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OBJECTIVES 

Funding for this project has come from the Technology Transfer Office (TTO), with the hope that this 

technology becomes patentable.  As mentioned above, the invention is a solar module frame that serves 

as a low-profile façade mounting system and conduit through which a heat conducting fluid can be 

passed.  The novel aspect of this invention is the use of the module frame as a pipe and integrated 

mounting system.  Please see APPENDIX A PROVISIONAL PATENT for a copy of the provisional 

patent. 

The purpose of this research is to design and build a patentable, modular BIPV/T prototype to assess the 

following: 

 Performance 

 Economics 

 Constructability 

 Operation and Maintenance 

The performance and economics were assessed by building a physical experiment in which all 

parameters required to quantify both the electrical and thermal performance were measured.  The data 

collected by the physical experiment was used to validate/calibrate a PV/T component in TRNSYS.  Once 

the TRNSYS component had been calibrated to reflect the measured performance of the physical 

experiment, the component was used in a TRNSYS simulation that modeled the performance of the PV/T 

connected to a hot water tank in multiple U.S. cities.  Simulations were run for an entire year and all 

engineering and economic parameters were calculated based on the simulation results.  A plan for 

constructability is outlined in CHAPTER 2  MODULE DESIGN along with a discussion on operation 

and maintenance in Chapter 6. 
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PV/T MARKET PARTICIPANT REVIEW 

Previous work by fellow University of Colorado Architectural Engineering students (Lilliestierna & 

Zdrowski, 2010) provides a comprehensive literature review of PV/T, BIPV, and BIPV/T technology.  This 

paper is primarily concerned with possible competition with the designed prototype and will investigate 

PV/T products that are already on the market. 

SOLARDUCT PV/T 

SolarDuct PV/T is a modular rooftop application of PV/T technology that also acts as a PV racking 

system.  This system mounts the PV modules to the top of the SolarDuct units, and the heat is drawn off 

the back of the PV modules and then ducted to the nearest rooftop air handler, as seen in Figure 1.  The 

excess heat is then channeled into the building’s HVAC system where it is used to offset the heating 

load.  The SolarDuct system claims that the heat removal from behind the PV modules increases the 

electrical conversion efficiency by up to 10%.  Since the SolarWall air heating panels serve as the racking 

system needed to mount the PV modules, the cost-effectiveness of the cogeneration system is increased 

by the elimination of the PV mounting rack system. (SolarWall, 2012) 

 

 

Figure 1.  This is a rendering of the SolarDuct modular system.  The PV modules are mounted on top of the SolarWall and air 
is drawn in behind the PV and into the building air handler. (SolarWall, 2012) 
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Figure 2.  Heat flow in the SolarDuct system. (SolarWall, 2012) 

The SolarDuct is indeed a PV/T, however it lacks the Building-Integrated component and is primarily 

targeting commercial buildings with large flat roofs so that the ducting and construction can be easily 

integrated into the nearest air handler.  A couple of questions come to mind when considering this 

system.  One, how does the waste heat get used during the cooling season, and two, there is no thermal 

storage for air systems.  (SolarWall, 2012) 

ECHO SOLAR SYSTEM (FORMALLY KNOWN AS PVT SOLAR) 

The Echo Solar system is an air-based system designed for residential use.  It includes a thermal module 

that is integrated into the residences’ roof and ducted into an “energy transfer module”, a little air 

handling unit, which is located in the home’s attic.  The energy transfer module contains an air filter, a 

heat exchanger and a fan.  The fan inside the energy transfer module draws outside air through the 

plenum and heat is transferred from the solar panels to the air. The heated air then moves through 

ducts to the energy transfer module, where the air is filtered and drawn across a copper tube/aluminum 

fin coil heat exchanger.  Cold water from the home’s water tank is fed into the heat exchanger, 

extracting heat from the air and transferring it back to the tank via a circulator.  After passing across the 

heat exchanger, the air is guided to either the inside of the home through the ducts of the HVAC system 
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(for space heating) or exhausted when heating is not required.  Figure 3 is a schematic of the system. 

(Echo Solar Systems, 2011) 

 

Figure 3.  Schematic of the Echo Solar system.  Air is heated underneath the PV modules by way of a special mounting 
module.  The heated air is ducted into the energy transfer module, where the heat is transferred into the hot water tank via 

air-to-water heat exchanger. (Echo Solar Systems, 2011) 

Echo solar is a very clever and versatile system that can be efficiently utilized in many different climate 

zones.  Using air as the working fluid has its tradeoffs.  One major benefit of the air system is the 

friendliness for sunny, freezing climates.  There is no risk of freezing or water leaks, which is very 

reassuring for homeowners.  On the other hand, the carrying capacity of air is four times less than that 

of water, and the energy required to move air is also significantly higher than that of water, due to the 

compressibility gas.   

Echo Solar is targeting a different market than the proposed BIPV/T of this research.  It is obvious that 

this system is not a low-cost option and by choosing to go with the air-based system there are significant 
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energy losses by having to transfer the heat to the water via heat exchanger, and then having to dump 

the excess heat during the cooling season.  The installed cost per kW will be significantly more than the 

modular water-based BIPV/T tested and simulated in this paper. 

 

Figure 4.  The figure on the left shows the building integration on the roof.  The top right photo demonstrates a fairly low 
profile design.  The bottom right image demonstrates the heat flow of outside air into the home via roof penetrations. (Echo 

Solar Systems, 2011) 

It seems that the best season for combined electrical and thermal performance would be sunny, 

winter/fall days.  Typical US markets for the Echo Solar would be the sunny climes of the Rocky 

Mountain region, including Colorado, Utah, New Mexico and Arizona, where intense winter sunshine 

combined with cool air and the need for space heating, make this a very desirable system. 
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MILLENNIUM SOLAR 

The Multi Solar System (MSS) by Millennium Solar is a modular PV/T that generates electrical energy 

and thermal energy simultaneously.  The MSS uses air and water pipes to cool the PV cells, increasing 

efficiency, and produces hot water and air which can be used for other low grade heating applications.  

The company has a patented technology for a Multi Solar PV/T/A (Solar PV/Thermal/Air) system, 

however the patent is certainly different than the patent that is being pursued in this research.  They 

demonstrate little interest in the Building Integration aspect of the product and provide no mounting 

solution.  

 

Figure 5.  These photos demonstrate the concept of the PV/T designs by Millennium Solar.  You can see the plumbing for the 
thermal component in the left-side photos.  There is no building integration design or emphasis put on the aesthetics on a 

residence. (MillenniumSolar, 2011) 

It appears that the products by Millennium Solar were designed to maximize efficiency and are most 

likely sold to commercial/power companies that can afford the technology.  The residence is not a major 

target market for this company. 
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PVTWINS 

PVTWINS is a spin-off company from the Energy Research Centre of The Netherlands (ECN) that 

produces PVT products and related system components.  PVTWINS collectors are intended for 

residential use and can be applied in individual and collective domestic hot water systems. 

 

Figure 6.  PVTWINS PVT collector module. (PVTWINS, 2011) 

This is a very similar concept to our BIPV/T, however, it is definitely missing the building-integration 

component, and is not attractive on a building façade. 

RA-CELL 

RA-cell is a research company specializing in electronic circuits and solar power, with a focus on 

processing and manufacturing semiconductor components.  The company specializes in PV/T and PV 

modules for building integration, but does not have a specific product on the market.  They work closely 

with architecture companies, and will custom design whatever the architectural firm has sold to its 

clients.  Thus, the company is not a direct competitor to the product being developed in this research. 

(RA-cell, 2011) 
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SUMMARY OF MARKET PARTICIPANTS 

Of all of the PV/T market participants, not one of them is doing what is being proposed in this paper.  

The SolarDuct is an air-based system that targets commercial flat rooftops with large air handling 

equipment.   They are not targeting a residential market and would not be a competitor.   

Echo solar would provide the greatest competition in the market of Building-Integrated 

Photovoltaic/Thermal systems.  They produce a good looking, roof integrated system that has the 

flexibility to heat water and provide space heating via heated air.  Echo solar is an air-based system, 

which has its tradeoffs.  Benefits include the elimination of the risk of water leaks and freezing 

problems, opening them up to a market with locations in freezing climates.  Disadvantages are a lack in 

thermal efficiency simply due to the larger carrying capacity of water versus air and the additional 

power required to pressurize air for transport, relative to water.  Echo solar is most effective on cold 

sunny days where the air can be heated to high temperatures, and the heat can be transferred to the 

hot water tank, and the excess hot air downstream of the heat exchanger can be used for space heating.  

During the cooling season, the excess hot air must be exhausted and is wasted. 

Millennium Solar offers up a high performing PV/T module, but provides no aesthetic integration into 

building facades, and is not a low cost option.  They are primarily targeting power generation companies 

and/or commercial businesses that can afford the technology.  Surely they’re price can be beat. 

PVTWINS’s product is the most similar to the prototype of this paper, however it fails to compete on the 

building integration side of the market.  Figure 6 is a photo of their module, and it is obvious that a 

racking system is required and that it simply looks awful. 

RA-cell is a research company that is willing to custom fabricate any type of PV/T that is ordered from 

them by architectural firms, who have designed a building integrated PV or PV/T system for large-scale 

commercial projects.  They are not selling a specific product. 
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Table 1 summarizes the above competitors and in bold is the BIPVT being developed in this research.  A 

quick glance at the table demonstrates that the BIPVT module is different than all of the other 

competitors, and should have a good chance for success. 

Table 1.  Summary of PVT market participants and the BIPVT prototype in bold. 

 

 

 

 

 

 

  

Competitor Headquarters Working Fluid Thermal Applications Target Market

Ideal 

Environmental 

Conditions

Echo Berkeley, CA Air

Hot water and space 

heating Residential Sunny and cool

Solar Wall Toronto, ON Air

Space Heating and 

Process drying Commercial

Sunny and cool 

(space heating)

Millenium Solar Israel Air and Water

Power station, Co-

generation power 

stations, Grid 

connected houses

Commercial 

and Residential Hot and sunny

PVTWINS Netherlands Water Hot water Residential Hot and Sunny

RA-Cell Denmark Water Hot water Commercial Custom Product

BIPVT Boulder, CO Water Hot Water Residential Hot and sunny

Summary of PVT Market Participants
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CHAPTER 2  MODULE DESIGN 

The BIPV/T design had to meet the following criteria: 

1. The fluid conduit must be integrated into the PV frame. 

2. The modules are to be designed such that they create an aesthetically even façade on a roof. 

3. Each module is to have weather resistant gaskets allowing the array of collectors to serve as 

façade elements, replacing shingles or siding. 

4. The modules need to be able to be mounted directly on the roof. 

5. The frame needs to be able to fit any PV manufacturer’s laminates (they are not all the same 

shape). 

6. The module needs to be Low cost. 

A major constraint on the project was to use inexpensive materials, further separating this patentable 

design from existing PV/T designs that rely on relatively pricey metallic materials.  It was important to 

design the prototype in anticipation of mass production.  That being said, the most cost effective way to 

mass produce something would be to use multiple plastic extrusions that could be cut to the client’s 

selected PV laminate dimensions and assembled around the PV in a shop/distribution warehouse.  The 

desire for an extrudable absorber resulted in a simple design, best described by Figure 7 

 

Figure 7  Concept for the extrudable absorber.  Water is to flow through the square channels. 
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ABSORBER SIZING 

ABSORBER ORIENTATION AND WIDTH 

The first decision in designing the actual absorber prototype was to decide if the water was to flow 

along the portrait or landscape orientation of the PV.  It was decided that the absorber was to flow 

water along the portrait view of the PV in order to maximize contact time for any given flow rate.  The 

extrusion process will be able to provide any given length desired, most likely stocked in 10-15’ long 

pieces, but the width will have to be a fixed dimension.  The junction box on the back of all PV laminates 

is usually centered in portrait view, typically located a couple of inches from the top of the laminate and 

has dimension of (4-5”)x(4-5”)x1.25”.  The junction box forces each PV panel to have two absorbers on 

each side of the j-box.  APPENDIX C PV PANEL DIMENSION RANGES, contains a table of the most 

popular PV manufacturers and all of their PV models.  The table was used to get an idea of typical 

dimensions for sizing the absorber so that it would fit inside any PV laminate.  Table 2 is a summary of 

the PV dimension compilation and an investigation of the width results shows that the average width of 

any given PV laminate is about 3 feet, with a standard deviation of about 4 inches.  For two absorbers to 

fit on any given PV laminate the width was determined by the following equation.  

 
              

(                                      )

 
       (2.1)  

 

Table 2.  Maximum, minimum, average and standard deviation for the lengths, widths and weights for the most common PV 
manufacturers and models. 

 

Length (in.) Length (ft.) Width (in) Width (ft)

Depth (in.)(includes 

cover and/or frame)

Weight 

(lb)

Max 77.56 6.46 41.18 3.43 1.97 61.70

Min 51.57 4.30 26.30 2.19 1.40 27.50

Average 64.19 5.35 35.79 2.98 1.75 40.61

StDev 6.32 0.53 4.14 0.35 0.19 9.25
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In accordance with equation 2.1, the width of the absorber for the prototype was set to be 12”. 

FLOW CHANNEL SIZING 

Adhering to design criteria number 6 (low cost), the design of the absorber was more focused on ease of 

extrusion and low cost tooling as opposed to optimized heat transfer.  That being said, square flow 

channels were the geometry of choice.  The rate of heat transfer by convection between a surface and a 

fluid can be calculated from the relation  

           (2.2) 

Where,   qc = rate of heat transfer by convection, W 

  A = heat transfer area, m2 

  ΔT = difference between the surface temperature Ts and the fluid temperature Tfluid, K 

     = average convection heat transfer coefficient over the area A, W/m2 K 

When designing a heat exchanger the easiest way to increase the heat transfer rate is to increase the 

heat transfer area.  In the case of flow channels, this is achieved by making the hydraulic diameter as 

small as possible, thus increasing the total surface area of fluid contact.   

The other parameter of interest is the convective heat transfer coefficient, which is calculates as  

 
   

    

  
 (2.3) 

Where,     = the Nusselt number, dimensionless 

    = the fluid thermal conductivity, W/m K 

     = the hydraulic diameter, m 

Increasing the convective heat transfer coefficient will naturally increase the rate of heat transfer, as 

seen in equation (2.2).  The only parameter that is adjustable by design is the hydraulic diameter, which 
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has an inverse relation to the coefficient.  Thus, smaller absorber tubes increases the heat transfer 

coefficient, which increases the rate of heat transfer by convection.  The fluid thermal conductivity is a 

thermodynamic property of the selected fluid and is, of course, a constant when determining the 

convective heat transfer coefficient. 

The Nusselt number for forced convection in tubes is typically evaluated from empirical equations based 

on experimental results.  A dimensional analysis of the experimental results of convection heat transfer 

reveal that the Nusselt number can be determined by an equation 

                (2.4) 

For fully developed, laminar flow in tubes, the Nusselt number is determined by the above relation to be 

3.7 for constant wall temperature and 4.4 for constant heat flux.  In a solar collector the thermal 

condition is closely represented by a constant resistance between the flowing fluid and the constant 

temperature environment.  If this resistance is large, then the thermal boundary condition approaches 

constant heat flux.  If the resistance is small, then the boundary condition approaches constant 

temperature.  Therefore, a solar collector will naturally have a Nusselt number in between the two 

values.  For designing and modeling purposes a conservative value is preferred and it is assumed that 

the thermal boundary condition is constant wall temperature. 

Therefore, in order to maximize the heat transfer rate from the absorber to the fluid: 

 The heat transfer area should be maximized (achieved by increasing the number of flow 

channels) 

 Minimize the hydraulic diameter in order to increase the convective heat transfer coefficient 
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 Increase the temperature gradient.  The absorber temperature is a function of solar radiation, 

but the entering fluid temperature should be as cool as possible.  Lower temperature water also 

increases the Prandtl number, increasing the convective heat transfer coefficient 

The above analysis obviously suggests that the absorber should have as many flow channels as possible, 

where the limiting factors are the tradeoff of better heat transfer at the expense of increased pressure 

drop (increased pumping power) and the limitations of manufacturing.   

When the design was taken to Colorado Plastics for quotation, the prototype fabricator, John Butler, 

recommended that the thickness of plastic separating the flow channels shouldn’t be any smaller 3/32” 

(Butler, 2011).  Using the channel wall thickness constraint, an algorithm that calculated the height of 

the flow channel such that the thickness of material above and below the channel was constrained to 

3/32”, and the ASHRAE/SRCC test flow rate metric of 0.1GPM/ft2, the overall thickness of the absorber 

was varied until the calculated pressure drop along the flow path was comparable to that of other 

unglazed solar collectors, as reported in the directory of SRCC certified solar collector ratings.  Table 3 

shows the results for the parametric runs.  Run 6 was chosen for the prototype because, the overall 

thickness was a convenient dimension (¼”) and the pressure drop was a reasonable value.   
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Table 3.  This table calculates the hydraulic diameter, the total number of flow channels, the Reynolds number, overall 
absorber weight, fluid velocity and pressure drop.  The overall absorber thickness was varied to get an idea of the changing 

parameter 

 

Figure 8 through Figure 10 represent the details of the absorber. 

 

Figure 8.  Overall absorber dimensions. 
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Figure 9.  Absorber Flow channel detail. 

 

Figure 10.  This image shows two spacers and two absorbers underneath one PV laminate. 

FLUID HEADER DESIGN AND SIZING 

HEADER SIZING 

Sizing the fluid headers had to account for an estimated maximum number of modules that would be 

connected to each other.  The sizing criteria followed the common recommendation that sets a velocity 

limit of 4 ft/sec for pipes 2” and smaller, and a head loss of 4 ft/100 ft of pipe for pipes larger than 2” 

(McQuiston, Parker, & Spitler, 2005).   
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Table 4.  Header sizing criteria. 

Flow rate 

per module 

(GPM) 

Estimated 

maximum 

number of 

modules 

connected 

Total 

GPM 

flowing in 

headers 

Pipe Size 

accommodating 

the 4 ft./sec line 

and GPM line 

intersection 

1 10 10 1” 

 

  

Figure 11.  Friction loss due to flow of water in commercial steel pipe (schedule 40).  From ASHRAE Handbook, Fundamentals 
Volume, 1989. 

Applying the criteria of Table 4 and the recommendations of Figure 11 the module supply and return 

headers were sized to have a hydraulic diameter of 1”.  For a square conduit the lengths of the sides of 

the conduit were found by the relation 

 
    

                   

         
 

   

  
      (2.7) 

HEADER DESIGN 

The headers were designed such that their profiles could be easily extruded and cut to the size of any PV 

laminate.  The upstream and downstream headers are not identical and differ in the way that the 
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integrating flanges work.  Adhering to design criteria 2 through 4, the headers need to integrate with 

each other such that an aesthetic façade is generated, the integrated array acts like roofing shingles, and 

the completed module can be mounted directly to the roof.  Figure 12 show the details of the supply 

and return headers.  The “integrating slip and flange” serve the purpose of generating the aesthetic and 

even façade to act like roofing shingles.  During installation of an array, only two sides of the module will 

be accessible for fastening to the roof.  In order to provide added support to the inaccessible sides, the 

“mounting integrating flanges”, as seen in Figure 12, will provide the additional support (See Figure 13).

 

Figure 12.  Supply and Return headers 

The functionality of the integrating flanges is best demonstrated by Figure 13.  The installation 

procedure for any given array is similar to the installation of roofing shingles.  The array should be 
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started in the lower left hand corner of the roof and work its way left-to-right, bottom-to-top.   

 

Figure 13.  Detail of the Supply and Return Header Integration 

SIDE-RAIL DESIGN 

The side rails were designed with an extrudable profile in mind.  Naturally, the height of the side-rails 

needs to match the height of the headers, and the width was chosen to be ½” primarily based on the 

convenient metric.  The details of the side rails are shown in Figure 14.  Similar to the header design, the 

“mounting integrating flanges” are for additional support when fastening to the roof when the 
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mounting flanges are inaccessible.  

 

Figure 14.  Side-Rail detail 

Figure 15 is the detail of the side-rail integration.  The gasket will be compressed into a full 

weatherproofing layer between the modules.

 

Figure 15.  Side Rail integration detail 

MOUNTING FLANGE SIZING AND DETAIL 

The mounting flanges will be an extra extrusion that will have to be glued or welded onto each of the 

headers and side-rails.  Figure 16 is the detail of the mounting flange.  In mass production of the 
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discussed were polycarbonates.  The polycarbonate would have been a nice option for the absorber 

because it comes as a sheet with rectangular channels already extruded.  The problem with using the 

polycarbonate is that it doesn’t bond with PVC, meaning that the entire module would have to be made 

from polycarbonate, which is an opaque color.  Trusting the expertise of the fabricator PVC was selected 

and the fabrication began. 

DESIGN MODIFICATIONS AND CONSTRUCTION PROBLEMS 

The first issue with the designs that were sent to Colorado Plastics (see APPENDIX B PROTOTYPE 

FABRICATION DRAWINGS) was the lack of support the absorber.  Being connected by an 1/8” at both 

ends of the 5’ long run, caused the absorber to sag.  John welded in some side rails on the inner sides of 

both absorber, and welded the absorber along the side rail. 

The original design was sized around a particular union, but the unions that John picked up were slightly 

different.  Thus, in order to get the profile height correct for the modules, a specific union needs to be 

selected to ensure that there is enough clearance in the profile height and to properly align the 

integrating flanges. 

Construction issues with the absorber are discussed at length in CHAPTER 3  THE PHYSICAL 

EXPERIMENT.  Basically, the technique used to machine and close the flow channels was unsuccessful, 

and water was not properly contained in the flow channels.  
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3. Start sketching. Once you have duplicated the position and focal length of the 
camera used to take the picture, you can draw over the image in SketchUp. 
SketchUp moves into a 2D sketching mode from matching (it is 2D because you 
are drawing on a 2D photo that needs to be oriented at a specific camera angle 
to you). Refer to Creating a 3D Model to Match a Photo for further information. 

4. Repeat Step 2 and 3 with any photos representing other views of the building or 
structure. 

PHOTO MATCH 

Following the above steps, the buildings were traced and pushed into 3D images.  Figure 20 through 

Figure 23 show the similarities.   

 

Figure 20.  The building directly across from the array location. 

http://support.google.com/sketchup/bin/answer.py?answer=94920
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Figure 21.  Same building as in the above figure, looking southeast. 

 

Figure 22.  Outside of the Larson Lab.  This is the south facing wall to be used for testing. 
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Figure 23.  The tall building directly in front of the door from the Larson Lab onto the roof. 

Using a tape measure, the layout and spacing of the three building was set.  

GEO-LOCATION 

The next step in using Google SketchUp as the shading modeling program is to properly set the latitude, 

longitude and orientation for the solar calculations.  SketchUp has a couple very nice features for this.  

The Geo-location tool is extremely easy to use.  Go to Window>Model Info, and select Geo-location 

from the left list of options.  This launches Google Earth from within SketchUp.  From here you can find 

the exact location of the model, select the region to the desired size, click “grab” and the image is 

automatically imported with a true north arrow centered in the zone.  From here you can set your 

model exactly to the precise location and orientation.  Figure 24 shows the roof top 3D model set 

against the Google Earth image.  Note the latitude, longitude and the true north arrow.  As can be seen 

from the figure, the wall faces dead south. 
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Figure 24.  The roof top model set against the geo-location imported Google Earth image, with precise latitude and longitude 
and a true north arrow. 

SHADING RESULTS 

The shading results will be for two array scenarios: 

1) The western most array of only two BIPV/T modules (of concern to this project) and  

2) The entire array area for larger future project.   

Figure 25 and Figure 26 show the shading results for January 23, at 2pm (the last time a shadow crosses 

the array between peak sun hours) and the shading results for January 24, from 10am-2pm, (the first 

time of the year that the array is not crossed by a shadow during peak sun hours) for the first scenario, 

respectively. 
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Figure 25.  This is the last day and time between peak sun hours that a shadow crosses the BIPV/T array.  [January 23 at 
2:00pm] 
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Figure 26. From left-to-right, top-to-bottom; Looking north, these are the shadows cast on the array at 10am, 12pm, 1pm, 
and 2pm.  This is the first day of the year that the array is shadow-free during peak sun hours  [January 24]. 

Array scenario 1, is shadow-free from 10am-2pm daily until November 19, as seen in Figure 27. 
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Figure 27.  This is the shadow cast across the array on November 19 at 1:30pm.  This is the first time that a shadow is cast 
across the array since January 23. 

Figure 28 shows the shadow cast across array scenario 2, the entire array.  The top image is on May 1 at 

2pm, the first time of the year that no shadow is cast on the array between the hours of 10am-2pm.  

The bottom image is on August 10 at 2pm and is the last time of the year that no shadow is cast on the 

array between the hours of 10am-2pm. 
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Figure 28.  The top image is May 1 at 2pm.  This day and time is the first day that the entire array is shadow free from 10am-
2pm.  This scenario lasts until August 10, as seen in the bottom image. 

Table 5 is a summary of the shading results 

Table 5.  Summary of Shading Analysis. 

Array Scenario First Day of the year 

when the array is 

shadow-free 

Last Day of the year 

when the array is 

shadow-free 

Total consecutive Days 

of shadow-free 

exposure 

1 – Western Side January 24 November 19 299 

2 – Entire Array May 1 August 10 101 
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SIZING THE THERMAL STORAGE TANKS 

The first step in sizing the thermal storage tanks was to decide on the highest temperature that was 

desired to be in the system.  This value was selected to be 140°F, equal to the typical leaving water 

temperature of a DHW tank.  The ΔT was then calculated assuming that the initial water temperature of 

the tanks would be at about room temperature, 75°F.   NREL’s U.S. Solar Radiation Resource Maps was 

used to find the average daily solar radiation per month,   , from Figure 29 .  September was chosen as 

the month in anticipation of running tests at that time.   

 

Figure 29.  Average Daily Solar Radiation per Month.  This map was used to size the water storage tanks. 
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 (3.1) 

 

Where,     = 140°F - 75°F = 65°F or 18°C 

             = 3 * 1.24    

             = .25 

          
  

    
  

The tanks were sized in anticipation of having three BIPV/T prototypes and the efficiency of the collector 

was an approximate conservative value.  Solving for the mass in equation (3.1) and converting to US 

gallons, the total thermal capacity of the system should be approximately 88 gallons.  Thus two 55 

gallon, plastic open top tanks were selected for the job. 

 

Figure 30.  This is a photo of the experiment from inside of the Larson Lab.  In the upper right hand corner is the electrical 
terminations and PV load dumping station.  Centered in the photo are the two 55-gallon tanks, and the datalogger and 

thermistor enclosure.  The 1/6 HP circulator pump is seen in the left hand side of the photo. 
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Figure 56.  This parameter is the incremental savings over the lifetime of the BIPVT when compared to a PV only module. 

Table 18 is the annual simulation results for Calibration 1 but instead of using a PVC absorber, a special 

highly thermally conductive material was used.  It is important to understand that these types of 

materials are out on the market, but the only way to know if the additional cost of the material is worth 

the improved performance is to run a simulation to make the right economic decision.  The results 

presented in Figure 57 clearly show a point of diminishing returns with improved absorber thermal 

conductivity and increasing solar fraction.  The manufacturer of the thermally conductive plastic is a 

company based out of Rhode Island called Cool Polymers.  Their family of thermally conductive plastics 

range from conductivities of 2 W/mk to 100 W/mk.  The polymer selected for simulation had a 

conductivity of 20 W/mk and its specification sheet can be viewed in APPENDIX JTRNSYS PVT 

MATHEMATICAL MODEL. 
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Table 18.  Annual simulation results for Calibration 1 using the CoolPoly thermally conductive absorber material. 

Incident 

Solar 

Radiation 

(kJ/m2)

Collector 

Useful 

Energy 

(kJ)              

DHW 

Load (kJ)

Auxiliary 

Energy 

(kJ)

Collector 

Efficiency

Solar 

Fraction

PV 

Efficiency 

(collection)

PV Efficiency 

(stagnation)

PV Efficiency 

% 

improvement

Elec Rate  

$/kWh $saved/yr $saved/ft2/yr $saved/module/yr

Lifetime 

Thermal 

Savings

Phoenix 8.62E+06 1.73E+07 1.85E+07 3.52E+06 8.46% 81.00% 15.40% 15.00% 2.60% 0.11 $446.49 $1.80 $17.86 $274.54

Tucson 8.67E+06 1.58E+07 1.85E+07 4.81E+06 7.69% 73.90% 15.60% 15.32% 1.79% 0.11 $408.04 $1.64 $16.32 $250.90

Las Vegas 8.67E+06 1.54E+07 1.85E+07 5.17E+06 7.50% 72.00% 15.60% 15.31% 1.86% 0.13 $476.18 $1.92 $19.05 $292.80

El Paso 8.59E+06 1.52E+07 1.85E+07 5.35E+06 7.46% 71.00% 15.70% 15.43% 1.75% 0.12 $452.21 $1.82 $18.09 $278.07

Tampa 7.05E+06 1.47E+07 1.85E+07 5.86E+06 8.77% 68.20% 15.50% 15.28% 1.42% 0.12 $435.03 $1.75 $17.40 $267.50

Honolulu 7.43E+06 1.45E+07 1.85E+07 5.98E+06 8.23% 67.60% 15.50% 15.24% 1.68% 0.24 $841.62 $3.39 $33.66 $517.51

Fresno 7.64E+06 1.45E+07 1.85E+07 6.04E+06 7.99% 67.30% 15.60% 15.25% 2.28% 0.15 $510.17 $2.05 $20.41 $313.70

Miami 6.93E+06 1.44E+07 1.85E+07 6.10E+06 8.75% 67.00% 15.50% 15.27% 1.48% 0.12 $426.77 $1.72 $17.07 $262.42

San Antonio 7.11E+06 1.37E+07 1.85E+07 6.74E+06 8.12% 63.50% 15.60% 15.37% 1.47% 0.12 $404.41 $1.63 $16.18 $248.67

Tallahassee 6.78E+06 1.37E+07 1.85E+07 6.73E+06 8.52% 63.50% 15.60% 15.35% 1.60% 0.12 $405.08 $1.63 $16.20 $249.09

Austin 7.03E+06 1.36E+07 1.85E+07 6.84E+06 8.13% 62.90% 15.60% 15.37% 1.47% 0.12 $400.97 $1.61 $16.04 $246.56

Jacksonville 6.63E+06 1.34E+07 1.85E+07 6.96E+06 8.54% 62.30% 15.60% 15.33% 1.73% 0.12 $397.17 $1.60 $15.89 $244.22

New Orleans 6.59E+06 1.32E+07 1.85E+07 7.22E+06 8.43% 60.90% 15.60% 15.38% 1.41% 0.08 $253.80 $1.02 $10.15 $156.06

San Diego 7.58E+06 1.31E+07 1.85E+07 7.24E+06 7.29% 60.80% 15.90% 15.64% 1.64% 0.15 $461.03 $1.86 $18.44 $283.49

Houston 6.30E+06 1.29E+07 1.85E+07 7.45E+06 8.62% 59.70% 15.60% 15.35% 1.60% 0.12 $380.00 $1.53 $15.20 $233.66

Dallas 7.19E+06 1.29E+07 1.85E+07 7.49E+06 7.53% 59.40% 15.70% 15.48% 1.40% 0.12 $378.62 $1.52 $15.14 $232.81

Sacramento 7.24E+06 1.28E+07 1.85E+07 7.56E+06 7.43% 59.00% 15.70% 15.46% 1.53% 0.15 $447.93 $1.80 $17.92 $275.43

Los Angeles 7.40E+06 1.27E+07 1.85E+07 7.66E+06 7.21% 58.50% 16.00% 15.71% 1.81% 0.15 $443.84 $1.79 $17.75 $272.91

Atlanta 6.83E+06 1.21E+07 1.85E+07 8.20E+06 7.45% 55.60% 15.80% 15.58% 1.39% 0.10 $289.83 $1.17 $11.59 $178.22

Annual Results sorted by the Solar Fraction - Calibration 1 - CoolPoly
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Figure 57.  Solar Fraction Comparison among cities and absorber material. 

 

Figure 58.  BIPVT maximum price margin comparison among cities and absorber material, sorted by percent increase. 

Figure 57 and Figure 58 reveal an important manufacturing optimization problem.  Notice that there is a 

significant improvement in thermal performance with the improved thermal conductivity of the 

CoolPoly material.  However, the thermal improvements are far from linearly related to the 

conductivities.    

The optimization problem is to maximize the NPW by varying the material, and consequentially the 

material conductivity, as shown in equation 5.2. 
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                                                  (5.3) 

Where,                                

Table 19 provides a summary of the range of solar fraction and lifetime thermal savings results. 

Table 19.  Summary of the range of results for the Solar Fraction and the Lifetime Thermal Savings per module 

  

The above analysis has laid the foundation for a future manufacturing business model.  There is a cost 

per module that the manufacturer can compete against for an increased profit margin.  The simulations 

demonstrate an improved electrical performance due to the heat collection component and all costs can 

be rolled into a 30-year mortgage plan on a new residence.  For example, if the manufacturer charges 

$130 more per module than a traditional PV then, the consumer will realize savings in about 15 years, 

and the manufacturer will be able to make a 30% profit.  It is possible that the additional cost per BIPVT 

module over a traditional PV module may be closer to zero, making the BIPVT even more attractive to 

customers and more lucrative for the supplier. 

Calibration Max Min Avg

Cal 1 - PVC 73.5% (Phoenix) 48.8% (Atlanta) 57.69%

Cal 2 - PVC 68.3% (Phoenix) 44.9% (Atlanta) 53.39%

Cal 1 - CoolPoly 81% (Phoenix) 55.6% (Atlanta) 64.95%

Calibration Max Min Avg

Cal 1 - PVC $461.71 (Honolulu) $138.49 (New Orleans) $237.47

Cal 2 - PVC $431.12 (Honolulu) $128.25 (New Orleans) $219.82

Cal 1 - CoolPoly $517.51 (Honolulu) $156.06 (New Orleans) $267.29

Annual Solar Fraction Ranges

Lifetime Thermal Savings (per module)
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SPOTLIGHT ON PHOENIX 

Typical Seasonal Day Analysis 

In order to gain a better understanding of the system on a daily basis, the simulation was run in Phoenix, 

AZ on typical winter, spring and summer days.  Figure 59 is the graphical representation of the typical 

seasonal days.  The top plots show the incident radiation and the pump control signal, while the bottom 

plots show the pump signal, temperature in and out of the tank, and average tank temperature.  At first 

glance, it seems a bit concerning that the temperature rise across the collector is very small.  This 

occurrence is because the pump is most likely circulating water from the same node.  The collector is 

pulling from the bottom of the tank, and if the return temperature rise across the collector is only 

slightly warmer than the supply temperature, the tank will dump the heat back into the same node.  This 

causes a gradual heating of the tank from the bottom up breaking down stratification, but increasing 

thermal capacity.  I believe the increase in thermal capacity is where significant energy savings can be 

found, by coasting longer into the night using less auxiliary power as stratification sets back up. 
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Figure 59.  This figure demonstrates the behavior of the system for a couple of days during the winter, spring and summer in Phoenix, Az.  The upper plots show the incident 
radiation striking the surface and the pump control signal (On/Off).  The bottom plots consist of the average tank temperature, the entering and leaving fluid temperature of 
the collector and the pump control signal.  Note that Tin is also the temperature at the bottom of the tank and all values where Tout is not under the pump control curve are 

calculated values. 
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Effect of Flow Rate and Pumping Power on Annual Performance 

Figure 59 is showing very little temperature rise across the collector.  Slowing the flow rate across the 

collector will undoubtedly improve the temperature rise.  A parametric flow rate analysis was conducted 

to see the impact on annual performance.  Pumping power was also taken into account.   The simulation 

was run for a couple of days during the summer.  Specifically, July 15 – 17 was chosen and the TMY2 

data for those hours of the year were the forcing functions.  Figure 60 shows the collector temperature 

rise over the course of two days.  The first and third peaks correspond to values when the pump was 

signaled on during the day.  The second and fourth peaks are calculated values by TRNSYS during the 

course of the night.  When the pump is off, stratification in the tank starts to setup.  The residual heat of 

the collectors from the day would still create a temperature rise from water at the bottom of the tank, 

but not significant enough for the pump control sequence to turn on the pump at night. 

Based on Figure 60, it is obvious that the slow flow rate is indeed improving temperature rise across the 

collector.  Improved temperature rise is also improving tank stratification because the water entering 

the tank from the collector is being introduced to the tank at a higher level versus the bottom.  Better 

stratification lowers the average tank temperature (lower heat loss from the tank) and lowers the 

entering fluid temperature to the collector (improves collector efficiency).  Table 20 represents the 

results of the parametric flow rate analysis.  0.06 GPM/ft2 was the typical flow rate used for the regional 

annual comparisons of the previous section.  The flow rate was parametrically reduced down to a very 

slow rate.  The collector efficiency and solar fraction improved slightly with slower flows.   

The pump HP was assumed to be reduced from 1/6 to 1/8 HP based on pump selections from Taco 

pumps for flow rates less than .02 GPM/ft2.  The reduction in pump HP was the driving factor for dollars 

saved improvement.  The improved temperature rise with flow rate had negligible impact on the 

number of hours the pump ran per year.  The kWh improved by 1 kWh when flow was reduced from 

0.06 to 0.04 and 2 kWh when reduced from 0.02 to 0.01 GPM/ft2.
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Figure 60.  The above figure shows the calculated values of collector temperature rise as a function of time.  The first and third peaks represent times when the pump is on.  
The second and fourth peaks represent calculated values.  The pump control sequence doesn’t signal the pump on until a 5 degree temperature difference is achieved. 

Table 20 Parametric analysis of flow rate on annual performance. 

Flow Rate 

(0.06 

GPM/ft2)

Incident 

Solar 

Radiation 

(kJ/m2)

Collector 

Useful 

Energy 

(kJ)              

DHW 

Load (kJ)

Auxiliary 

Energy 

(kJ)

Collector 

Efficiency

Solar 

Fraction

PV Efficiency 

(collection)

PV 

Efficiency 

(stagnation)

PV Efficiency 

% 

improvement Pump HP

PumpEnergy/yr 

(kWh)

Elec Rate  

$/kWh $saved/yr

$saved/yr

% Increase $saved/ft2/yr

$saved

/module

/yr

Lifetime 

Thermal 

Savings 

per 

module

0.06 8.62E+06 1.577E+07 1.85E+07 4.89E+06 7.70% 73.50% 15.3% 15.00% 1.96% 1/6 301 0.11 $373.45 0.00% $1.50 $14.94 $229.63

0.04 8.62E+06 1.580E+07 1.85E+07 4.78E+06 7.71% 74.11% 15.3% 15.00% 2.22% 1/6 302 0.11 $376.50 0.82% $1.52 $15.06 $231.51

0.02 8.62E+06 1.586E+07 1.85E+07 4.72E+06 7.74% 74.46% 15.3% 15.00% 2.15% 1/8 228 0.11 $386.35 3.45% $1.56 $15.45 $237.56

0.01 8.62E+06 1.590E+07 1.85E+07 4.68E+06 7.76% 74.66% 15.3% 15.00% 2.15% 1/8 230 0.11 $387.23 3.69% $1.56 $15.49 $238.11

Flow Rate Parametric Analysis for Phoenix



 

99 
 

Additional System Sensitivities 

Thus far, all annual results have been based on a single system size and economic assumptions.  Clearly, 

not all residential systems will be identical.  The primary assumption of this thesis is that the BIPVT will 

be part of the new construction.  Systems will differ in numerous ways: the slope of the collector will 

vary based on varying roof angles, the number of modules will vary based on available roof space, DHW 

use will change with differing family size, size of the storage tank.  The following sub sections will look 

into additional system sensitivities on annual performance.  The lifetime of the modules is set at 30 

years for the determining the USPW multiplier. 

Slope of Collector 

All previous simulations have been based on a roof angle of 30 degrees.  The parameter will be varied 

from 20 degrees to 40 degrees to analyze the impact on annual performance.  All other system 

parameters will remain the same (flow rate set back to 0.06 GPM/ft2).  Table 21 shows the results of the 

parametric analysis.  Notice the change in incident solar radiation which peaks around Phoenix’s latitude 

of 33 degrees.  Performance results propagate as a function of the incident solar radiation. One reason 

for tilting solar thermal collectors beyond local latitude angles is to take advantage of lower winter sun 

angles.  This simulation did not see improvement with higher roof angles. 

 Size of the Storage Tank 

All previous simulations have been based on a storage tank of approximately 120 gallons.  The size of 

the storage tank will be varied from 100 gallons to 200 gallons.  By varying the size of the tank, one must 

decide whether the height or diameter or both will vary.  Stratification is of the most interest here, so 

the diameter remained constant while the height of the tank and of each node increases with capacity.  

The slope of the collector was set back to 30 degrees.  Table 22 shows the results of the storage tank 

parametric analysis.  As the tank capacity increased, the ability for stratification to set up increased as 
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well.  Improved performance results propagated as a function of tank size.  Notice the improving trend 

of collector efficiency, solar fraction and savings with increased tank size.  Improved stratification lowers 

the average tank temperature (lowering heat losses) and allows cooler water to be supplied to the 

collector from the bottom of the tank, thus improving performance.  

Number of BIPVT modules 

All previous simulations have been based upon a 5kW system, which translated into a total of 25 

modules.  Previous investigation about residential energy use has suggested that a 5kW PV system is an 

appropriate starting place for typical domestic energy needs.  However, differing architecture may not 

provide the roof space to accommodate a 5 kW array.  The size of the BIPVT system will be varied to test 

the impact on annual performance.  The size of the tank was set back to a typical 120 gallon tank at a 

height of 1.75 m (~5.5 ft) for all runs. 

Table 23 shows the results of the system size parametric analysis.  A couple of metrics to notice are the 

collector efficiency and the solar fraction.  While the solar fraction improves with system size (expected), 

the collector efficiency degrades significantly.  The BIPVT system tank is sized for typical DHW use and 

not necessarily for integration with a solar thermal system.  Tank stratification is again responsible for 

improved collector efficiency at smaller system sizes.   

There are a few other metrics to notice in Table 23 that make small BIPVT systems attractive.  Moving 

from left to right across the table, the PV efficiency % improvement is significantly better at the 1 kW 

size.  Also, dollars saved per square foot and per module improve with decreasing system size.  The last 

column in Table 23 is the lifetime thermal savings ($) per module is the annual energy savings per 

module multiplied by the uniform series present worth (USPW) assuming a discount rate of 5% and a 

lifetime of 30 years. 
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Table 21. Parametric Analysis of roof angle on performance. 

 

Table 22.  Parametric Analysis of tank size on performance. 

 

Roof 

Angle 

(deg)

Incident 

Solar 

Radiation 

(kJ/m2)

Collector 

Useful 

Energy 

(kJ)              

DHW 

Load (kJ)

Auxiliary 

Energy 

(kJ)

Collector 

Efficiency

Solar 

Fraction

PV Efficiency 

(collection)

PV 

Efficiency 

(stagnation)

PV Efficiency 

% 

improvement

Flow 

Rate 

(GPM/

ft2)

PumpEnergy/yr 

(kWh)

Elec Rate  

$/kWh $saved/yr

$saved/ft2/

yr

$saved

/module

/yr

Lifetime 

Thermal 

Savings 

per 

module

20 8.50E+06 1.54E+07 1.85E+07 5.20E+06 7.63% 71.85% 15.31% 15.00% 2.03% 0.06 300.06 0.11 $427.01 $1.72 $17.08 $262.57

25 8.59E+06 1.56E+07 1.85E+07 5.01E+06 7.66% 72.88% 15.33% 15.00% 2.17% 0.06 300.97 0.11 $433.55 $1.75 $17.34 $266.59

30 8.62E+06 1.58E+07 1.85E+07 4.89E+06 7.70% 73.54% 15.34% 15.00% 2.23% 0.06 301.70 0.11 $437.62 $1.76 $17.50 $269.09

35 8.61E+06 1.58E+07 1.85E+07 4.86E+06 7.71% 73.70% 15.34% 15.00% 2.21% 0.06 301.91 0.11 $437.46 $1.76 $17.50 $268.99

40 8.53E+06 1.57E+07 1.85E+07 4.98E+06 7.72% 73.04% 15.33% 15.00% 2.13% 0.06 302.21 0.11 $434.30 $1.75 $17.37 $267.05

Roof Angle Parametric Analysis for Phoenix

Tank Size 

(gallons)

Incident 

Solar 

Radiation 

(kJ/m2)

Collector 

Useful 

Energy 

(kJ)              

DHW 

Load (kJ)

Auxiliary 

Energy 

(kJ)

Collector 

Efficiency

Solar 

Fraction

PV Efficiency 

(collection)

PV 

Efficiency 

(stagnation)

PV Efficiency 

% 

improvement

Flow 

Rate 

(GPM/

ft2)

PumpEnergy/yr 

(kWh)

Elec Rate  

$/kWh

$saved/yr 

(Including 

pump 

losses)

$saved/ft2/

yr

$saved

/module

/yr

Lifetime 

Thermal 

Savings 

per 

module

100 8.62E+06 1.59E+07 1.85E+07 5.45E+06 7.76% 70.48% 15.34% 15.00% 2.23% 0.06 314.41 0.11 $440.49 $1.77 $17.62 $270.85

120 8.62E+06 1.64E+07 1.85E+07 5.08E+06 8.00% 72.47% 15.35% 15.00% 2.31% 0.06 305.65 0.11 $455.92 $1.84 $18.24 $280.34

140 8.62E+06 1.66E+07 1.85E+07 4.85E+06 8.12% 73.75% 15.36% 15.00% 2.36% 0.06 300.68 0.11 $463.82 $1.87 $18.55 $285.20

160 8.62E+06 1.69E+07 1.85E+07 4.76E+06 8.23% 74.24% 15.37% 15.00% 2.40% 0.06 297.38 0.11 $470.70 $1.90 $18.83 $289.43

180 8.62E+06 1.70E+07 1.85E+07 4.71E+06 8.29% 74.47% 15.37% 15.00% 2.42% 0.06 293.49 0.11 $474.51 $1.91 $18.98 $291.77

200 8.62E+06 1.73E+07 1.85E+07 4.75E+06 8.43% 74.28% 15.38% 15.00% 2.47% 0.06 291.35 0.11 $483.56 $1.95 $19.34 $297.34

Tank Size Parametric Analysis for Phoenix
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Table 23.  Parametric analysis of system size on performance. 

 

System 

Size 

(kW)

No. of 

Modules

Module 

Roof 

Area 

(ft2)

Incident 

Solar 

Radiation 

(kJ/m2)

Collector 

Useful 

Energy (kJ)              

DHW 

Load (kJ)

Auxiliary 

Energy 

(kJ)

Collector 

Efficiency

Solar 

Fraction

PV 

Efficiency 

(collection)

PV Efficiency 

(stagnation)

PV Efficiency 

% 

improvement

Flow Rate 

(GPM/ft2)

PumpEnergy

/yr (kWh)

Elec 

Rate  

$/kWh $saved/yr

$saved/ft2

/yr

$saved

/module

/yr

Lifetime 

Thermal 

Savings 

per 

module

1 5 49.67 8.62E+06 9.02E+06 1.85E+07 1.10E+07 22.00% 40.40% 15.90% 15.00% 6.00% 0.06 83.20 0.11 $220.01 $4.43 $44.00 $676.43

2 10 99.34 8.62E+06 1.22E+07 1.85E+07 8.13E+06 14.80% 56.00% 15.60% 15.00% 4.00% 0.06 166.40 0.11 $298.56 $3.01 $29.86 $458.96

3 15 149.02 8.62E+06 1.39E+07 1.85E+07 6.50E+06 11.30% 64.80% 15.50% 15.00% 3.33% 0.06 249.60 0.11 $339.21 $2.28 $22.61 $347.63

4 20 198.69 8.62E+06 1.53E+07 1.85E+07 5.63E+06 9.31% 69.50% 15.40% 15.00% 2.67% 0.06 332.80 0.11 $356.64 $1.79 $17.83 $274.12

5 25 248.36 8.62E+06 1.63E+07 1.85E+07 5.06E+06 7.96% 72.60% 15.40% 15.00% 2.67% 0.06 416.00 0.11 $364.91 $1.47 $14.60 $224.38

6 30 298.03 8.62E+06 1.70E+07 1.85E+07 4.60E+06 6.90% 75.10% 15.30% 15.00% 2.00% 0.06 499.20 0.11 $369.81 $1.24 $12.33 $189.50

System Size Parametric Analysis for Phoenix
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CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS 
The purpose of this research was to design and build a patentable, modular BIPV/T prototype to assess 

the following: 

 Performance 

 Economics 

 Constructability 

 Operation and Maintenance 

Three of the four topics were addressed in this research with favorable results.  The Operation and 

Maintenance of a full scale BIPVT array cannot be commented on at this time.  However, with repairs to 

the two existing prototypes, and an improved absorber design, long term observations of the material 

integrity, the operation and maintenance of the system could be commented on by another researcher. 

The performance of the BIPVT module was best assessed by the TRNSYS simulations.  Cities in the 

southwest desert performed quite well, with solar fractions reaching over 70% for an all PVC BIPV/T 

module.  Using the special CoolPoly thermally conductive polymer properties for the absorber in the 

TRNSYS model, on average, increased the solar fraction by about 10%.  Looking at the typical winter, 

spring and summer daily system behavior for Phoenix, Az, showed that the collector was circulating 

water from the same node that it was drawing water from.  Thus Tin and Tout increased in tandem and 

essentially heated the tank from the bottom up, discouraging tank stratification.  This discovery 

encouraged the need for more simulations using a two-tank system.  

The economics were assessed by assuming that the BIPVT modules would be plumbed into an electric 

water tank with variable inlet positioning.  Average statewide electric rates were used to get a ball park 

figure for annual dollars saved.  A more extensive analysis of summer demand and tier rates might 
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reveal further savings and incentives.  This research didn’t looking into the possibility of state rebates for 

a BIPVT system, but there may be additional opportunities for savings there. 

The constructability of a low-cost building-integrated photovoltaic module was completed.  The 

prototype design is by no means ready to go to mass production, but does provide a nice place to start.  

Just like with any product development, prototypes go through design changes as the research realize 

what does and doesn’t work.  Spending money on an extrudable absorber would be well worth it to 

guarantee a more robust prototype that can be subjected to higher water pressures and better flow 

control. 

RECOMMENDATIONS 

All of the simulation results were verified by an extremely small and unreliable amount of data.  The 

author is keenly aware of the need for more testing and a better calibrated model, including a detailed 

error analysis.  Unfortunately, weather and timing prevented this study from achieving better results.  

The experience has a left the author with a feeling of unfinished business and would like to make some 

suggestions for future work. 

FUTURE WORK 

First and foremost, confidence must be restored in the integrity of the prototypes.  Throughout the 

entire experiment, a feeling of paranoia and fear of breaking the costly prototypes lingered in the air.  It 

is my recommendation that a PVC absorber be extruded and sent to Colorado Plastics to be installed in 

the prototypes.  If money is available for extrusion, consider using circular channels versus square 

channels, and perform a cost-benefit analysis on tooling expense versus improved convective heat 

transfer coefficient.  There is still much room for improvement on the module to module connection.  

This study chose to use a union because of the reliability and ease of use.  The pending patent is most 
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concerned that the PV module frame serve as the fluid conduit, but perhaps the module to module 

integration concept is also patentable. 

As mentioned above, this study is clearly unfinished.  The first thing that needs to be address before 

more testing is performed is to fix the leaks that currently exist in the plumbing system.  There are a 

couple joint leaks where water got caught and froze, and is causing a leak.  With confidence restored in 

the prototypes and the plumbing system back in action, more testing can begin.  The best time of year 

for testing is going to be in the summer where the temperature rise across the modules is well outside 

the range of error of the thermocouples.  With non-freezing temperatures, the system can simply run 24 

hours a day, and will be able to track a wide range of entering and leaving fluid temperatures and 

environmental conditions.  More data will provide better insight in calibration techniques, and may 

inspire the rewriting of the TRNSYS source code to better match the BIPVT absorber physical character. 

PV efficiency during heat collection and stagnation needs to be compared to verify the TRNSYS model, 

along with a parametric analysis of changing flow rates for optimized performance.  This is easily doable 

when the system is back up and running. 

Finally, simulations should be run for all above cities using a two tank system.  The diverter should send 

the city water into the buffer tank, which is plumbed into the collectors, as well as to the tee piece for 

load use.  The circulator pump should pull from the bottom of the buffer tank and return to the top, 

promoting tank stratification.  The second tank (the hot water tank) will have an auxiliary heating 

element to meet the thermostat set point, along with variable inlet positions from the buffer tank.  This 

setup will most likely improve the thermal and electrical efficiencies of the BIPVT due to the larger 

temperature gradient and lower PV cell temperatures.  However, a two-tank system certainly increases 

the startup cost and takes up valuable living space. 
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APPENDIX A PROVISIONAL PATENT 
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APPENDIX B PROTOTYPE FABRICATION DRAWINGS 
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APPENDIX C PV PANEL DIMENSION RANGES AND THE SUNPOWER 

SPEC SHEET 

The following table is a compilation of the most popular PV manufacturers and all of their PV models.  

The table was used to get an idea of typical dimensions for sizing the absorber so that it would fit in any 

PV laminate. 

 

  

Manufacturer Model

Length 

(in.)

Length 

(ft.)

Width 

(in)

Width 

(ft)

Depth 

(in.)(includes 

cover and/or 

frame)

Weight 

(lb) Watt VOC Isc

FS Series 3 (Thin 

Film) 47.24 3.94 23.62 1.97 0.52 26.40

FS Series 2 (Thin 

Film) 47.24 3.94 23.62 1.97 0.52

STP190S-24/Ad 62.20 5.18 31.80 2.65 1.40 34.10 190 45.20 5.62

STP185S-24/Adb+ 62.20 5.18 31.80 2.65 1.40 185 45.00 5.43

Sharp 

(monocrystalline)
NU-U235F4 64.60 5.38 39.10 3.26 1.80 41.90 235 37.00 8.50

Q.PRO   

(monocrystalline) 65.75 5.48 39.37 3.28 1.97 44.00

210-

245

35.83-

37.48

8.09-

8.52

Q.SMART  

(CIGS[Cu(In, Ga)]) 47.09 3.92 25.04 2.09 1.42 31.90

Q.SMART UF 

(CIGS[Cu(In, Ga)Se2]) 46.85 3.90 24.80 2.07 0.87 29.04

Q.SMART UF L  

(CIGS[Cu(In, Ga) 

Se2]) 46.85 3.90 31.10 2.59 0.87 36.30

Q.BASE  

(Multicrystalline) 65.75 5.48 39.37 3.28 1.97 46.20

YGE 185 

(multicrystalline) 51.57 4.30 38.98 3.25 1.97 34.80

175-

185

29.0-

29.5

8.2-

8.45

YL 210  

(polycrystalline) 58.86 4.90 38.98 3.25 1.97 39.60

190-

210

32.8-

33.6

8.03-

8.45

YGE 235  

(mulitcrystalline) 64.96 5.41 38.98 3.25 1.97 43.70

225-

235

36.5-

37

8.28-

8.54

YGE 280 

(multicrystalline) 77.56 6.46 38.98 3.25 1.97 57.30

270-

280

44.8-

45

8.2-

8.35

JAM5 72(Mono) 62.20 5.18 31.81 2.65 1.57 34.10

155-

195

44.45-

45.81

4.86-

5.54

JAM6 60(Mono) 64.96 5.41 39.02 3.25 1.57 42.90

200-

250

36.12-

37.8

7.83-

8.68

JAM6 72(Mono) 77.56 6.46 39.02 3.25 1.97 60.50

280-

320

45.02-

46.76

8.52-

8.76

JAM5L (Mono) 62.20 5.18 31.81 2.65 1.57 34.10

155-

195

43.68-

45.04

4.94-

5.62

JAM5 (Mono) 62.20 5.18 31.81 2.65 1.57 34.10

JAM6 (Mono) 64.96 5.41 39.02 3.25 1.57 42.90

JAP6 (Multi) 64.96 5.41 39.02 3.25 1.57 42.90

200-

260

36.15-

37.85

7.8-

8.65

JAP6 72 (Multi) 77.56 6.46 39.02 3.25 1.97 60.50

270-

300

45.16-

45.67

8.47-

8.73

First Solar (Thin Film, 

no residential specific)

Suntech 

(monocrystalline 

silicon)

Yingli

JA Solar

Q-cells


