPE 25  Annual SF 

*$UNIT_NAME Annual SF 

*$MODEL \Trnsys17\Studio\lib\System_Output\Type25a.tmf 

*$POSITION 1105 815 

*$LAYER Main #  

PARAMETERS 10 

24  ! 1 Printing interval 

START  ! 2 Start time 

STOP  ! 3 Stop time 

48  ! 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 3 

35,1   ! Annual Integrator:Result of integration-1 ->Input to be printed-1 

35,2   ! Annual Integrator:Result of integration-2 ->Input to be printed-2 

35,3   ! Annual Integrator:Result of integration-3 ->Input to be printed-3 

*** INITIAL INPUT VALUES 

Qaux Qload Qelec  

*** External files 

ASSIGN "annual.out" 48 

*|? Which file should contain the printed results? You can use the deck filename by 

entering "***", e.g. "***.out", or "***.dat"  |1000 

*------------------------------------------------------------------------------ 

 

* Model "Annual Integrator" (Type 24) 

*  

 

UNIT 35 TYPE 24  Annual Integrator 

*$UNIT_NAME Annual Integrator 

*$MODEL .\Utility\Integrators\Quantity Integrator\Type24.tmf 

*$POSITION 1102 719 

*$LAYER Main #  

PARAMETERS 2 

24  ! 1 Integration period 

0  ! 2 Relative or absolute start time 

INPUTS 3 

aux_total  ! Total Aux Energy:aux_total ->Auxiliary-1 

18,7   ! Main Tank:Energy delivered to flow -1 ->Load-2 

Qin  ! Resistor Capacity:Qin ->Qelec-3 

*** INITIAL INPUT VALUES 

0.0 0.0 0.0  

*------------------------------------------------------------------------------ 

 

* Model "Collector Integrator" (Type 24) 

*  

 

UNIT 36 TYPE 24  Collector Integrator 

*$UNIT_NAME Collector Integrator 

*$MODEL .\Utility\Integrators\Quantity Integrator\Type24.tmf 

*$POSITION 156 495 
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*$LAYER Main #  

PARAMETERS 2 

-1  ! 1 Integration period 

0  ! 2 Relative or absolute start time 

INPUTS 2 

5,24   ! Type15-3:Total tilted surface radiation for surface ->G-1 

10,4   ! Type94a:Power at maximum power point ->Pmp-2 

*** INITIAL INPUT VALUES 

0.0 0.0  

*------------------------------------------------------------------------------ 

 

* EQUATIONS "Efficiency, PES" 

*  

EQUATIONS 3 

A = 13.5 

eta = [36,2]/(([36,1]/3.6)*A+0.00000000000000001) 

PES = eta/.39 

*$UNIT_NAME Efficiency, PES 

*$LAYER Main 

*$POSITION 304 495 

 

*------------------------------------------------------------------------------ 

 

 

* Model "Evaluation" (Type 25) 

*  

 

UNIT 32 TYPE 25  Evaluation 

*$UNIT_NAME Evaluation 

*$MODEL \Trnsys17\Studio\lib\System_Output\Type25a.tmf 

*$POSITION 433 495 

*$LAYER Main #  

PARAMETERS 10 

-1  ! 1 Printing interval 

START  ! 2 Start time 

STOP  ! 3 Stop time 

49  ! 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 2 

eta  ! Efficiency, PES:eta ->Input to be printed-1 

PES  ! Efficiency, PES:PES ->Input to be printed-2 

*** INITIAL INPUT VALUES 

Efficiency PES  

*** External files 

ASSIGN "Evaluation.out" 49 

*|? Which file should contain the printed results? You can use the deck filename by 

entering "***", e.g. "***.out", or "***.dat"  |1000 

*------------------------------------------------------------------------------ 

 

* EQUATIONS "Total Aux Energy" 

*  

EQUATIONS 1 

aux_total = Qaux+[19,3] 

*$UNIT_NAME Total Aux Energy 

*$LAYER Main 

*$POSITION 1026 453 

 

*------------------------------------------------------------------------------ 
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* Model "Stratification" (Type 25) 

*  

 

UNIT 33 TYPE 25  Stratification 

*$UNIT_NAME Stratification 

*$MODEL .\Output\Printer\Unformatted\TRNSYS-Supplied Units\Type25a.tmf 

*$POSITION 1132 427 

*$LAYER Main #  

PARAMETERS 10 

STEP  ! 1 Printing interval 

4344  ! 2 Start time 

4368  ! 3 Stop time 

62  ! 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 6 

18,18   ! Main Tank:Tank nodal temperature-1 ->Input to be printed-1 

18,22   ! Main Tank:Tank nodal temperature-5 ->Input to be printed-2 

18,23   ! Main Tank:Tank nodal temperature-6 ->Input to be printed-3 

18,27   ! Main Tank:Tank nodal temperature-10 ->Input to be printed-4 

18,32   ! Main Tank:Tank nodal temperature-15 ->Input to be printed-5 

18,37   ! Main Tank:Tank nodal temperature-20 ->Input to be printed-6 

*** INITIAL INPUT VALUES 

1 5 6 10 15 20  

*** External files 

ASSIGN "stratification.out" 62 

*|? Output File for printed results |1000 

*------------------------------------------------------------------------------ 

 

END  



 

161 

 

E.3 Solar Thermal 

VERSION 17 

******************************************************************************* 

*** TRNSYS input file (deck) generated by TrnsysStudio 

*** on Sunday, April 24, 2016 at 00:28 

*** from TrnsysStudio project: C:\Trnsys17\MyProjects\SDHW\SDHW.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=0.049999999 

SIMULATION   START  STOP  STEP ! Start time End time Time step 

TOLERANCES 0.001 0.001   ! Integration  Convergence 

LIMITS 30 500 50    ! 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 

* User defined CONSTANTS  

 

 

* Model "Main Tank" (Type 534) 

*  

 

UNIT 4 TYPE 534  Main Tank 

*$UNIT_NAME Main Tank 

*$MODEL .\Storage Tank Library (TESS)\Cylindrical Storage Tank\Vertical 

Cylinder\Version without Plug-In\No HXs\Type534-NoHX.tmf 

*$POSITION 814 447 

*$LAYER Main #  

*$# CYLINDRICAL STORAGE TANK 

PARAMETERS 62 

-1  ! 1 LU for data file 

20  ! 2 Number of tank nodes 

2  ! 3 Number of ports 

0  ! 4 Number of immersed heat exchangers 

0  ! 5 Number of miscellaneous heat flows 

.27  ! 6 Tank volume 

1.5  ! 7 Tank height 
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0  ! 8 Tank fluid 

4.19  ! 9 Fluid specific heat 

1000  ! 10 Fluid density 

2.14  ! 11 Fluid thermal conductivity 

3.21  ! 12 Fluid viscosity 

0.00026  ! 13 Fluid thermal expansion coefficient 

5.0  ! 14 Top loss coefficient 

5.0  ! 15 Edge loss coefficient for node-1 

5.0  ! 16 Edge loss coefficient for node-2 

5.0  ! 17 Edge loss coefficient for node-3 

5.0  ! 18 Edge loss coefficient for node-4 

5.0  ! 19 Edge loss coefficient for node-5 

5.0  ! 20 Edge loss coefficient for node-6 

5.0  ! 21 Edge loss coefficient for node-7 

5.0  ! 22 Edge loss coefficient for node-8 

5.0  ! 23 Edge loss coefficient for node-9 

5.0  ! 24 Edge loss coefficient for node-10 

5.0  ! 25 Edge loss coefficient for node-11 

5.0  ! 26 Edge loss coefficient for node-12 

5.0  ! 27 Edge loss coefficient for node-13 

5.0  ! 28 Edge loss coefficient for node-14 

5.0  ! 29 Edge loss coefficient for node-15 

5.0  ! 30 Edge loss coefficient for node-16 

5.0  ! 31 Edge loss coefficient for node-17 

5.0  ! 32 Edge loss coefficient for node-18 

5.0  ! 33 Edge loss coefficient for node-19 

5.0  ! 34 Edge loss coefficient for node-20 

5.0  ! 35 Bottom loss coefficient 

0  ! 36 Additional thermal conductivity 

1  ! 37 Inlet flow mode-1 

20  ! 38 Entry node-1 

1  ! 39 Exit node-1 

1  ! 40 Inlet flow mode-2 

6  ! 41 Entry node-2 

20  ! 42 Exit node-2 

0  ! 43 Flue loss coefficient for node-1 

0  ! 44 Flue loss coefficient for node-2 

0  ! 45 Flue loss coefficient for node-3 

0  ! 46 Flue loss coefficient for node-4 

0  ! 47 Flue loss coefficient for node-5 

0  ! 48 Flue loss coefficient for node-6 

0  ! 49 Flue loss coefficient for node-7 

0  ! 50 Flue loss coefficient for node-8 

0  ! 51 Flue loss coefficient for node-9 

0  ! 52 Flue loss coefficient for node-10 

0  ! 53 Flue loss coefficient for node-11 

0  ! 54 Flue loss coefficient for node-12 

0  ! 55 Flue loss coefficient for node-13 

0  ! 56 Flue loss coefficient for node-14 

0  ! 57 Flue loss coefficient for node-15 

0  ! 58 Flue loss coefficient for node-16 

0  ! 59 Flue loss coefficient for node-17 

0  ! 60 Flue loss coefficient for node-18 

0  ! 61 Flue loss coefficient for node-19 

0  ! 62 Flue loss coefficient for node-20 

INPUTS 48 

16,5   ! Type15-3:Mains water temperature ->Inlet temperature for port-1 

Draw  ! Draw:Draw ->Inlet flow rate for port-1 

6,3   ! Type91:Load side outlet temperature ->Inlet temperature for port-2 

6,4   ! Type91:Load side flow rate ->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 
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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 

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 

aux  ! Aux heat capacity:aux ->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 20.0 0.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 

20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 -100 0.0 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0  

DERIVATIVES 20 

20  ! 1 Initial Tank Temperature-1 

20  ! 2 Initial Tank Temperature-2 

20  ! 3 Initial Tank Temperature-3 

20  ! 4 Initial Tank Temperature-4 

20  ! 5 Initial Tank Temperature-5 

20  ! 6 Initial Tank Temperature-6 

20  ! 7 Initial Tank Temperature-7 

20  ! 8 Initial Tank Temperature-8 

20  ! 9 Initial Tank Temperature-9 

20  ! 10 Initial Tank Temperature-10 

20  ! 11 Initial Tank Temperature-11 

20  ! 12 Initial Tank Temperature-12 

20  ! 13 Initial Tank Temperature-13 

20  ! 14 Initial Tank Temperature-14 

20  ! 15 Initial Tank Temperature-15 

20  ! 16 Initial Tank Temperature-16 

20  ! 17 Initial Tank Temperature-17 
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20  ! 18 Initial Tank Temperature-18 

20  ! 19 Initial Tank Temperature-19 

20  ! 20 Initial Tank Temperature-20 

*------------------------------------------------------------------------------ 

 

* Model "Motor" (Type 3) 

*  

 

UNIT 5 TYPE 3  Motor 

*$UNIT_NAME Motor 

*$MODEL .\Hydronics\Pumps\Single Speed\Type3d.tmf 

*$POSITION 655 485 

*$LAYER Main #  

PARAMETERS 4 

60  ! 1 Maximum flow rate 

4.190  ! 2 Fluid specific heat 

60  ! 3 Maximum power 

0.05  ! 4 Conversion coefficient 

INPUTS 3 

4,3   ! Main Tank:Temperature at outlet-2 ->Inlet fluid temperature 

4,4   ! Main Tank:Flow rate at outlet-2 ->Inlet mass flow rate 

11,1   ! Type2b:Output control function ->Control signal 

*** INITIAL INPUT VALUES 

20.0 100.0 1.0  

*------------------------------------------------------------------------------ 

 

* Model "Type91" (Type 91) 

*  

 

UNIT 6 TYPE 91  Type91 

*$UNIT_NAME Type91 

*$MODEL .\Heat Exchangers\Constant Effectiveness\Type91.tmf 

*$POSITION 505 431 

*$LAYER Main #  

PARAMETERS 3 

.85  ! 1 Heat exchanger effectiveness 

3.56  ! 2 Specific heat of source side fluid 

4.19  ! 3 Specific heat of load side fluid 

INPUTS 4 

29,1   ! Type31-2:Outlet temperature ->Source side inlet temperature 

29,2   ! Type31-2:Outlet flow rate ->Source side flow rate 

5,1   ! Motor:Outlet fluid temperature ->Load side inlet temperature 

5,2   ! Motor:Outlet flow rate ->Load side flow rate 

*** INITIAL INPUT VALUES 

20.0 100.0 20.0 100.0  

*------------------------------------------------------------------------------ 

 

* Model "Motor 2" (Type 3) 

*  

 

UNIT 7 TYPE 3  Motor 2 

*$UNIT_NAME Motor 2 

*$MODEL .\Hydronics\Pumps\Single Speed\Type3d.tmf 

*$POSITION 388 506 

*$LAYER Main #  

PARAMETERS 4 

60.00  ! 1 Maximum flow rate 

3.56  ! 2 Fluid specific heat 

60  ! 3 Maximum power 

0.05  ! 4 Conversion coefficient 

INPUTS 3 

6,1   ! Type91:Source-side outlet temperature ->Inlet fluid temperature 

6,2   ! Type91:Source side flow rate ->Inlet mass flow rate 
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11,1   ! Type2b:Output control function ->Control signal 

*** INITIAL INPUT VALUES 

20.0 100.0 1.0  

*------------------------------------------------------------------------------ 

 

* EQUATIONS "Aux heat capacity" 

*  

EQUATIONS 1 

aux = [10,1]*13000 

*$UNIT_NAME Aux heat capacity 

*$LAYER Main 

*$POSITION 656 623 

 

*------------------------------------------------------------------------------ 

 

 

* Model "Tank Temperatures" (Type 65) 

*  

 

UNIT 9 TYPE 65  Tank Temperatures 

*$UNIT_NAME Tank Temperatures 

*$MODEL .\Output\Online Plotter\Online Plotter Without File\Type65d.tmf 

*$POSITION 1022 335 

*$LAYER Main #  

PARAMETERS 12 

6  ! 1 Nb. of left-axis variables 

2  ! 2 Nb. of right-axis variables 

0.0  ! 3 Left axis minimum 

100  ! 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 8 

4,18   ! Main Tank:Tank nodal temperature-1 ->Left axis variable-1 

4,22   ! Main Tank:Tank nodal temperature-5 ->Left axis variable-2 

4,27   ! Main Tank:Tank nodal temperature-10 ->Left axis variable-3 

4,32   ! Main Tank:Tank nodal temperature-15 ->Left axis variable-4 

4,37   ! Main Tank:Tank nodal temperature-20 ->Left axis variable-5 

4,1   ! Main Tank:Temperature at outlet-1 ->Left axis variable-6 

aux  ! Aux heat capacity:aux ->Right axis variable-1 

0,0  ! [unconnected] Right axis variable-2 

*** INITIAL INPUT VALUES 

1 5 10 15 20 Main_Outlet Required Rate  

LABELS  3 

"Temperatures" 

"Heat transfer rates" 

"Graph 1" 

*------------------------------------------------------------------------------ 

 

* Model "Type2-AquastatH" (Type 2) 

*  

 

UNIT 10 TYPE 2  Type2-AquastatH 

*$UNIT_NAME Type2-AquastatH 

*$MODEL .\Controllers\Aquastat\Heating Mode\Type2-AquastatH.tmf 

*$POSITION 790 623 

*$LAYER Main #  

*$# NOTE: This controller can only be used with solver 0 (Successive substitution) 
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*$#  

PARAMETERS 2 

5  ! 1 No. of oscillations 

80  ! 2 Safety limit temperature 

INPUTS 6 

0,0  ! [unconnected] Setpoint temperature 

4,1   ! Main Tank:Temperature at outlet-1 ->Temperature to watch 

0,0  ! [unconnected] High limit monitoring temperature 

10,1   ! Type2-AquastatH:Output control function ->Input control function--

>Connect from output control signal 

0,0  ! [unconnected] Turn on temperature difference 

0,0  ! [unconnected] Turn off temperature difference 

*** INITIAL INPUT VALUES 

50 10.0 60 0 1 -1  

*------------------------------------------------------------------------------ 

 

* Model "Type2b" (Type 2) 

*  

 

UNIT 11 TYPE 2  Type2b 

*$UNIT_NAME Type2b 

*$MODEL .\Controllers\Differential Controller w_ Hysteresis\for Temperatures\Solver 0 

(Successive Substitution) Control Strategy\Type2b.tmf 

*$POSITION 666 271 

*$LAYER Main #  

*$# NOTE: This control strategy can only be used with solver 0 (Successive 

substitution) 

*$#  

PARAMETERS 2 

5  ! 1 No. of oscillations 

100  ! 2 High limit cut-out 

INPUTS 6 

25,1   ! Type1c:Outlet temperature ->Upper input temperature Th 

4,3   ! Main Tank:Temperature at outlet-2 ->Lower input temperature Tl 

0,0  ! [unconnected] Monitoring temperature Tin 

11,1   ! 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 10.0 100 0 12 5  

*------------------------------------------------------------------------------ 

 

* EQUATIONS "Draw" 

*  

EQUATIONS 2 

DailyLoad = 325 

Draw = DailyLoad*[13,2] 

*$UNIT_NAME Draw 

*$LAYER Main 

*$POSITION 852 557 

 

*------------------------------------------------------------------------------ 

 

 

* Model "Draw Profile" (Type 14) 

*  

 

UNIT 13 TYPE 14  Draw Profile 

*$UNIT_NAME Draw Profile 

*$MODEL .\Utility\Forcing Functions\Water Draw\Type14b.tmf 

*$POSITION 707 557 

*$LAYER Main #  

PARAMETERS 108 
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0  ! 1 Initial value of time 

0  ! 2 Initial value of function 

7  ! 3 Time at point-1 

0  ! 4 Water draw at point -1 

7  ! 5 Time at point-2 

0.177777778  ! 6 Water draw at point -2 

7.25  ! 7 Time at point-3 

0.177777778  ! 8 Water draw at point -3 

7.25  ! 9 Time at point-4 

0  ! 10 Water draw at point -4 

8  ! 11 Time at point-5 

0  ! 12 Water draw at point -5 

8  ! 13 Time at point-6 

0.444444444  ! 14 Water draw at point -6 

8.25  ! 15 Time at point-7 

0.444444444  ! 16 Water draw at point -7 

8.25  ! 17 Time at point-8 

0  ! 18 Water draw at point -8 

9  ! 19 Time at point-9 

0  ! 20 Water draw at point -9 

9  ! 21 Time at point-10 

0.088888889  ! 22 Water draw at point -10 

9.25  ! 23 Time at point-11 

0.088888889  ! 24 Water draw at point -11 

9.25  ! 25 Time at point-12 

0  ! 26 Water draw at point -12 

10  ! 27 Time at point-13 

0  ! 28 Water draw at point -13 

10  ! 29 Time at point-14 

0.8  ! 30 Water draw at point -14 

10.25  ! 31 Time at point-15 

0.8  ! 32 Water draw at point -15 

10.25  ! 33 Time at point-16 

0  ! 34 Water draw at point -16 

11  ! 35 Time at point-17 

0  ! 36 Water draw at point -17 

11  ! 37 Time at point-18 

0.088888889  ! 38 Water draw at point -18 

11.25  ! 39 Time at point-19 

0.088888889  ! 40 Water draw at point -19 

11.25  ! 41 Time at point-20 

0  ! 42 Water draw at point -20 

12  ! 43 Time at point-21 

0  ! 44 Water draw at point -21 

12  ! 45 Time at point-22 

0.177777778  ! 46 Water draw at point -22 

12.25  ! 47 Time at point-23 

0.177777778  ! 48 Water draw at point -23 

12.25  ! 49 Time at point-24 

0  ! 50 Water draw at point -24 

13  ! 51 Time at point-25 

0  ! 52 Water draw at point -25 

13  ! 53 Time at point-26 

0.088888889  ! 54 Water draw at point -26 

13.25  ! 55 Time at point-27 

0.088888889  ! 56 Water draw at point -27 

13.25  ! 57 Time at point-28 

0  ! 58 Water draw at point -28 

16  ! 59 Time at point-29 

0  ! 60 Water draw at point -29 

16  ! 61 Time at point-30 

0.177777778  ! 62 Water draw at point -30 

16.25  ! 63 Time at point-31 
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0.177777778  ! 64 Water draw at point -31 

16.25  ! 65 Time at point-32 

0  ! 66 Water draw at point -32 

17  ! 67 Time at point-33 

0  ! 68 Water draw at point -33 

17  ! 69 Time at point-34 

0.444444444  ! 70 Water draw at point -34 

17.25  ! 71 Time at point-35 

0.444444444  ! 72 Water draw at point -35 

17.25  ! 73 Time at point-36 

0  ! 74 Water draw at point -36 

18  ! 75 Time at point-37 

0  ! 76 Water draw at point -37 

18  ! 77 Time at point-38 

0.8  ! 78 Water draw at point -38 

18.25  ! 79 Time at point-39 

0.8  ! 80 Water draw at point -39 

18.25  ! 81 Time at point-40 

0  ! 82 Water draw at point -40 

19  ! 83 Time at point-41 

0  ! 84 Water draw at point -41 

19  ! 85 Time at point-42 

0.444444444  ! 86 Water draw at point -42 

19.25  ! 87 Time at point-43 

0.444444444  ! 88 Water draw at point -43 

19.25  ! 89 Time at point-44 

0  ! 90 Water draw at point -44 

20  ! 91 Time at point-45 

0  ! 92 Water draw at point -45 

20  ! 93 Time at point-46 

0.177777778  ! 94 Water draw at point -46 

20.25  ! 95 Time at point-47 

0.177777778  ! 96 Water draw at point -47 

20.25  ! 97 Time at point-48 

0  ! 98 Water draw at point -48 

21  ! 99 Time at point-49 

0  ! 100 Water draw at point -49 

21  ! 101 Time at point-50 

0.088888889  ! 102 Water draw at point -50 

21.25  ! 103 Time at point-51 

0.088888889  ! 104 Water draw at point -51 

21.25  ! 105 Time at point-52 

0  ! 106 Water draw at point -52 

24  ! 107 Time at point-53 

0  ! 108 Water draw at point -53 

*------------------------------------------------------------------------------ 

 

* Model "AUX integrator" (Type 24) 

*  

 

UNIT 14 TYPE 24  AUX integrator 

*$UNIT_NAME AUX integrator 

*$MODEL .\Utility\Integrators\Quantity Integrator\Type24.tmf 

*$POSITION 980 666 

*$LAYER Main #  

PARAMETERS 2 

STOP  ! 1 Integration period 

0  ! 2 Relative or absolute start time 

INPUTS 2 

aux_total  ! Total Aux Energy:aux_total ->Auxiliary-1 

4,7   ! Main Tank:Energy delivered to flow -1 ->Load-2 

*** INITIAL INPUT VALUES 

0.0 0.0  
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*------------------------------------------------------------------------------ 

 

* Model "Solar Fraction" (Type 25) 

*  

 

UNIT 15 TYPE 25  Solar Fraction 

*$UNIT_NAME Solar Fraction 

*$MODEL \Trnsys17\Studio\lib\System_Output\Type25a.tmf 

*$POSITION 1103 666 

*$LAYER Main #  

PARAMETERS 10 

24  ! 1 Printing interval 

START  ! 2 Start time 

STOP  ! 3 Stop time 

49  ! 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 2 

14,1   ! AUX integrator:Result of integration-1 ->Input to be printed-1 

14,2   ! AUX integrator:Result of integration-2 ->Input to be printed-2 

*** INITIAL INPUT VALUES 

Qaux Qload  

*** External files 

ASSIGN "annual.out" 49 

*|? Which file should contain the printed results? You can use the deck filename by 

entering "***", e.g. "***.out", or "***.dat"  |1000 

*------------------------------------------------------------------------------ 

 

* Model "Type15-3" (Type 15) 

*  

 

UNIT 16 TYPE 15  Type15-3 

*$UNIT_NAME Type15-3 

*$MODEL .\Weather Data Reading and Processing\Standard Format\Energy+ Weather Files 

(EPW)\Type15-3.tmf 

*$POSITION 30 474 

*$LAYER Main #  

PARAMETERS 9 

3  ! 1 File Type 

50  ! 2 Logical unit 

5  ! 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 

0  ! 9 Azimuth of surface 

*** External files 

ASSIGN "C:\Trnsys17\Weather\CWEC\CAN_ON_Toronto_CWEC.epw" 50 

*|? Which file contains the Energy+ weather data? |1000 

*------------------------------------------------------------------------------ 

 

* Model "Solar Power" (Type 65) 

*  

 

UNIT 17 TYPE 65  Solar Power 

*$UNIT_NAME Solar Power 

*$MODEL .\Output\Online Plotter\Online Plotter Without File\Type65d.tmf 

*$POSITION 245 271 
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*$LAYER Main #  

PARAMETERS 12 

4  ! 1 Nb. of left-axis variables 

2  ! 2 Nb. of right-axis variables 

0.0  ! 3 Left axis minimum 

1000.0  ! 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 6 

16,25   ! Type15-3:Beam radiation for surface ->Left axis variable-1 

16,28   ! Type15-3:Total diffuse radiation for surface ->Left axis variable-2 

25,3   ! Type1c:Useful energy gain ->Left axis variable-3 

0,0  ! [unconnected] Left axis variable-4 

0,0  ! [unconnected] Right axis variable-1 

0,0  ! [unconnected] Right axis variable-2 

*** INITIAL INPUT VALUES 

Beam Diffuse Useful_Energy Electrical_Output label label  

LABELS  3 

"Temperatures" 

"Heat transfer rates" 

"Graph 1" 

*------------------------------------------------------------------------------ 

 

* EQUATIONS "Total Aux Energy" 

*  

EQUATIONS 1 

aux_total = aux+[5,3]+[7,3] 

*$UNIT_NAME Total Aux Energy 

*$LAYER Main 

*$POSITION 527 687 

 

*------------------------------------------------------------------------------ 

 

 

* Model "Monthly SF" (Type 25) 

*  

 

UNIT 21 TYPE 25  Monthly SF 

*$UNIT_NAME Monthly SF 

*$MODEL \Trnsys17\Studio\lib\System_Output\Type25a.tmf 

*$POSITION 1109 602 

*$LAYER Main #  

PARAMETERS 10 

-1  ! 1 Printing interval 

START  ! 2 Start time 

STOP  ! 3 Stop time 

51  ! 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 3 

22,1   ! Monthly Integrator:Result of integration-1 ->Input to be printed-1 

22,2   ! Monthly Integrator:Result of integration-2 ->Input to be printed-2 

22,3   ! Monthly Integrator:Result of integration-3 ->Input to be printed-3 
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*** INITIAL INPUT VALUES 

Qaux Qload Qtherm  

*** External files 

ASSIGN "SDHW.out" 51 

*|? Which file should contain the printed results? You can use the deck filename by 

entering "***", e.g. "***.out", or "***.dat"  |1000 

*------------------------------------------------------------------------------ 

 

* Model "Monthly Integrator" (Type 24) 

*  

 

UNIT 22 TYPE 24  Monthly Integrator 

*$UNIT_NAME Monthly Integrator 

*$MODEL .\Utility\Integrators\Quantity Integrator\Type24.tmf 

*$POSITION 990 602 

*$LAYER Main #  

PARAMETERS 2 

-1  ! 1 Integration period 

0  ! 2 Relative or absolute start time 

INPUTS 3 

aux_total  ! Total Aux Energy:aux_total ->Aux-1 

4,7   ! Main Tank:Energy delivered to flow -1 ->Load-2 

4,8   ! Main Tank:Energy delivered to flow -2 ->Thermal-3 

*** INITIAL INPUT VALUES 

0.0 0.0 0.0  

*------------------------------------------------------------------------------ 

 

* Model "Type1c" (Type 1) 

*  

 

UNIT 25 TYPE 1  Type1c 

*$UNIT_NAME Type1c 

*$MODEL .\Solar Thermal Collectors\Quadratic Efficiency Collector\Modifers=f(Incidence 

Angle)\Type1c.tmf 

*$POSITION 142 474 

*$LAYER Main #  

PARAMETERS 11 

3  ! 1 Number in series 

5.49  ! 2 Collector area 

3.56  ! 3 Fluid specific heat 

1  ! 4 Efficiency mode 

71.999998  ! 5 Tested flow rate 

.795  ! 6 Intercept efficiency 

13.0572  ! 7 Efficiency slope 

0.0396  ! 8 Efficiency curvature 

3  ! 9 Optical mode 3 

53  ! 10 Logical unit 

7  ! 11 No. of IAM's in file 

INPUTS 9 

28,1   ! Type31:Outlet temperature ->Inlet temperature 

28,2   ! Type31:Outlet flow rate ->Inlet flowrate 

16,1   ! Type15-3:Dry bulb temperature ->Ambient temperature 

16,24   ! Type15-3:Total tilted surface radiation for surface ->Incident 

radiation 

16,18   ! Type15-3:Total horizontal radiation ->Total horizontal radiation 

16,22   ! Type15-3:Total diffuse radiation on the horizontal ->Horizontal diffuse 

radiation 

0,0  ! [unconnected] Ground reflectance 

16,29   ! Type15-3:Angle of incidence for surface ->Incidence angle 

16,30   ! Type15-3:Slope of surface ->Collector slope 

*** INITIAL INPUT VALUES 

20.0 100.0 10.0 0. 0.0 0.0 0.2 0 45  

*** External files 
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ASSIGN "IAMnew.dat" 53 

*|? Which file contains the incidence angle modifier data? |1000 

*------------------------------------------------------------------------------ 

 

* EQUATIONS "Efficiency,  PES" 

*  

EQUATIONS 3 

A = 6.06 

eta = ([26,4])/([26,1]*A+0.00000000000000001) 

Cp = 3.56 

*$UNIT_NAME Efficiency,  PES 

*$LAYER Main 

*$POSITION 306 623 

 

*------------------------------------------------------------------------------ 

 

 

* Model "Evaluation" (Type 25) 

*  

 

UNIT 24 TYPE 25  Evaluation 

*$UNIT_NAME Evaluation 

*$MODEL \Trnsys17\Studio\lib\System_Output\Type25a.tmf 

*$POSITION 435 623 

*$LAYER Main #  

PARAMETERS 10 

-1  ! 1 Printing interval 

START  ! 2 Start time 

STOP  ! 3 Stop time 

54  ! 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 2 

eta  ! Efficiency,  PES:eta ->Input to be printed-1 

eta  ! Efficiency,  PES:eta ->Input to be printed-2 

*** INITIAL INPUT VALUES 

Efficiency PES  

*** External files 

ASSIGN "Evaluation.out" 54 

*|? Which file should contain the printed results? You can use the deck filename by 

entering "***", e.g. "***.out", or "***.dat"  |1000 

*------------------------------------------------------------------------------ 

 

* Model "Performance Integrator" (Type 24) 

*  

 

UNIT 26 TYPE 24  Performance Integrator 

*$UNIT_NAME Performance Integrator 

*$MODEL .\Utility\Integrators\Quantity Integrator\Type24.tmf 

*$POSITION 146 623 

*$LAYER Main #  

PARAMETERS 2 

-1  ! 1 Integration period 

0  ! 2 Relative or absolute start time 

INPUTS 4 

16,24   ! Type15-3:Total tilted surface radiation for surface ->G-1 

25,1   ! Type1c:Outlet temperature ->Tout-2 

16,1   ! Type15-3:Dry bulb temperature ->Ta-3 

25,3   ! Type1c:Useful energy gain ->Qtherm-4 
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*** INITIAL INPUT VALUES 

0.0 0.0 0.0 0.0  

*------------------------------------------------------------------------------ 

 

* Model "Type31" (Type 31) 

*  

 

UNIT 28 TYPE 31  Type31 

*$UNIT_NAME Type31 

*$MODEL .\Hydronics\Pipe_Duct\Type31.tmf 

*$POSITION 302 495 

*$LAYER Main #  

PARAMETERS 6 

0.0095  ! 1 Inside diameter 

10  ! 2 Pipe length 

6.624  ! 3 Loss coefficient 

1041  ! 4 Fluid density 

3.56  ! 5 Fluid specific heat 

10.0  ! 6 Initial fluid temperature 

INPUTS 3 

7,1   ! Motor 2:Outlet fluid temperature ->Inlet temperature 

7,2   ! Motor 2:Outlet flow rate ->Inlet flow rate 

16,1   ! Type15-3:Dry bulb temperature ->Environment temperature 

*** INITIAL INPUT VALUES 

10.0 100.0 10.0  

*------------------------------------------------------------------------------ 

 

* Model "Type31-2" (Type 31) 

*  

 

UNIT 29 TYPE 31  Type31-2 

*$UNIT_NAME Type31-2 

*$MODEL .\Hydronics\Pipe_Duct\Type31.tmf 

*$POSITION 313 399 

*$LAYER Main #  

PARAMETERS 6 

0.0095  ! 1 Inside diameter 

10  ! 2 Pipe length 

6.624  ! 3 Loss coefficient 

1041  ! 4 Fluid density 

3.56  ! 5 Fluid specific heat 

10.0  ! 6 Initial fluid temperature 

INPUTS 3 

25,1   ! Type1c:Outlet temperature ->Inlet temperature 

25,2   ! Type1c:Outlet flowrate ->Inlet flow rate 

16,1   ! Type15-3:Dry bulb temperature ->Environment temperature 

*** INITIAL INPUT VALUES 

10.0 100.0 10.0  

*------------------------------------------------------------------------------ 

 

* Model "Type55" (Type 55) 

*  

 

UNIT 31 TYPE 55  Type55 

*$UNIT_NAME Type55 

*$MODEL .\Utility\Integrators\Periodic Integrator\Type55.tmf 

*$POSITION 227 335 

*$LAYER Main #  

PARAMETERS 35 

-1  ! 1 Integrate or sum input-1 

1  ! 2 Relative starting hour for input-1 

24  ! 3 Duration for input-1 

24  ! 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 

-2  ! 8 Integrate or sum input-2 

6  ! 9 Relative starting hour for input-2 

14  ! 10 Duration for input-2 

24  ! 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 

-3  ! 15 Integrate or sum input-3 

6  ! 16 Relative starting hour for input-3 

14  ! 17 Duration for input-3 

24  ! 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 

-4  ! 22 Integrate or sum input-4 

1  ! 23 Relative starting hour for input-4 

24  ! 24 Duration for input-4 

24  ! 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 

-5  ! 29 Integrate or sum input-5 

1  ! 30 Relative starting hour for input-5 

24  ! 31 Duration for input-5 

24  ! 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 

INPUTS 5 

28,1   ! Type31:Outlet temperature ->Input-1 

16,1   ! Type15-3:Dry bulb temperature ->Input-2 

16,24   ! Type15-3:Total tilted surface radiation for surface ->Input-3 

0,0  ! [unconnected] Input-4 

0,0  ! [unconnected] Input-5 

*** INITIAL INPUT VALUES 

0. 0. 0. 0. 0.  

*------------------------------------------------------------------------------ 

 

* Model "Temp. Profile" (Type 25) 

*  

 

UNIT 30 TYPE 25  Temp. Profile 

*$UNIT_NAME Temp. Profile 

*$MODEL \Trnsys17\Studio\lib\System_Output\Type25a.tmf 

*$POSITION 355 325 

*$LAYER Main #  

PARAMETERS 10 

-1  ! 1 Printing interval 

START  ! 2 Start time 

STOP  ! 3 Stop time 

60  ! 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 4 

31,3   ! Type55:Mean value of input-1 ->Input to be printed-1 

31,13   ! Type55:Mean value of input-2 ->Input to be printed-2 



 

175 

 

31,23   ! Type55:Mean value of input-3 ->Input to be printed-3 

0,0  ! [unconnected] Input to be printed-4 

*** INITIAL INPUT VALUES 

Ti Ta G eff  

*** External files 

ASSIGN "tempprofile.out" 60 

*|? Which file should contain the printed results? You can use the deck filename by 

entering "***", e.g. "***.out", or "***.dat"  |1000 

*------------------------------------------------------------------------------ 

 

* Model "Stratification" (Type 25) 

*  

 

UNIT 27 TYPE 25  Stratification 

*$UNIT_NAME Stratification 

*$MODEL .\Output\Printer\Unformatted\TRNSYS-Supplied Units\Type25a.tmf 

*$POSITION 1036 463 

*$LAYER Main #  

PARAMETERS 10 

STEP  ! 1 Printing interval 

4344  ! 2 Start time 

4368  ! 3 Stop time 

61  ! 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 6 

4,18   ! Main Tank:Tank nodal temperature-1 ->Input to be printed-1 

4,22   ! Main Tank:Tank nodal temperature-5 ->Input to be printed-2 

4,23   ! Main Tank:Tank nodal temperature-6 ->Input to be printed-3 

4,27   ! Main Tank:Tank nodal temperature-10 ->Input to be printed-4 

4,32   ! Main Tank:Tank nodal temperature-15 ->Input to be printed-5 

4,37   ! Main Tank:Tank nodal temperature-20 ->Input to be printed-6 

*** INITIAL INPUT VALUES 

1 5 6 10 15 20  

*** External files 

ASSIGN "stratification.out" 61 

*|? Output File for printed results |1000 

*------------------------------------------------------------------------------ 

 

END  
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E.4 Photovoltaic/Thermal 

VERSION 17 

******************************************************************************* 

*** TRNSYS input file (deck) generated by TrnsysStudio 

*** on Sunday, April 24, 2016 at 00:30 

*** from TrnsysStudio project: C:\Trnsys17\MyProjects\PVT-HX-DHW\PVT.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=0.049999999 

SIMULATION   START  STOP  STEP ! Start time End time Time step 

TOLERANCES 0.001 0.001   ! Integration  Convergence 

LIMITS 30 15000 1000    ! 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 

* User defined CONSTANTS  

 

 

* Model "Main Tank" (Type 534) 

*  

 

UNIT 3 TYPE 534  Main Tank 

*$UNIT_NAME Main Tank 

*$MODEL .\Storage Tank Library (TESS)\Cylindrical Storage Tank\Vertical 

Cylinder\Version without Plug-In\No HXs\Type534-NoHX.tmf 

*$POSITION 814 426 

*$LAYER Main #  

*$# CYLINDRICAL STORAGE TANK 

PARAMETERS 62 

-1  ! 1 LU for data file 

20  ! 2 Number of tank nodes 

2  ! 3 Number of ports 

0  ! 4 Number of immersed heat exchangers 

0  ! 5 Number of miscellaneous heat flows 

.27  ! 6 Tank volume 
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1.5  ! 7 Tank height 

0  ! 8 Tank fluid 

4.19  ! 9 Fluid specific heat 

1000  ! 10 Fluid density 

2.14  ! 11 Fluid thermal conductivity 

3.21  ! 12 Fluid viscosity 

0.00026  ! 13 Fluid thermal expansion coefficient 

5.0  ! 14 Top loss coefficient 

5.0  ! 15 Edge loss coefficient for node-1 

5.0  ! 16 Edge loss coefficient for node-2 

5.0  ! 17 Edge loss coefficient for node-3 

5.0  ! 18 Edge loss coefficient for node-4 

5.0  ! 19 Edge loss coefficient for node-5 

5.0  ! 20 Edge loss coefficient for node-6 

5.0  ! 21 Edge loss coefficient for node-7 

5.0  ! 22 Edge loss coefficient for node-8 

5.0  ! 23 Edge loss coefficient for node-9 

5.0  ! 24 Edge loss coefficient for node-10 

5.0  ! 25 Edge loss coefficient for node-11 

5.0  ! 26 Edge loss coefficient for node-12 

5.0  ! 27 Edge loss coefficient for node-13 

5.0  ! 28 Edge loss coefficient for node-14 

5.0  ! 29 Edge loss coefficient for node-15 

5.0  ! 30 Edge loss coefficient for node-16 

5.0  ! 31 Edge loss coefficient for node-17 

5.0  ! 32 Edge loss coefficient for node-18 

5.0  ! 33 Edge loss coefficient for node-19 

5.0  ! 34 Edge loss coefficient for node-20 

5.0  ! 35 Bottom loss coefficient 

0  ! 36 Additional thermal conductivity 

1  ! 37 Inlet flow mode-1 

20  ! 38 Entry node-1 

1  ! 39 Exit node-1 

1  ! 40 Inlet flow mode-2 

6  ! 41 Entry node-2 

20  ! 42 Exit node-2 

0  ! 43 Flue loss coefficient for node-1 

0  ! 44 Flue loss coefficient for node-2 

0  ! 45 Flue loss coefficient for node-3 

0  ! 46 Flue loss coefficient for node-4 

0  ! 47 Flue loss coefficient for node-5 

0  ! 48 Flue loss coefficient for node-6 

0  ! 49 Flue loss coefficient for node-7 

0  ! 50 Flue loss coefficient for node-8 

0  ! 51 Flue loss coefficient for node-9 

0  ! 52 Flue loss coefficient for node-10 

0  ! 53 Flue loss coefficient for node-11 

0  ! 54 Flue loss coefficient for node-12 

0  ! 55 Flue loss coefficient for node-13 

0  ! 56 Flue loss coefficient for node-14 

0  ! 57 Flue loss coefficient for node-15 

0  ! 58 Flue loss coefficient for node-16 

0  ! 59 Flue loss coefficient for node-17 

0  ! 60 Flue loss coefficient for node-18 

0  ! 61 Flue loss coefficient for node-19 

0  ! 62 Flue loss coefficient for node-20 

INPUTS 48 

22,5   ! Type15-3:Mains water temperature ->Inlet temperature for port-1 

Draw  ! Draw:Draw ->Inlet flow rate for port-1 

5,3   ! Type91:Load side outlet temperature ->Inlet temperature for port-2 

5,4   ! Type91:Load side flow rate ->Inlet flow rate for port-2 

0,0  ! [unconnected] Top loss temperature 

0,0  ! [unconnected] Edge loss temperature for node-1 
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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 

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 

aux  ! Aux heat capacity:aux ->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 20.0 0.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 

20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 -100 0.0 0.0 0.0 0.0 

0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0  

DERIVATIVES 20 

20  ! 1 Initial Tank Temperature-1 

20  ! 2 Initial Tank Temperature-2 

20  ! 3 Initial Tank Temperature-3 

20  ! 4 Initial Tank Temperature-4 

20  ! 5 Initial Tank Temperature-5 

20  ! 6 Initial Tank Temperature-6 

20  ! 7 Initial Tank Temperature-7 

20  ! 8 Initial Tank Temperature-8 

20  ! 9 Initial Tank Temperature-9 

20  ! 10 Initial Tank Temperature-10 

20  ! 11 Initial Tank Temperature-11 

20  ! 12 Initial Tank Temperature-12 

20  ! 13 Initial Tank Temperature-13 

20  ! 14 Initial Tank Temperature-14 

20  ! 15 Initial Tank Temperature-15 

20  ! 16 Initial Tank Temperature-16 
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20  ! 17 Initial Tank Temperature-17 

20  ! 18 Initial Tank Temperature-18 

20  ! 19 Initial Tank Temperature-19 

20  ! 20 Initial Tank Temperature-20 

*------------------------------------------------------------------------------ 

 

* Model "Motor" (Type 3) 

*  

 

UNIT 4 TYPE 3  Motor 

*$UNIT_NAME Motor 

*$MODEL .\Hydronics\Pumps\Single Speed\Type3d.tmf 

*$POSITION 644 447 

*$LAYER Main #  

PARAMETERS 4 

60  ! 1 Maximum flow rate 

4.190  ! 2 Fluid specific heat 

60  ! 3 Maximum power 

0.05  ! 4 Conversion coefficient 

INPUTS 3 

3,3   ! Main Tank:Temperature at outlet-2 ->Inlet fluid temperature 

3,4   ! Main Tank:Flow rate at outlet-2 ->Inlet mass flow rate 

23,1   ! Type2b:Output control function ->Control signal 

*** INITIAL INPUT VALUES 

20.0 100.0 1.0  

*------------------------------------------------------------------------------ 

 

* Model "Type91" (Type 91) 

*  

 

UNIT 5 TYPE 91  Type91 

*$UNIT_NAME Type91 

*$MODEL .\Heat Exchangers\Constant Effectiveness\Type91.tmf 

*$POSITION 504 447 

*$LAYER Main #  

PARAMETERS 3 

.85  ! 1 Heat exchanger effectiveness 

3.56  ! 2 Specific heat of source side fluid 

4.19  ! 3 Specific heat of load side fluid 

INPUTS 4 

36,1   ! Type31-2:Outlet temperature ->Source side inlet temperature 

36,2   ! Type31-2:Outlet flow rate ->Source side flow rate 

4,1   ! Motor:Outlet fluid temperature ->Load side inlet temperature 

4,2   ! Motor:Outlet flow rate ->Load side flow rate 

*** INITIAL INPUT VALUES 

20.0 100.0 20.0 100.0  

*------------------------------------------------------------------------------ 

 

* Model "Motor 2" (Type 3) 

*  

 

UNIT 6 TYPE 3  Motor 2 

*$UNIT_NAME Motor 2 

*$MODEL .\Hydronics\Pumps\Single Speed\Type3d.tmf 

*$POSITION 409 468 

*$LAYER Main #  

PARAMETERS 4 

60  ! 1 Maximum flow rate 

3.56  ! 2 Fluid specific heat 

60.00  ! 3 Maximum power 

0.05  ! 4 Conversion coefficient 

INPUTS 3 

5,1   ! Type91:Source-side outlet temperature ->Inlet fluid temperature 
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5,2   ! Type91:Source side flow rate ->Inlet mass flow rate 

23,1   ! Type2b:Output control function ->Control signal 

*** INITIAL INPUT VALUES 

20.0 100.0 1.0  

*------------------------------------------------------------------------------ 

 

* EQUATIONS "Aux heat capacity" 

*  

EQUATIONS 1 

aux = [19,1]*13000 

*$UNIT_NAME Aux heat capacity 

*$LAYER Main 

*$POSITION 591 564 

 

*------------------------------------------------------------------------------ 

 

 

* Model "Tank Temperatures" (Type 65) 

*  

 

UNIT 17 TYPE 65  Tank Temperatures 

*$UNIT_NAME Tank Temperatures 

*$MODEL .\Output\Online Plotter\Online Plotter Without File\Type65d.tmf 

*$POSITION 1065 447 

*$LAYER Outputs #  

PARAMETERS 12 

6  ! 1 Nb. of left-axis variables 

2  ! 2 Nb. of right-axis variables 

0.0  ! 3 Left axis minimum 

100  ! 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 8 

3,18   ! Main Tank:Tank nodal temperature-1 ->Left axis variable-1 

3,22   ! Main Tank:Tank nodal temperature-5 ->Left axis variable-2 

3,27   ! Main Tank:Tank nodal temperature-10 ->Left axis variable-3 

3,32   ! Main Tank:Tank nodal temperature-15 ->Left axis variable-4 

3,37   ! Main Tank:Tank nodal temperature-20 ->Left axis variable-5 

3,1   ! Main Tank:Temperature at outlet-1 ->Left axis variable-6 

aux  ! Aux heat capacity:aux ->Right axis variable-1 

0,0  ! [unconnected] Right axis variable-2 

*** INITIAL INPUT VALUES 

1 5 10 15 20 Main_Outlet Required Rate  

LABELS  3 

"Temperatures" 

"Heat transfer rates" 

"Graph 1" 

*------------------------------------------------------------------------------ 

 

* Model "Type2-AquastatH" (Type 2) 

*  

 

UNIT 19 TYPE 2  Type2-AquastatH 

*$UNIT_NAME Type2-AquastatH 

*$MODEL .\Controllers\Aquastat\Heating Mode\Type2-AquastatH.tmf 

*$POSITION 725 564 

*$LAYER Main #  
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*$# NOTE: This controller can only be used with solver 0 (Successive substitution) 

*$#  

PARAMETERS 2 

5  ! 1 No. of oscillations 

80  ! 2 Safety limit temperature 

INPUTS 6 

0,0  ! [unconnected] Setpoint temperature 

3,1   ! Main Tank:Temperature at outlet-1 ->Temperature to watch 

0,0  ! [unconnected] High limit monitoring temperature 

19,1   ! Type2-AquastatH:Output control function ->Input control function--

>Connect from output control signal 

0,0  ! [unconnected] Turn on temperature difference 

0,0  ! [unconnected] Turn off temperature difference 

*** INITIAL INPUT VALUES 

50 10.0 60 0 1 -1  

*------------------------------------------------------------------------------ 

 

* Model "Type2b" (Type 2) 

*  

 

UNIT 23 TYPE 2  Type2b 

*$UNIT_NAME Type2b 

*$MODEL .\Controllers\Differential Controller w_ Hysteresis\for Temperatures\Solver 0 

(Successive Substitution) Control Strategy\Type2b.tmf 

*$POSITION 708 340 

*$LAYER Main #  

*$# NOTE: This control strategy can only be used with solver 0 (Successive 

substitution) 

*$#  

PARAMETERS 2 

5  ! 1 No. of oscillations 

100  ! 2 High limit cut-out 

INPUTS 6 

26,1   ! Type50d:Outlet fluid temperature ->Upper input temperature Th 

3,3   ! Main Tank:Temperature at outlet-2 ->Lower input temperature Tl 

0,0  ! [unconnected] Monitoring temperature Tin 

23,1   ! 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 10.0 100 0 5 2.0  

*------------------------------------------------------------------------------ 

 

* EQUATIONS "Draw" 

*  

EQUATIONS 2 

DailyLoad = 250 

Draw = DailyLoad*[25,2] 

*$UNIT_NAME Draw 

*$LAYER Main 

*$POSITION 947 541 

 

*------------------------------------------------------------------------------ 

 

 

* Model "Draw Profile" (Type 14) 

*  

 

UNIT 25 TYPE 14  Draw Profile 

*$UNIT_NAME Draw Profile 

*$MODEL .\Utility\Forcing Functions\Water Draw\Type14b.tmf 

*$POSITION 845 541 

*$LAYER Main #  
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PARAMETERS 108 

0  ! 1 Initial value of time 

0  ! 2 Initial value of function 

7  ! 3 Time at point-1 

0  ! 4 Water draw at point -1 

7  ! 5 Time at point-2 

0.177777778  ! 6 Water draw at point -2 

7.25  ! 7 Time at point-3 

0.177777778  ! 8 Water draw at point -3 

7.25  ! 9 Time at point-4 

0  ! 10 Water draw at point -4 

8  ! 11 Time at point-5 

0  ! 12 Water draw at point -5 

8  ! 13 Time at point-6 

0.444444444  ! 14 Water draw at point -6 

8.25  ! 15 Time at point-7 

0.444444444  ! 16 Water draw at point -7 

8.25  ! 17 Time at point-8 

0  ! 18 Water draw at point -8 

9  ! 19 Time at point-9 

0  ! 20 Water draw at point -9 

9  ! 21 Time at point-10 

0.088888889  ! 22 Water draw at point -10 

9.25  ! 23 Time at point-11 

0.088888889  ! 24 Water draw at point -11 

9.25  ! 25 Time at point-12 

0  ! 26 Water draw at point -12 

10  ! 27 Time at point-13 

0  ! 28 Water draw at point -13 

10  ! 29 Time at point-14 

0.8  ! 30 Water draw at point -14 

10.25  ! 31 Time at point-15 

0.8  ! 32 Water draw at point -15 

10.25  ! 33 Time at point-16 

0  ! 34 Water draw at point -16 

11  ! 35 Time at point-17 

0  ! 36 Water draw at point -17 

11  ! 37 Time at point-18 

0.088888889  ! 38 Water draw at point -18 

11.25  ! 39 Time at point-19 

0.088888889  ! 40 Water draw at point -19 

11.25  ! 41 Time at point-20 

0  ! 42 Water draw at point -20 

12  ! 43 Time at point-21 

0  ! 44 Water draw at point -21 

12  ! 45 Time at point-22 

0.177777778  ! 46 Water draw at point -22 

12.25  ! 47 Time at point-23 

0.177777778  ! 48 Water draw at point -23 

12.25  ! 49 Time at point-24 

0  ! 50 Water draw at point -24 

13  ! 51 Time at point-25 

0  ! 52 Water draw at point -25 

13  ! 53 Time at point-26 

0.088888889  ! 54 Water draw at point -26 

13.25  ! 55 Time at point-27 

0.088888889  ! 56 Water draw at point -27 

13.25  ! 57 Time at point-28 

0  ! 58 Water draw at point -28 

16  ! 59 Time at point-29 

0  ! 60 Water draw at point -29 

16  ! 61 Time at point-30 

0.177777778  ! 62 Water draw at point -30 
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16.25  ! 63 Time at point-31 

0.177777778  ! 64 Water draw at point -31 

16.25  ! 65 Time at point-32 

0  ! 66 Water draw at point -32 

17  ! 67 Time at point-33 

0  ! 68 Water draw at point -33 

17  ! 69 Time at point-34 

0.444444444  ! 70 Water draw at point -34 

17.25  ! 71 Time at point-35 

0.444444444  ! 72 Water draw at point -35 

17.25  ! 73 Time at point-36 

0  ! 74 Water draw at point -36 

18  ! 75 Time at point-37 

0  ! 76 Water draw at point -37 

18  ! 77 Time at point-38 

0.8  ! 78 Water draw at point -38 

18.25  ! 79 Time at point-39 

0.8  ! 80 Water draw at point -39 

18.25  ! 81 Time at point-40 

0  ! 82 Water draw at point -40 

19  ! 83 Time at point-41 

0  ! 84 Water draw at point -41 

19  ! 85 Time at point-42 

0.444444444  ! 86 Water draw at point -42 

19.25  ! 87 Time at point-43 

0.444444444  ! 88 Water draw at point -43 

19.25  ! 89 Time at point-44 

0  ! 90 Water draw at point -44 

20  ! 91 Time at point-45 

0  ! 92 Water draw at point -45 

20  ! 93 Time at point-46 

0.177777778  ! 94 Water draw at point -46 

20.25  ! 95 Time at point-47 

0.177777778  ! 96 Water draw at point -47 

20.25  ! 97 Time at point-48 

0  ! 98 Water draw at point -48 

21  ! 99 Time at point-49 

0  ! 100 Water draw at point -49 

21  ! 101 Time at point-50 

0.088888889  ! 102 Water draw at point -50 

21.25  ! 103 Time at point-51 

0.088888889  ! 104 Water draw at point -51 

21.25  ! 105 Time at point-52 

0  ! 106 Water draw at point -52 

24  ! 107 Time at point-53 

0  ! 108 Water draw at point -53 

*------------------------------------------------------------------------------ 

 

* Model "Annual Integrator" (Type 24) 

*  

 

UNIT 20 TYPE 24  Annual Integrator 

*$UNIT_NAME Annual Integrator 

*$MODEL .\Utility\Integrators\Quantity Integrator\Type24.tmf 

*$POSITION 997 714 

*$LAYER Outputs #  

PARAMETERS 2 

STOP  ! 1 Integration period 

0  ! 2 Relative or absolute start time 

INPUTS 3 

aux_total  ! Total Aux Energy:aux_total ->Auxiliary-1 

3,7   ! Main Tank:Energy delivered to flow -1 ->Load-2 

27,2   ! Type48a:Power out ->Electrical-3 
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*** INITIAL INPUT VALUES 

0.0 0.0 0.0  

*------------------------------------------------------------------------------ 

 

* Model "Annual SF" (Type 25) 

*  

 

UNIT 21 TYPE 25  Annual SF 

*$UNIT_NAME Annual SF 

*$MODEL \Trnsys17\Studio\lib\System_Output\Type25a.tmf 

*$POSITION 1085 735 

*$LAYER Outputs #  

PARAMETERS 10 

24  ! 1 Printing interval 

START  ! 2 Start time 

STOP  ! 3 Stop time 

46  ! 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 3 

20,1   ! Annual Integrator:Result of integration-1 ->Input to be printed-1 

20,2   ! Annual Integrator:Result of integration-2 ->Input to be printed-2 

20,3   ! Annual Integrator:Result of integration-3 ->Input to be printed-3 

*** INITIAL INPUT VALUES 

Qaux Qload Electrical  

*** External files 

ASSIGN "annual.out" 46 

*|? Which file should contain the printed results? You can use the deck filename by 

entering "***", e.g. "***.out", or "***.dat"  |1000 

*------------------------------------------------------------------------------ 

 

* Model "Type15-3" (Type 15) 

*  

 

UNIT 22 TYPE 15  Type15-3 

*$UNIT_NAME Type15-3 

*$MODEL .\Weather Data Reading and Processing\Standard Format\Energy+ Weather Files 

(EPW)\Type15-3.tmf 

*$POSITION 61 458 

*$LAYER Main #  

PARAMETERS 9 

3  ! 1 File Type 

47  ! 2 Logical unit 

5  ! 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 

0  ! 9 Azimuth of surface 

*** External files 

ASSIGN "C:\Trnsys17\Weather\CWEC\CAN_ON_Toronto_CWEC.epw" 47 

*|? Which file contains the Energy+ weather data? |1000 

*------------------------------------------------------------------------------ 

 

* Model "Solar Power" (Type 65) 

*  

 

UNIT 18 TYPE 65  Solar Power 
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*$UNIT_NAME Solar Power 

*$MODEL .\Output\Online Plotter\Online Plotter Without File\Type65d.tmf 

*$POSITION 85 266 

*$LAYER Outputs #  

PARAMETERS 12 

4  ! 1 Nb. of left-axis variables 

2  ! 2 Nb. of right-axis variables 

0.0  ! 3 Left axis minimum 

1000.0  ! 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 6 

22,25   ! Type15-3:Beam radiation for surface ->Left axis variable-1 

22,28   ! Type15-3:Total diffuse radiation for surface ->Left axis variable-2 

26,3   ! Type50d:Rate of useful energy gain ->Left axis variable-3 

26,6   ! Type50d:Electrical power output ->Left axis variable-4 

0,0  ! [unconnected] Right axis variable-1 

0,0  ! [unconnected] Right axis variable-2 

*** INITIAL INPUT VALUES 

Beam Diffuse Useful_Energy Electrical_Output label label  

LABELS  3 

"Temperatures" 

"Heat transfer rates" 

"Graph 1" 

*------------------------------------------------------------------------------ 

 

* Model "Type50d" (Type 50) 

*  

 

UNIT 26 TYPE 50  Type50d 

*$UNIT_NAME Type50d 

*$MODEL .\Electrical\Photovoltaic Panels\PV-Thermal Collectors\Flat Plate 

Collectors\Loss=f(T,WS,G) and t=f(angle)\Type50d.tmf 

*$POSITION 188 436 

*$LAYER Main #  

PARAMETERS 13 

4  ! 1 Mode 

6.06  ! 2 Collector Area 

.9  ! 3 Collector Efficiency Factor 

3.56  ! 4 Fluid Thermal Capacitance 

0.9  ! 5 Collector plate absorptance 

1  ! 6 Number of glass covers 

.8  ! 7 Collector plate emittance 

3.24  ! 8 Loss coefficient for bottom and edge losses 

45  ! 9 Collector slope 

0.03  ! 10 Extinction coefficient thickness product 

0.004  ! 11 Temperature coefficient of PV cell efficiency 

25  ! 12 Temperature for cell reference efficiency 

.9  ! 13 Packing factor 

INPUTS 8 

35,1   ! Type31:Outlet temperature ->Inlet fluid temperature 

35,2   ! Type31:Outlet flow rate ->Fluid mass flow rate 

22,1   ! Type15-3:Dry bulb temperature ->Ambient temperature 

22,25   ! Type15-3:Beam radiation for surface ->Incident beam radiation 

22,28   ! Type15-3:Total diffuse radiation for surface ->Incident diffuse 

radiation 



 

186 

 

22,29   ! Type15-3:Angle of incidence for surface ->Incidence angle of beam 

radiation 

22,8   ! Type15-3:Wind velocity ->Windspeed 

0,0  ! [unconnected] Cell Efficiency at reference conditions 

*** INITIAL INPUT VALUES 

0 0 0 0 0 0 0 .16  

*------------------------------------------------------------------------------ 

 

* Model "Type48a" (Type 48) 

*  

 

UNIT 27 TYPE 48  Type48a 

*$UNIT_NAME Type48a 

*$MODEL .\Electrical\Regulators and Inverters\System w_o battery storage\Type48a.tmf 

*$POSITION 337 682 

*$LAYER Main #  

PARAMETERS 2 

0  ! 1 Mode 

0.90  ! 2 Efficiency 

INPUTS 2 

26,6   ! Type50d:Electrical power output ->Input power 

26,6   ! Type50d:Electrical power output ->Load power 

*** INITIAL INPUT VALUES 

0 0  

*------------------------------------------------------------------------------ 

 

* EQUATIONS "Total Aux Energy" 

*  

EQUATIONS 1 

aux_total = aux+[4,3]+[6,3] 

*$UNIT_NAME Total Aux Energy 

*$LAYER Main 

*$POSITION 516 596 

 

*------------------------------------------------------------------------------ 

 

 

* Model "Monthly SF" (Type 25) 

*  

 

UNIT 29 TYPE 25  Monthly SF 

*$UNIT_NAME Monthly SF 

*$MODEL \Trnsys17\Studio\lib\System_Output\Type25a.tmf 

*$POSITION 1066 639 

*$LAYER Outputs #  

PARAMETERS 10 

-1  ! 1 Printing interval 

START  ! 2 Start time 

STOP  ! 3 Stop time 

48  ! 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 4 

30,1   ! Monthly Integrator:Result of integration-1 ->Input to be printed-1 

30,2   ! Monthly Integrator:Result of integration-2 ->Input to be printed-2 

30,3   ! Monthly Integrator:Result of integration-3 ->Input to be printed-3 

30,4   ! Monthly Integrator:Result of integration-4 ->Input to be printed-4 

*** INITIAL INPUT VALUES 

Qaux Qload Thermal Electrical  
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*** External files 

ASSIGN "PVT.out" 48 

*|? Which file should contain the printed results? You can use the deck filename by 

entering "***", e.g. "***.out", or "***.dat"  |1000 

*------------------------------------------------------------------------------ 

 

* Model "Monthly Integrator" (Type 24) 

*  

 

UNIT 30 TYPE 24  Monthly Integrator 

*$UNIT_NAME Monthly Integrator 

*$MODEL .\Utility\Integrators\Quantity Integrator\Type24.tmf 

*$POSITION 1065 564 

*$LAYER Outputs #  

PARAMETERS 2 

-1  ! 1 Integration period 

0  ! 2 Relative or absolute start time 

INPUTS 4 

aux_total  ! Total Aux Energy:aux_total ->Aux-1 

3,7   ! Main Tank:Energy delivered to flow -1 ->Load-2 

3,8   ! Main Tank:Energy delivered to flow -2 ->Thermal-3 

27,2   ! Type48a:Power out ->Electrical-4 

*** INITIAL INPUT VALUES 

0.0 0.0 0.0 0.0  

*------------------------------------------------------------------------------ 

 

* Model "Evaluation" (Type 25) 

*  

 

UNIT 31 TYPE 25  Evaluation 

*$UNIT_NAME Evaluation 

*$MODEL \Trnsys17\Studio\lib\System_Output\Type25a.tmf 

*$POSITION 424 756 

*$LAYER Outputs #  

PARAMETERS 10 

-1  ! 1 Printing interval 

START  ! 2 Start time 

STOP  ! 3 Stop time 

55  ! 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 2 

etatotal  ! Efficiency, PES:etatotal ->Input to be printed-1 

PES  ! Efficiency, PES:PES ->Input to be printed-2 

*** INITIAL INPUT VALUES 

Efficiency PES  

*** External files 

ASSIGN "Evaluation.out" 55 

*|? Which file should contain the printed results? You can use the deck filename by 

entering "***", e.g. "***.out", or "***.dat"  |1000 

*------------------------------------------------------------------------------ 

 

* EQUATIONS "Efficiency, PES" 

*  

EQUATIONS 6 

A = 6.06 

etatherm = ([33,4])/([33,1]*A+0.00000000000000001) 

Cp = 3.56 

etaelec = ([33,5])/([33,1]*A+0.00000000000000001) 
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PES = (etaelec/.39)+etatherm 

etatotal = etatherm+etaelec 

*$UNIT_NAME Efficiency, PES 

*$LAYER Outputs 

*$POSITION 284 756 

 

*------------------------------------------------------------------------------ 

 

 

* Model "Collector Integrator" (Type 24) 

*  

 

UNIT 33 TYPE 24  Collector Integrator 

*$UNIT_NAME Collector Integrator 

*$MODEL .\Utility\Integrators\Quantity Integrator\Type24.tmf 

*$POSITION 126 756 

*$LAYER Outputs #  

PARAMETERS 2 

-1.00000  ! 1 Integration period 

0  ! 2 Relative or absolute start time 

INPUTS 5 

22,24   ! Type15-3:Total tilted surface radiation for surface ->G-1 

26,1   ! Type50d:Outlet fluid temperature ->Tout-2 

22,1   ! Type15-3:Dry bulb temperature ->Ta-3 

26,3   ! Type50d:Rate of useful energy gain ->Qtherm-4 

26,6   ! Type50d:Electrical power output ->Qelec-5 

*** INITIAL INPUT VALUES 

0.0 0.0 0.0 0.0 0.0  

*------------------------------------------------------------------------------ 

 

* Model "Climate" (Type 25) 

*  

 

UNIT 34 TYPE 25  Climate 

*$UNIT_NAME Climate 

*$MODEL \Trnsys17\Studio\lib\System_Output\Type25a.tmf 

*$POSITION 177 276 

*$LAYER Outputs #  

PARAMETERS 10 

STEP  ! 1 Printing interval 

START  ! 2 Start time 

STOP  ! 3 Stop time 

58  ! 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 3 

22,25   ! Type15-3:Beam radiation for surface ->Input to be printed-1 

22,28   ! Type15-3:Total diffuse radiation for surface ->Input to be printed-2 

22,1   ! Type15-3:Dry bulb temperature ->Input to be printed-3 

*** INITIAL INPUT VALUES 

Beam Diffuse T_a  

*** External files 

ASSIGN "Climate_tor.out" 58 

*|? Which file should contain the printed results? You can use the deck filename by 

entering "***", e.g. "***.out", or "***.dat"  |1000 

*------------------------------------------------------------------------------ 

 

* Model "Type31" (Type 31) 

*  
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UNIT 35 TYPE 31  Type31 

*$UNIT_NAME Type31 

*$MODEL .\Hydronics\Pipe_Duct\Type31.tmf 

*$POSITION 302 479 

*$LAYER Main #  

PARAMETERS 6 

0.0095  ! 1 Inside diameter 

10  ! 2 Pipe length 

6.624  ! 3 Loss coefficient 

1041  ! 4 Fluid density 

3.56  ! 5 Fluid specific heat 

10.0  ! 6 Initial fluid temperature 

INPUTS 3 

6,1   ! Motor 2:Outlet fluid temperature ->Inlet temperature 

6,2   ! Motor 2:Outlet flow rate ->Inlet flow rate 

22,1   ! Type15-3:Dry bulb temperature ->Environment temperature 

*** INITIAL INPUT VALUES 

10.0 100.0 10.0  

*------------------------------------------------------------------------------ 

 

* Model "Type31-2" (Type 31) 

*  

 

UNIT 36 TYPE 31  Type31-2 

*$UNIT_NAME Type31-2 

*$MODEL .\Hydronics\Pipe_Duct\Type31.tmf 

*$POSITION 280 362 

*$LAYER Main #  

PARAMETERS 6 

0.0095  ! 1 Inside diameter 

10  ! 2 Pipe length 

6.624  ! 3 Loss coefficient 

1041  ! 4 Fluid density 

3.56  ! 5 Fluid specific heat 

10.0  ! 6 Initial fluid temperature 

INPUTS 3 

26,1   ! Type50d:Outlet fluid temperature ->Inlet temperature 

26,2   ! Type50d:Fluid flowrate ->Inlet flow rate 

22,1   ! Type15-3:Dry bulb temperature ->Environment temperature 

*** INITIAL INPUT VALUES 

10.0 100.0 10.0  

*------------------------------------------------------------------------------ 

 

* Model "Coll Loop Temps" (Type 25) 

*  

 

UNIT 37 TYPE 25  Coll Loop Temps 

*$UNIT_NAME Coll Loop Temps 

*$MODEL \Trnsys17\Studio\lib\System_Output\Type25a.tmf 

*$POSITION 301 298 

*$LAYER Main #  

PARAMETERS 10 

STEP  ! 1 Printing interval 

4344  ! 2 Start time 

4392  ! 3 Stop time 

59  ! 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 
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INPUTS 3 

35,1   ! Type31:Outlet temperature ->Input to be printed-1 

26,1   ! Type50d:Outlet fluid temperature ->Input to be printed-2 

22,1   ! Type15-3:Dry bulb temperature ->Input to be printed-3 

*** INITIAL INPUT VALUES 

T_Collin T_Collout T_amb  

*** External files 

ASSIGN "HPtemps.out" 59 

*|? Which file should contain the printed results? You can use the deck filename by 

entering "***", e.g. "***.out", or "***.dat"  |1000 

*------------------------------------------------------------------------------ 

 

* Model "Stratification" (Type 25) 

*  

 

UNIT 38 TYPE 25  Stratification 

*$UNIT_NAME Stratification 

*$MODEL .\Output\Printer\Unformatted\TRNSYS-Supplied Units\Type25a.tmf 

*$POSITION 1057 362 

*$LAYER Main #  

PARAMETERS 10 

STEP  ! 1 Printing interval 

4344  ! 2 Start time 

4368  ! 3 Stop time 

62  ! 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 6 

3,18   ! Main Tank:Tank nodal temperature-1 ->Input to be printed-1 

3,22   ! Main Tank:Tank nodal temperature-5 ->Input to be printed-2 

3,23   ! Main Tank:Tank nodal temperature-6 ->Input to be printed-3 

3,27   ! Main Tank:Tank nodal temperature-10 ->Input to be printed-4 

3,32   ! Main Tank:Tank nodal temperature-15 ->Input to be printed-5 

3,37   ! Main Tank:Tank nodal temperature-20 ->Input to be printed-6 

*** INITIAL INPUT VALUES 

1 5 6 10 15 20  

*** External files 

ASSIGN "stratification.out" 62 

*|? Output File for printed results |1000 

*------------------------------------------------------------------------------ 

 

END 

 


