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Abstract 

Global energy consumption is directly related to global population, which tripled in the last 65 

years. In 2015, less than 1% of global energy production was derived from solar energy, while 

90% was produced from non-renewables. Demand for renewable energy sources, including solar, 

is increasing rapidly due to market forces of pricing and availability. Displacement of costlier 

fossil-fuel based technology provides environmental benefits of reduced CO2 emissions, along 

with increased security of energy supply. Existing solar energy extraction methods are described, 

including a review of research on hybrid solar photovoltaic/thermal (PV/T) systems and 

technology. Photovoltaic (PV) systems collect less than 20% of solar energy and thermal (T) 

systems collect 70% or more—in combination, PV/T systems offer much higher efficiencies in the 

same collection unit. A novel hybrid solar PV/T collection system is introduced, along with 

estimates of market potential for PV/T systems. Analysis of PV/T system economics, including 

cost comparisons to existing technologies, shows favorable conditions for adaptation of hybrid 

PV/T technology. 
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Introduction 

World population has increased significantly over the past sixty-five years. Advancement in 

technology together with population growth has led to a steep rise in overall power demand. Figure 

1 shows global population, which tripled, and CO2 emissions, which quintupled, from 1950 to 

2015. Figure 2 shows global energy consumption since the 1960s. Global population growth, 

global CO2 emissions, and global energy consumption are clearly related to one another. CO2 

emissions and energy consumption show identical behavior from 1980 to the present, because 

most global energy is generated from fossil fuels, which produce CO2 as their by-product. 
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CO2 emissions, implicated in global climate change, are not the only concern with fossil-fuel-based 

energy production:  Another issue is dependency on dwindling fossil-fuel resource and supply. The 

US Census Bureau predicts that world population will reach 9 billion by 2050, and current energy 

consumption patterns indicate a disproportionate increase in energy demand. With the costs—

extraction, delivery, and climate consequences—of fossil fuels increasing over time, and the costs 

of renewable alternatives decreasing, market forces will accelerate the demand for renewable 

energy from solar, hydroelectric, and wind resources, etc. In 2015, 16 gigawatts (GW) of 

renewable energy electricity production—68% of the total—were installed in the United States,[1] 

and solar energy accounts for nearly half: 7.5 GW.[2] Figure 3 shows the additions to US electricity 

production by energy source from 2010 to 2015; the solar portion rose from 4% in 2010 to about 

30% in 2015. From 2013 to 2015, wind/solar displaced and reduced natural gas/coal share from 

57% to 29%. 
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Among various renewable energy alternatives, electricity from solar energy is becoming easier and 

more economic to produce. Small-scale solar photovoltaic (PV) panels are relatively cheap—

currently less than US$.75/watt—and installed quickly on available ground and/or roof space of 

existing structures. Costs of installation, which were less than the cost of panels ten years ago, now 

exceed panel cost by a factor of 3 or more; and installation costs are decreasing due to advances in 

racking, wiring, and assembly.  
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Global renewable energy generation has been rising, but 90% of total global energy production 

was derived from non-renewable sources—fossil fuel and nuclear—in 2015 (Figure 5). Although 

solar energy consumption has grown rapidly in the last ten years (Figure 4), at 0.43% of the total 

from all sources, solar has significant potential to increase its share. The US market, with 25 GW 

of installed PV (ground and rooftop) at the end of 2015, is at 2.2% of the technical potential of 

1,118 GW of rooftop PV capacity, according to a 2016 National Renewable Energy Laboratory 

(NREL) analysis.[3] 
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This white paper assesses solar energy market potential noted above, and compares different solar 

generation processes, i.e., solar photovoltaic (PV), solar thermal, and hybrid solar 

photovoltaic/thermal (PV/T). It also presents a patented novel hybrid solar PV/T collection system, 

designed for use in new and retro-fit residential and commercial applications, and suitable for 

capturing significant market share. 
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Solar Energy Potential 

The sun emits constant solar energy—derived from nuclear fusion—24 hours per day 365 days per 

year. All of the world’s energy demand could be fulfilled from collection of a tiny fraction of this 

real-time energy.  Fossil fuels are essentially solar energy stored and concentrated over millions of 

years, but their potential to meet continuously growing world demand is limited by diminishing 

supply and increasing costs of extraction and delivery. Utilization of solar energy has no similar 

constraints:  Supply is not diminishing, costs of extraction are decreasing, and delivery is local.   

According to NASA,[4] the intensity of solar energy above the earth’s atmosphere, known as the 

solar constant, is about 1365 W/m2. The rate of transmission of this energy through the 

atmosphere to reach the earth’s surface depends on the zenith angle, local weather patterns, and 

atmospheric conditions. Morse and Simmons[5] have determined the rate of solar energy reaching 

the earth’s surface is approximately 488 W/m2, about one-third of the solar constant. For the whole  

earth, total annual solar energy absorbed by the earth's surface (oceans and land) can be estimated 

at 818,000 petawatt hours (PWh). According to International Energy Agency (IEA) estimates,[6] 

total global energy consumption in 2013 was 157,481 terawatt hours�$TWh), which is 0.019%--less 

than 2 hours--of the annual solar energy reaching the earth's surface. 

In 2001, Sandia National Laboratories[7] estimated that a desert area in the Southwestern United 

States that measures 161 km (100 mi) per side (10,000 sq mi—0.26% of the land area of the 

United States) could theoretically meet the electricity needs of the entire country if the solar 

radiation in that area could be converted to electricity with 10% efficiency. The presence of 

clouds, which scatter and absorb solar energy, is the predominant atmospheric condition that 

determines the amount of solar energy available for conversion to other energy forms at any 

particular location. Figures 6 and 7 show two average daily solar power resource maps for the 

United States developed by the National Renewable Energy Laboratory (NREL). Figure 6 shows 

the photovoltaic solar (PV) resource, and Figure 7 shows the concentrating solar power (CSP) 

resource. Both PV and CSP have their maximum potential in a hot and dry climate, such as the 

desert areas of New Mexico, Arizona, Nevada, and California. These areas combined total more 

than 400,000 sq mi, or about 40 times the area estimated by the Sandia study noted above.�
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It is evident that solar energy has the potential to meet present and future energy demand, while 

mitigating global climate issues by providing electricity and thermal energy with minimal carbon 

emissions. However, much of the present solar energy technology has limitations. For example, 

solar PV panels have relatively low efficiencies—typically less than 20%—which are reduced 

further as surface temperature increases.[8] CSP (concentrating) panels require tracking hardware 

and produce electricity via super-heated fluids and mechanical turbines—lots of moving parts. In 

the following sections, various solar energy extraction techniques will be described, and the novel 

hybrid solar PV/T technology will be introduced. 

Solar Energy Extraction Methods 

Solar energy is extracted and converted to usable forms of energy via solar photonic and/or solar 

thermal technology. Photovoltaic materials absorb photons and produce electricity from the 

photovoltaic effect. Photon energy can also be accumulated using chemical reactions such as 

photosynthesis. Solar thermal methods collect energy as heat that can be used directly in many 

residential or commercial applications, for example, water and space heating, industrial drying and 

pre-heating, etc. Thermal energy also can be converted into electrical energy using various 

devices, such as the steam turbine, Stirling heat engine, Kalina cycle, thermoelectric generator 

(TEG), or low-temperature differential devices currently in development. 

 

��������	�
 ����	���������

Solar thermal technology is suitable for both large- and small-scale applications. Concentrating 

solar power (CSP) has been used for electric power plants of 10 megawatts (MW) or higher. In 

CSP, solar radiation is collected using flat or parabolic mirrors or lenses to extract and concentrate 

heat, which is converted into steam or other super-heated fluids that drive turbines to generate 

electricity. CSP is also used in small-scale devices for domestic water heating. In the United 

States, about 1800 MW of CSP plants were installed as of 2014.[9] Various CSP technologies have 

evolved over the years to increase their efficiency, but overall deployment has been limited by 

unfavorable economics. 
 

One example of CSP uses parallel rows of compact linear Fresnel reflectors to concentrate solar 

energy up to 30 times normal intensity. This energy, focused on tubes containing water, boils the 
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water to generate high–pressure steam to drive steam turbines. Figure 8 shows a CSP plant based 

on compact linear Fresnel reflectors. Other CSP technologies include the parabolic trough, power 

tower, dish engine, etc. [9] 

 

 

�������*	������� �������������������+�� �����$,������&����

������� ��	���	��	���

Solar water heaters use collectors to heat water or other fluids directly. The heated fluid is 

circulated from the collector through a heat exchanger using an electric pump (active system) or 

natural convection and fluid pressure (passive system). The heat exchanger transfers energy for 

storage or immediate use depending on demand. Natural gas or electric heaters may be used as a 

backup system for solar water heaters during cloudy days or times of increased demand. Generally, 

three types of collectors are used in small-scale domestic and commercial solar water heaters:  

unglazed, flat plate, or evacuated tube collectors. Figure 9 shows a solar water–heating system 

along with different types of collectors. Flat plate collectors are the most widely used collectors in 

the United States, with a market share of 90%. They use a glass cover (glazing) on the surface of 

an enclosure containing an absorber plate with tubing—usually copper—for transfer of thermal 

energy to water or other fluids.  

���������������������������������������� �������������������

���������
����� �(3#;(����	���6<�� ������	����	��9���� 	����� �����	�
�:��

�

����� � � �	���	���� �#2����	�*.=1�	���	*���	��



�

� 11 

 

 
 

 

 
��������	��"�� ������ ��+��������������>�������������� ��������++�������������+� ���� �����-�

In the past decade the use of solar water heaters has diminished because of low-cost PV modules 

and increased availability of heat pump water heaters.?.-@ Solar thermal systems have much higher 

efficiencies—3 times or more—compared to PV systems, but also have shortcomings:  They 

require more maintenance—fluid handling and storage, pumps and control systems, etc.—and may 

generate excess energy that cannot be used or sold like excess electricity from PV systems. 
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Solar PV systems convert sunlight into electricity from the photovoltaic effect:  Photons energize 

electrons in the PV material (typically a semiconductor) and the electrons flow into a DC (direct 

current) circuit. Thus, PV systems generate electricity wherever the sun shines, making them 

useful for producing electricity in places where other forms of electricity are scarce or expensive.  
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Due to decreasing costs and rapid advances in PV cell technology, PV systems are being widely 

used for both large-scale central grid-tied generation as well as smaller residential and commercial 

grid-tied or off-grid generation.  
 

The first silicon solar cell, the precursor of all solar-powered devices, was built by Bell 

Laboratories in 1954. On page 1 of its April 26, 1954 issue, The New York Timesx proclaimed the 

possibility of “...the beginning of a new era, leading eventually to the realization of one of 

mankind’s most cherished dreams—the harnessing of the almost limitless energy of the sun for the 

uses of civilization.” The space industry was an early adopter of solar technology to provide power 

for spacecraft. The Vanguard 1, launched in 1958, was the first satellite powered by solar cells, 

and it remains the oldest satellite in orbit—logging more than 6 billion miles. 
 

Since the 1960s, PV technology has evolved into use by many diverse applications, including 

residential and commercial power, refrigeration, rural health clinics, water pumping, roadside 

emergency systems; and a wide variety of consumer electronic devices, e.g., watches, calculators, 

radios, portable chargers, etc. [11] 

 

Figure 10 shows a schematic of a domestic PV system. Most widely used solar PV modules are 

made with single-crystalline silicon (Si) or poly-crystalline Si semiconductors, with the former 

being more efficient and more expensive, and the latter slightly less efficient and cheaper. Other  

less common PV modules use thin-film (typically a few micrometers of thickness) amorphous Si 

or a thin layer of non-silicon materials, such as cadmium telluride (CdTe) or copper indium 

gallium diselenide (CIGS). 
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Table 1 compares different PV module efficiencies, which are calculated as the ratio of electrical 

energy generated by the PV module (w/m2) to the solar energy striking the PV module (w/m2). 

Maximum efficiencies of commercially available solar PV modules are less than 20%. More 

efficient PV panels are in development by PV manufacturers, but these add only 5% or so at higher 

cost. 
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Both solar thermal and solar PV systems have pros and cons:  PV systems have relatively low 

efficiencies—which are reduced further by increased surface temperatures—but have no moving 

parts. Solar thermal systems capture more of the available energy, but have higher maintenance 

and installation costs.  Why not combine both PV and thermal collection in the same module to 

improve overall efficiency and power production per unit of collection area?  

The advantages of hybrid solar PV/thermal (PV/T) systems are: 

� 1.  Availability of thermal energy not captured by PV panels alone.  PV panel efficiencies 

are less than 20% (Table 1). Adding thermal collection in a PV/T system pushes overall efficiency 

to 80% or more, and can provide most or all of interior space heating for larger residential systems.  

 2. Increase of PV efficiency. PV panel output decreases as temperature increases.[12] 

Thermal collection via PV/T provides cooling, and reverses efficiency losses. 

 3. Adaptability and scalability. PV/T systems can be used for water purification, or water 

pumping and heating in the same unit. 

 

PV cell temperature is dependent upon various factors, such as ambient temperature, local wind 

speed, solar radiation, glazing, and plate absorbance, etc.[12] NREL[13] calculated a typical cell 

temperature of 45.30C for an ambient temperature of 200C (680F). Their correlation shows the 

difference between PV cell temperature and ambient temperature ranges from 200C to 300C. 

Taking the average value of 250C, during summer peak ambient of 400C (1040F), cell temperature 

reaches 650C (1490F). PV cells are designed to operate at 250C (770F), and with every degree of 

temperature rise, their power output decreases. The temperature coefficients for voltage, current, 

and power are expressed in the manufacturer’s data sheet. For example, Suntech mono-crystalline 

190W panels have a temperature coefficient of 0.48%, so an increase to 650C decreases the output 

by about 19%. In PV/T systems, the thermal energy is collected and the panels are cooled to more 

optimal operating temperature. Figure 11 shows the decrease in efficiency of various PV panels 

with increasing ambient temperature. A 3% drop in overall efficiency is evident when the ambient 

temperature rises to 1220F (500C).          
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Research on Solar PV/T Systems 

The earliest work on hybrid PV/T systems dates back to the 1970s, where Kern and Russel 

(1978)[14] studied the economic benefit of combining photovoltaic and thermal systems in small 

buildings.  Florschuetz (1979) [15] extended the Hottel-Whilier model for analysis of solar PV/T 

systems.  

Prakash (1994) [16] performed numerical analysis with a transient solar PV/T system using air and 

water and reported that water cooling has a slightly higher thermal efficiency as compared to air 

cooling because of the better heat transfer behavior of water.  

Tripanagnostopoulos et al (2003–2004) [17] studied water-cooled solar PV/T systems and 

performed life cycle assessment analysis. They considered the effect of glazing and diffuse 

reflectors on the performance of solar PV/T systems—see Figure 12.  
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Their study examined energy output from different PV/T systems at ambient temperatures of 250C 

to 450C. They observed that PV/T systems with glazing have lower electrical output, but higher 

thermal output. Further, diffuse reflectors increase both the electrical and the thermal output. Using 

life cycle methodology, they calculated the energy payback time (EPBT) for different systems, 

shown in Table 2. The PV/T system with glazing and reflectors at 250C shows the best 

performance of 1.31 years EPBT. 
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Tiwari and Sodha (2005) [18] described an experimental validation of a solar PV/T system and 

found the overall efficiency to be 58%. In a comprehensive review, Chow (2009) [19] surveyed the 

history, advancements, and trends in the development and marketing of PV/T hybrid solar 

technologies. Dupeyrata et al (2010) [20] analyzed and improved the optical properties of both the 

PV and the thermal functions, and showed results of 87% efficiency (79% thermal + 8.7% 

electrical) from their PV/T test modules. More recently, Khelifa et al (2015) [21] analyzed fluid 

flow and heat transfer in a PV/T system using ANSYS and FLUENT simulation software tools. 

 

A Novel Hybrid Solar PV/T Collection System 

Although analysis and research validate the potential of PV/T systems, commercially available 

systems are scarce.  Not a single PV/T system was exhibited in September 2016 at the Solar Power 

International (SPI) convention in Las Vegas, NV—the largest solar trade show in North America.  
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Figure 13 shows a simple and unique design for a PV/T collector, based in part on US Patents 

9,263,986 (D. Williams) and 9,401,676 (D. Williams), issued February 16, 2016 and July 26, 2016 

respectively. 
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The collector assembly encloses a PV panel using simple frames to capture thermal energy from 

both sides of the PV panel. The chambers created by the frames may be filled with air or a gas/air 

mixture to facilitate heat transfer. Helium, the second most abundant element in the universe, is an 

inert gas with excellent heat-conduction properties.  The advantages of this novel design are: 

 1. More efficient cooling of the PV panel, increasing its electrical output. 

 2. An easily assembled enclosure, using identical extruded framing members. 

 3. Collection of thermal energy from both sides of the PV panel. 

 4. Collection via gas instead of liquid coolants, which require more overhead. 

 5. Reverse flow in top chamber to melt ice or snow cover in colder climates. 

 6. Provision of most or all of interior space heating in larger residential systems. 

 7. Low cost to manufacture, distribute, and install. 

 8. Low energy payback time (EPBT). 

 9. Will retrofit to existing PV only systems. 

 10. Installable on ground area or roof space, or as roof replacement/substitute. 
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Market Potential for PV/T Systems 

In 2015, US$30.2 billion were invested in solar energy in the US,[22] and substantial increases are 

projected for subsequent years.[23] An economic PV/T technology—such as the hybrid collection 

system described above—capturing a small portion, for example 1%–2%, is a market potential of 

US$300 million to US$1.0 billion per year in the US alone. The scarcity of existing PV/T systems 

also gives an early to market advantage for this new technology. 

 

Continuing favorable tax credits in the US, extended for another 5 years in December 2015 at the 

federal level,[24] will help promote increased solar investment. The recent announcement by Elon 

Musk[25] of a self-contained solar PV roofing product—an application likewise suited to the hybrid 

system above—indicates an industry that is ripe for innovation. 

 

Analysis of PV/T System Economics 

A PV/T system should operate efficiently and economically in order to gain market share as a 

viable solar energy technology. This section presents an analysis of the economics of using a PV/T 

system to collect thermal energy for heating water, and compares costs associated with electric and 

fossil fuel (methane gas) based water–heating systems. 
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In a typical US family, average hot water usage is 64 gallons per day.[26] Assuming a temperature 

increase from 500F to 1200F (100C to 490C), the energy in Btu (British thermal unit) required to 

heat 64 gallons of water is: 

  Water volume (lb) x temperature rise (°F) x 1 Btu/lb°F 

  = 64 gal x 8.36 lb/gal x (120-50) (°F) x 1 Btu/lb°F 

  = 37,452.8 Btu/day 
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The typical energy factor for gas water heaters is 0.6 and the cost of natural gas (averaged over the 

last 5 years using US Energy Information Agency data)[27] is US$10.11 per million Btu. Therefore, 

the cost of heating household water using a gas water heater is: 

 (37,452.8 x 10.11 x 10-6/0.6)  = US$0.63 / day 

     = US$229.95 / year 

The typical energy factor for electric water heaters is 0.9 and the cost of electricity (average in 

Chicago, IL) is US$0.12/kWh. The conversion factor of Btu to kWh is 0.000293, so 37,452.8 Btu 

=  10.97 kWh. Therefore, the cost of heating household water with an electric water heater is: 

  (10.97 x 0.12/0.9) = US$1.46 / day 

     = US$532.90 / year 
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The thermal energy collected with a hybrid solar PV/T system can be used for water and space 

heating, or redirected to thermal energy storage systems. Thermal energy also can be converted 

into electrical energy using a Stirling heat engine, Kalina cycle, thermoelectric generator (TEG), or 

other low-temperature differential devices currently in development. Following are two methods— 

based on different assumptions—for estimating thermal energy available from a PV/T system.  

Method 1. 

In this method, the hybrid PV/T system has an overall efficiency of 75%, or 5 times the efficiency 

of the enclosed PV panels, which is typically 15%. The modules receive about 830 W/m2 of solar 

energy, or about 60% of the solar constant value, and the system collects about 5 hours of solar 

energy per day. At 15% efficiency, the PV panels generate about 125 W/m2/hr of electricity, and 

the thermal energy received is 500 W/m2/hr or 1703 Btu/m2/hr. Table 3 shows estimates of average 

daily electrical energy (with derate factor of .78 [28]) and thermal energy collected using Method 1.  
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PV panel rating Size 

(m2) 

Rate of thermal 
energy collected 

(Btu/hr) 

Average daily thermal 
energy collected 

(Total Btu) 

Average daily electrical 
energy collected 

(Total kWh) 

250 W 2 3406 17030 0.98 

500 W 4 6812 34060 1.95 

1 kW 8 13624 68120 3.90 

5 kW 40 68120 340600 19.50 

 

Method 2. 

In this method, an estimate is made using the heat transfer coefficient from the PV panels to the 

gaseous fluid flowing in the enclosed chambers. The actual value of the heat transfer coefficient 

can be ascertained with thermal experiments or computational fluid dynamics (CFD) simulations. 

However, based on the theoretical correlation for forced heat transfer in ducted flows, with suitable 

assumptions, the heat transfer coefficient between the heated PV panels and a fluid such as air in a 

PV/T system can be calculated as follows. 

Thermal energy received by the air would be: 

 
Where  h = heat transfer coefficient from the PV panel to the flowing air 

           A = surface area of heat transfer of the PV panel 

         = temperature difference between the PV panel and the air 

As mentioned earlier (page 13) in this white paper, the temperature difference between the PV 

panel and ambient air ranges from 200C to 300C.[13] Assuming ambient air at the inlets of the PV/T 

enclosures, an average ( ) value would be 250C. The PV panels are enclosed on both front and 

back sides, so the effective surface area for heat transfer (A) would be twice the area of the panels.  

The heat transfer coefficient (h) can be estimated using the Dittus-Boelter equation for forced 

convection in duct flows: 
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Nu = 0.023 ReD
4/5Pr0.4 

�

Here, Nu denotes the Nusselt number, which is a non-dimensional heat transfer coefficient, defined 

as Nu = hD/k, where D is the hydraulic diameter and k is the thermal conductivity of air. The 

hydraulic diameter for a rectangular duct in the PV/T system can be defined as: 

 

=�gas chamber height8 �

The Reynolds number ReD can be calculated as� �, where � and � denote the density and�

dynamic viscosity of air, respectively. The Prandtl number Pr for air is 0.7.�

Table 4 shows the calculation of heat transfer coefficients for various PV panels. With an average 

velocity V of 2.5 m/s air flow, the heat transfer coefficients range from 8.7-8.9 W/m2-0C. 

 

/����'	�/������� ��� �� ���������+�����������+��� ��++� ������

PV panel 
rating 

Size (m2) � Hydraulic 
diameter (m) 

Reynolds 
number 

Nusselt 
number 

(Nu) 

Heat Transfer 
Coefficient 
(W/m2-0C) 

250 W 2 1.414214 0.350440 58406.71 129.6992 8.882485 

500 W 4 2.0 0.363636 60606.06 133.5918 8.817061 

1 KW 8 2.828427 0.373584 62263.94 136.5074 8.769599 

5 KW 40 6.324555 0.387739 64623.10 140.6298 8.704613 

 

 

Table 5 shows estimates of average daily thermal energy collected using Method 2, which employs 

heat transfer coefficients from Table 4.  



�

� 23 

�

�

 

/�����	�1����������+�,.8/���������������� ���� ����������4��������

PV 
panel 
rating 

Thermal 
surface area 

(m2) 

Heat 
Transfer 

Coefficient 
(W/m2-0C 

Temperature 
difference 
-
� (�T) 

Heat received 
by the cooling 

air (kW) 

kW to 
Btu/hr 

Average daily 
thermal energy 

collected 

(Total Btu) 

250 W 4 7.430302 25 0.888249 3030.83 15154.15 

500 W 8 7.375574 25 1.763412 6017.013 30085.06 

1 kW 16 7.335871 25 3.507839 11969.25 59846.23 

5 kW 80 7.281510 25 17.40923 59402.75 297013.8 

 

Tables 3 and 5 show similar predictions of the daily thermal energy collected from a hybrid PV/T 

system using two different methods of calculation. 

Efficiencies for air to water heat exchangers range from 80% to 90%. Taking the lower numbers 

for efficiency and total Btu from Table 5, a 1kW PV/T system would provide (59,846 x 0.8) = 

47,877 Btu of thermal energy per day. This amount is greater than the 37500 Btu required to heat 

64 gallons for average daily hot water usage, according to calculations above (page 18). The 

additional energy collected from a PV/T system, with storage, would be useful on cloudy days. 

�������
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Installation of typical US rooftop PV panels currently runs about US$ 4/W, including PV panels, 

installation, racking, grid connection, permits, etc. A reasonable estimate of the cost of a hybrid 

PV/T system such as the one described above—given its simplicity of design and function—is an 

additional 30% to 50%. The calculations above show that a 1kW PV/T system collects sufficient 

energy to provide an alternative to gas or electric domestic water heating.  
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Table 6 shows a comparison of capital and annual operating costs of each type of system. 

Operating costs for gas and electric systems are taken from the analysis above (page 19). The 

estimated capital cost at US$700 of an electric system is lower than gas or PV/T, but operating 

cost is higher. A gas system estimated at US$1200 costs more to install because of supply and 

exhaust piping, but operating cost is less due to currently low natural gas prices. The estimated 

capital cost of a PV/T system at US$2000 is 50% of the US$4000 cost of a 1kW PV only system. 

The estimated operating cost of a PV/T system is negative US$ 20/year, based on the following: 

  electricity to circulate air/gas = 90W x 5 hrs x 365 days 

      = 164.25 kWh / year 

 increase of PV efficiency (page 13) = 180W x 5 hrs x 365 days 

      = 328.5 kWh / year 

   net at US$ .12 / kWh = 164.25 x .12 

      = US$ 19.71 / year 

 

/����(	���������������������������#$>� �����+���&��������������������������� ���

Type Annual Energy Cost Capital Cost 

PV/T system –20 2000 

Electric 532 700 

Gas 230 1200 

�

Table 7 shows cumulative cost comparisons over 13 years, which is a typical lifetime for gas and 

electric heaters; PV systems have a lifetime of 20 years or more. The last two columns of Table 7 

show PV/T netting positive against electric and gas systems in years 3 and 4 respectively, without 

benefit of subsidy or other incentives, such as carbon or other taxes on natural gas or electricity 

generated from fossil fuels like gas, oil, coal, uranium, etc. Years 10 and 11 show savings of more 

than US$ 4000 and almost US$ 2000 over electric and gas systems, respectively. Figure 14 shows 

cumulative cost comparisons in chart form. 
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Year Electric Gas Solar PV/T PV/T vs Electric PV/T vs Gas 

0 700 1200 2000 –1300 –800 

1 1232 1430 1980 –748 –550 

2 1764 1660 1960 –196 –300 

3 2296 1890 1940 356 –50 

4 2828 2120 1920 908 200 

5 3360 2350 1900 1460 450 

6 3892 2580 1880 2012 700 

7 4424 2810 1860 2564 950 

8 4956 3040 1840 3116 1200 

9 5488 3270 1820 3668 1450 

10 6020 3500 1800 4220 1700 

11 6552 3730 1780 4772 1950 

12 7084 3960 1760 5324 2200 

13 7616 4190 1740 5876 2450 
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Table 8 shows the current US$ value of daily and annual thermal and electrical energy collected 

from a range of PV/T systems, using data from:  Table 5 (page 23) for average daily thermal 

energy; Table 3 (page 21) for average daily electrical energy; and page 20 for value 

(US$10.11/mBtu and US$0.12/kWh).  Based on a Chicago, IL location, the numbers show about 25% 

more value for the thermal energy compared to the electrical energy.  

/����*	�.������+�������� ���� ����������8����������+��� �,.8/������� ��

PV 

panel 

rating 

Size 

  (m2) 

Average daily 
thermal energy 

(Total Btu) 

Thermal value     
daily / annually                                                       

US$ 

Average daily 
electrical energy  

(Total kWh) 

Electrical value 
daily / annually 

US$ 

1 kW 8 59846 0.61 / 222.65 3.90 0.47 / 171.55 

5 kW 40 297013 3.00 / 1095.00 19.50 2.34 / 854.10 

10 kW 80 594026 6.01 / 2193.65 39.00 4.68 / 1708.20 

20 kW 160 1188052 12.01 / 4383.65 78.00 9.36 / 3416.40 

 

 

Summary and Conclusion 

The research and analysis above shows the economic viability of using hybrid PV/T systems to 

generate electricity and collect thermal energy to heat domestic hot water in a relatively small 1 

kW system. Estimates of available thermal energy from a larger 5 kW PV/T system—Tables 3 and 

5—show potential for meeting most or all of space heating requirements for residential and 

commercial users. In addition, the value of the thermal energy collected in a PV/T system may be 

roughly equal or greater than the value of the electrical energy, with the thermal energy extracted 

at a significantly lower capital cost. These findings present a unique opportunity for the novel 

PV/T technology described in this paper to be driven by market forces, while also taking 

advantage of timing of current governmental incentives intended to accelarate adaptation of new 

renewable energy technologies. 
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