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Introduction 
 

Purpose: Business Case Study 
This report is written for developing and commercialising Renewable Energy 

Technologies (RET) in New Zealand which utilise solar energy for its primary energy 

source.  

This report is prepared with the intent of an investor who is planning on capitalising 

commercially on solar RET in New Zealand. 

The cost of the PV systems has dropped dramatically in the last years and is expected to 

continue dropping. From 2009 to 2015, there was 56% reduction in the total cost, 77% 

in the PV modules, 45% in inverter cost, and 44% in installation-related costs. All this 

helped in promoting solar technology worldwide as an alternative energy to other 

traditional energy sources, and renewables. (Malinowski et al, 2017). 

Figure 1 shows solar RET as the fastest growing renewable technology in the world in the 

year 2015. 

 

Figure 1 Average annual growth rates of world renewables supply from 1990 to 2015. 
Source: IEA Renewable Information 2017 Overview. 

In New Zealand in the commercial and residential building environment solar RET had 

not been tapped into at the same growth rate in western Europe, North America, 

Australia, or Japan. The growth rate in Europe and North America is much higher than in 

New Zealand over the recent years. This similarly applies to utility type large solar park 

projects in the MW capacity. 

The figure 2 serves to encourage New Zealand’s future role in the market share of Solar 

Photo Voltaic Technology (SPVT), through the percentage position of some of the leading 

countries total SPVT electricity generating capacity. 
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Figure 2. PV technology share of total electric installed capacity (%). Green Tech Media 
January 2017 Issue. 

New Zealand’s neighbouring country Australia has SPVT generating capacity share of 

approximately 15%, and this is close to Italy’s generating capacity in Europe. 

Background: New Zealand Solar PV Technology 

New Zealand’s Past Technology Obstacles 

New Zealand’s Ministry of Business Industry and Employment (MBIE) website recently 

posted the paper titled Assessment of the Future Costs and Performance of Solar 

Photovoltaic Technologies in New Zealand, dated April 2009 by IT Power Australia and 

Southern Perspectives.  

The article informed in New Zealand SPVT was serving three main groups: 

1. Solar parks 

2. Commercial and light industrial 

3. Residential.  

Solar Parks: PV deployment in Solar Farms is increasing rapidly worldwide, supported by 

high electricity buyback rates (Feed-in Tariffs), tax benefits, renewable energy targets 

for electricity utilities and other mechanisms. Without such support, and if wholesale 

electricity prices increase by 2% per year to 2020 and 1% thereafter, Solar Farms are 

not expected to be cost effective in New Zealand in the period 2009-2035. However, thin 

film PV may begin to be cost effective after 2030, if wholesale prices rise at a slightly 

higher rate of 3% per year. (Southern Perspective et al, 2009).  

Commercial and light industrial: Although it is difficult to generalize value via displaced 

electricity costs, since these are individually negotiated, in general, this market is 

expected to begin to be cost effective in New Zealand from around 2020. (Southern 

Perspective et al, 2009).  

Residential: The residential household PV market is one which can reach grid parity 

sooner than other markets, because of higher retail electricity prices. Even though costs 

per kilowatt can remain higher than for larger systems because of the system size, 
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economies of scale can be achieved by volumes of systems installed, particularly if 

standardization can be achieved. In the short term, PV installations in this market are 

likely to be dominated by modules on roofs. In the longer term, PV roofing products are 

likely to dominate and bring costs down, especially for new homes. At current 

projections of retail PV in New Zealand electricity price rises, PV is expected to begin to 

become cost effective in this market in New Zealand from 2020, after which time the 

market could expand rapidly. 

These statements were provided in 2009 at publication date of the paper, the technology 

at that time would probably be that available on the shelves from the years 2005 

through late 2008. Much had improved since then. Efficiencies reported up to the time 

the paper was published were at around 12 - 14% for most high end SPV products.  

New Zealand’s Current SPVT Opportunities  

Recently as March 2017 it was reported "Improving the photo conversion efficiency of 

silicon solar cells is crucial to further the deployment of renewable electricity," the team 

from Japan's Kaneko company explains. "This result confirms the strong potential of 

silicon photovoltaics." To reach their record-breaking efficiency level, the team layered 

silicon inside individual cells to minimise band gaps where electrons can't exist and 

sunlight is wasted. This approach is called thin-film heterojunction (HJ) optimisation, and 

while other scientists have attempted the procedure before, the Kaneko researchers 

improved the technique and were able to achieve that 26.6 percent milestone. (David 

Nield, Science Alert website, March 2017). 

Though laboratory test results of some manufacturers may reach in the 40% efficiency 

range, mass production of these SPV modules are presently are at mid-20% range. The 

reason for this is manufacturing technologies are unable to manufacture in plants the 

same results due to manufacturing process limitations at the present time.  

Hence, support for a renewed interest in pursuing business opportunities in SPVT in New 

Zealand is improved through improved PV module efficiencies. The case is further 

strengthened by high increase in the number of SPV panel installation in western Europe, 

USA, Australia, China, and Japan. Grid electricity purchase cost per kW and sale price to 

grid per kW are factors to consider for each country’s scenario, together with grid 

independence, reducing fossil fuel electricity generation, CO2 emissions, and health.  

These relevant SPV efficiency changes should reduce the wait time of SPVT to present 

times, rather than the year 2020 for commercial and light industrial, and residential 

installations. For solar parks it should be much sooner than the 2030 based on improved 

SPV efficiencies, and improved rectifier conversion technology performance for solar park 

installations. 

In New Zealand there are solar RET businesses trained in solar engineering design, 

installation, and testing and commissioning. There is space for more similar companies 

with similar experience, and especially those with higher skills from design to testing and 

commissioning. For a future growing business footprint the same said companies could 

also extend their expertise into the Cook Islands and South East Asian developing 

regions.  

Locally in New Zealand, Sustainable Electricity Association New Zealand (SEANZ) 

provides knowledge based skills  and training services. SEANZ provides accreditation 
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membership for companies and professionals. SEANZ maintains a webpage for the public 

and member only access information.  

Scope 
A business case study is presented here through elements of technology, construction, 

installation, economics, solar energy, etc., for promoting the use of SPVT in New 

Zealand.  

The study is for an investor who will exploit renewable solar energy through the use of 

solar RET for commercial profit.  

Objectives 

Study objectives will be achieved through addressing three main parts presented below: 

I. Characteristics and availability of the selected renewable energy sources in  

New Zealand and its contribution to national energy consumption. 

II. Brief overview of conversion/processing technologies; then selecting one 

technology, which is most suitable for further development or commercialisation, 

and giving technical details on the selected technology. 

III. Major issues and possible solutions in utilisation of the selected renewable energy 

source 

Organisation 

This report includes: 

1. Figures  

2. Graphs 

3. Tables  

4. Excel generated graphs 
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Discussion 

I. Characteristics and availability of the solar renewable energy source in  

    New Zealand and its contribution to national energy consumption. 

Solar radiation. 

Source of solar energy is the sun. It is 1.39 x 106 km in diameter. Approximate cross 

sectional area 1.52 x 1012 km2. Temperature of sun’s outermost layer at an equivalent 

black body 5760K (6000K), and at its centre it may be 20 x 106 K. Sun is able to emit 

energy at the rate of 3.8 x 1023 kW. A negligible percentage of this energy is intercepted 

at earth; 4.47 x 10-10 percent or 1.7 x 1014 kW. Total terrestrial radiation is 

approximately one third of the extra-terrestrial total during a year, and 70 percent of 

that falls on the oceans. 

The sun emits radiant energy as a result of nuclear fusion reactions. Radiation from the 

sun is spread over a wide frequency range. Sun’s energy does not all reach the earth’s 

surface. There is absorption of solar energy in extra-terrestrials and terrestrial space. 

There is solar energy reflection at earth’s ground and clouds, and in the atmosphere  

absorption and scattering. 

25% of solar radiation passes through the earth's atmosphere, some of it is absorbed 

and scattered by air molecules, small airborne particles, water vapour, aerosols and 

clouds.  

20% of the radiation is reflected straight back out into space and much more with 

increased cloud cover.  

55% approximately reaches the earth’s surface.  

Of the approximately 55% radiation arriving at earth’s surface, some of it is immediately 

reflected back into the sky dependent on the nature of the surface. For example fresh 

snow can reflect up to 95%, desert sands reflect 35-45%, grasslands 15-25% and dense 

forest vegetation 5-10%. 

Therefore the actual solar energy available for SPV cell absorption is dependent on 

atmospheric conditions, clouds, and earth’s surface nature. SPV cells can receive energy 

from direct, reflected, and diffuse solar energy. 

Incoming solar radiation is absorbed by atmospheric gases such as O2, O3, CO2, and H2O 

vapour. The absorption occurs in the three regions of the solar spectra; ultra violet, 

visible, and infrared. Spectral characteristics of solar radiation, both external to the 

Earth's atmosphere and at the ground, can be seen in figure 3 of the solar spectra 
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Figure 3. Solar spectra on the sun’s surface, extraterrestrial region, and earth's surface. 
(from Krondratjev, K Y., Radiation in the Atmosphere, Academic Press, New York, 1969). 

Considerable attenuation of solar energy results from absorption of different portions of 

the solar spectrum by atmospheric constituents such as H2O vapour, CO2, O3, and O2.  

Carbon dioxide and H2O vapour primarily absorb in the infrared region. 

O3 in the UV and portions of the visible region. 

O2 in portions of the visible and infrared regions. 

The wavelengths of the solar spectrum’s 3 regions are shown on figure 4, with 

corresponding available solar energy. The maximum energy available is at approximately 

490 nm in the green portion of visible light. 

 

Figure 4. Solar spectrum and its relative energy. 

Over 99 % of the energy flux from the sun is in the spectral region of 150 to 4000 nm, 

With approximately 50 % in the visible light region of 400 to 700 nm. The solar 

spectrum peaks at 500 (490) nm, the green portion of visible light.  
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Solar speed and constants 

All radiation travels at the speed of light, which is equal to the product of wavelength 

and frequency of radiation. The speed of light in a medium cm is equal to the speed of 

light in a vacuum c0 divided by the refractive index of the medium nm through which it 

travels:  

cm = lm =c0/nm  where l  = wavelength, m  = frequency. 

We study solar energy not from a classical electromagnetic wave theory instead, we 

study it from the field of quantum mechanics. Energy is transported by particles or 

photons, which are treated as energy units or quanta, rather than waves. The energy of 

a photon Ep of frequency vp is: Ep = hvp, where h = Planck’s constant (6.625 x 10-34 

J.sec) 

Distance between sun and earth is 1.495 x 108 km, known as one astronomical unit. Sun 

subtends at an angle of 32 minutes to the earth. The solar constant Gsc is the energy 

from the sun per unit time, received on a unit area surface perpendicular to the direction 

of propagation of the radiation at a distance of one astronomical unit, outside the 

atmosphere (extra-terrestrial). 

1 Gsc = 1367 W/m2 set by World Radiation Centre with an uncertainty of 1%. 

Solar energy availability in New Zealand. 

Axis of earth rotation to the axis of the ecliptic orbital plane around the sun is at an 

angle of +/- 23.45o, called the declination angle δ. This tilt is a major cause of seasonal 

variations of solar radiation available at any location on earth. 

We know not all the energy radiated from the sun will be available on the surface of the 

SPV cell on earth, because of obstacles such as clouds, energy absorption by molecules 

in the atmosphere, etc. Further to this seasonal variations also affect the availability of 

solar energy for regions above the subtropics. Duration of sunshine hours are longer in 

the summer and shorter in the winter. 

If 1367 W/m2 of energy is available at the extra-terrestrial level just outside earth’s 

atmosphere, then the amount available on the SPV cell on a clear sky day could be 

within the range of 600 – 1000 W/m2.  

For New Zealand its annual average over days of varying weather and seasonal 

conditions is at an average of 250W/m2. This is on a flat surface on the ground. 

Calculations on the availability of solar energy at a location is possible, through formulas, 

tables, sunshine hours, and correction factors. New Zealand has an agency which 

gathers data through its weather stations located in most parts of the country. The 

agency’s name is National Institute of Water and Atmospheric Research (NIWA). Hourly 

sunshine hours data is available for a whole year or more from this agency.  

Textbooks on the solar energy calculations are: 

a). Solar Engineering of Thermal Processes by J.A. Duffie and W.A. Beckman. 

b). Principles of Solar Engineering by Goswami, Kreith, and Kreider. 

c). Energy Systems Engineering: Evaluation and Implementation by Vanek, Albright,  

     and Angenent (Recommended). 
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There are several solar energy calculation software available should an individual or 

company choose to apply them solely or in addition to their own calculations using Excel 

spreadsheet. 

New Zealand Economic Development agency sponsored the paper titled “Assessment of 

the Future Costs and Performance of Solar Photovoltaic Technologies in New Zealand by 

IT Power Australia Pty Ltd and Southern Perspectives Ltd, April 2009”.  

The link to this paper is at http://www.mbie.govt.nz/info-services/sectors-

industries/energy/energy-data-modelling/technical-papers/solar-photovoltaic-energy. 

This paper has a few solar energy radiation charts, one chart compares major cities in 

the northern and southern hemisphere. The International PV markets chart reveal New 

Zealand is underutilised for SPV electrical power generation. It has now been 

approximately 7 years since then, and SPV technology today has improved efficiency and 

cost reductions. 

From figures 5 and 6, it can be seen the available solar radiation energy for the SPV cells 

in New Zealand are comparable to Tokyo if not better, and similarly for all of Germany. 

These would be two worst case comparisons for New Zealand based on latitudes, and 

favouring New Zealand. The paper also said New Zealand is in a comfortable region 

where solar RET utilisation is concerned compared to developed nations utilising it now 

who are geographically located in similar latitudes or higher. 

 

Figure 5. NZ solar radiation vs international sites. Based on NIWA. Source: MBIE. 

http://www.mbie.govt.nz/info-services/sectors-industries/energy/energy-data-modelling/technical-papers/solar-photovoltaic-energy
http://www.mbie.govt.nz/info-services/sectors-industries/energy/energy-data-modelling/technical-papers/solar-photovoltaic-energy


Engr404. Semester 2 2017. Dept. of Chemical and Process Engineering. University of Canterbury. 
Submitted to Dr. Shusheng Pang. Submitted by: Karamjit (Karl) Singh Bogha Singh. Student Id: 23057391. 

Page | 11  

 

 

Figure 6. Global solar radiation of major centres in NZ. Based on NIWA. Source: MBIE. 

Solar energy contribution to New Zealand’s national energy consumption 

New Zealand has not reached a similar level of solar RET utilisation compared to 

countries in Europe at equal or higher latitudes. Germany a country at approximately 50 

degrees North is further along in its application of solar RET. New Zealand in the 

southern hemisphere is geographically located at approximately 40 degrees South, and 

experiences greater sunshine hours comparatively to countries at approximately 50 

degrees North in Europe. Comparative to those northern hemisphere countries, New 

Zealand is with more solar energy available per year, but it is lacking in corresponding 

solar RET utilisation.  

New Zealand’s economic strength is not the reason for lack of solar RET. From the 1990s 

to mid-10s, the New Zealand dollar was trading at a strong value and not setback to the 

European Union nation currencies, and likewise for the non-EU European nations. 

Primary reason was due to the competitive energy sale price of existing energy providers 

were not providing a profitable margin for solar RET at medium to large scale 

generation. Residential home owners were able to gain entry with government 

assistance on selling energy into the local grid at prices which helped reduce the 

breakeven point time. This was when the SPV efficiencies were low and cost were high. 

Since the early 2010s SPV efficiencies have improved slightly on products on the 

shelves, but prices had dropped a greater percentage, hence making breakeven point 

sooner on an investment. Residential SPV installation increased and likewise for solar 

thermal installation for hot water. This is now the case, where New Zealand is 

experiencing growth in solar RET. SPV business in New Zealand are experiencing slow 

growth with corresponding employment increase. 

Solar energy generation contribution to New Zealand’s national consumption 

In New Zealand the Ministry of Business Information and Employment (MBIE) gathers 

data on energy industry. Renewable energy data is available at its website for Excel 

downloads. 
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The percentage share of each category of resource is presented in figure 7 below. 

 

Figure 7. Electricity generation percent share of resource type in New Zealand. 

For figure above renewables is made up of hydro, geothermal, biogas, wood, wind, and 

solar. 

Presently MBIE energy data for the renewable resources section is up to the year 2015. 

For solar energy the data begins in the year 2002 and ends at 2015. 

Renewable energy resources in New Zealand provide energy for the following functions: 

 Electricity generation 

 Combined heat and power 

 Oil production 

 

New Zealand has the following renewable energy resources available for electricity 

generation (excluding wood): 

1. Hydro 

2. Geothermal 

3. Wind 

4. Biomass 

5. Solar 

Energy obtained from traditional renewable energy resource such as hydro is typically 

large and mostly managed by government. Other renewable sources do not compare to 

hydro with respect to capacity and reliability. Next comes wind and bioenergy, with wind 

dependent on number of turbines and location in New Zealand. Among the smaller 

renewable players, solar in the year 2015 was recorded the lowest energy provider. It 

provided most if not all of its energy through SPV or solar thermal technology for 

residential use. Table 1 below provides solar energy’s performance in Petra Joules. The 

focus here will be on solar energy for electricity generation.  
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Year: 2015 

Sector Geothermal Solar Biogas 

Woody 

Biomass 

Total 

Direct 

Use 

Agriculture, Forestry & 

Fishing 

                  

0.60  

                       

-    

                       

-    

                       

-    

              

0.60  

Industrial 

                  

4.01  

                       

-    

                  

0.05  

                

45.94  

           

50.00  

Commercial  

                  

2.55  

                       

-    

                  

0.28  

                       

-    

              

2.83  

Residential 

                  

0.30  

                  

0.36  

                       

-    

                  

8.16  

              

8.82  

        Total 

           

62.24  
Table 1. Renewable energy direct use by sector for year 2015 (PJ). Source: MBIE. 

From Table 1 above solar energy use for the year 2015 as a percentage of the total 

smaller energy resources is 0.58%. This is a very small percentage.  

When just the residential sector is considered solar energy supplied 4.13% among the 

resource type geothermal, biogas, woody biomass, and solar.  

SPV is the leading renewable energy technology capable of supplying the growing 

percentage of residential renewable energy users in the future, given relevant conditions 

such as improving efficiency, cost, energy storage system performance, and sale price to 

grid remain favourable. 

SPV generation for indigenous use (assume for personal residential) and supply to gird is 

low. Available data on indigenous use is from years 2002-2015, and for supply to grid 

2007-2015. Figure 8 below was generated in Excel from data provided by MBIE. 

 

Figure 8. Solar PV electrical generation for indigenous use and grid. 
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Conversion of units from PJ(h) to kWh: 

1 PJ (Petra Joule) = 1 x 1015 Joules 

1 J (Joule)h = 2.778x10-7 kWh 

1 MJ (1 x 106)h=  0.2778 kWh  

1 GJ (1 x 109)h=  277. 78 kWh  

1 TJ (1 x 1012)h= 277,777. 78 kWh = 2.78 MWh 

1 PJ (1 x 1015)h = 277. 78 GWh  

In the year 2015 SPV total generation was 163.56 GWh. SPV was able to generate 

approximately 133 GWh for indigenous use, and 30.56 GWh for grid. Total renewable 

energy generation for the year 2015 was approximately 300PJ. This comprised of hydro, 

geothermal, biogas, and solar. This converts to approximately 83,334 GWh.  

Figure 9 below generated from MBIE datasheet using Excel. PJ given is per hour. 

 

 Figure 9. Solar Vs Total Renewable Energies in New Zealand. Source: Data from MBIE. 

Percentage of solar energy in the mix of renewable energies in New Zealand for the most 

recent available data for year 2015 is very low at approximately 0.002%. This seems 

extremely low compared to the generation capacity of solar in other developed countries.  

To capture solar energy generation data at residential units may not be an easy task 

since their reporting is more concerned in selling energy into the grid. However metering 

instruments may be installed in each residential unit logging total SPV electrical 

generation. Regardless, for the present time the use of solar energy is low in New 

Zealand given the availability of solar energy shown in figures 5 and 6. 
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II. Brief overview of conversion/processing technologies: then selecting one 

     technology, which is most suitable for further development or  

     commercialisation, and giving technical details on the selected technology. 

Overview of solar photovoltaic conversion technologies. 

Solar photovoltaic cells had been under a continuous improvement process for increasing 

energy conversion efficiency at least over the last two decades. Solar energy conversion 

to electrical energy takes place in the solar cells. The PV solar cell is the first contact 

point in the solar energy system where the opportunity to capture the most energy 

occurs for conversion to electricity. After the solar cell stage the continuing stages of the 

SPV system have sub-system efficiencies as well, but these sub-systems can only 

operate on a quantified amount of energy or electrical power based on what the first 

point of contact had achieved i.e. at the solar cell level. 

The emphasis here will be on the SPV conversion technologies, with the aim to deliver 

higher efficiencies at cost effective prices.   

Commercial competition: Solar cell production tools and efficiency. 

Approximately 90% of solar panels are based on silicon. Scientific advancements of solar 

cells in laboratories, require manufacturing or fabrication processes be able to produce 

them at mass scale production for cost effective prices. Though research and 

development may have the device, but it may be where manufacturing processes need 

to be further advanced for the said solar cell fabrication. To this end, advancements in 

laser based processing to boost conversion efficiency and reduce production costs for 

solar cells were implemented. Laser processing is one technology which is undergoing 

continuing research and development.  

 

Table 2. Major benefits expected from the implementation of laser technology for the 
production of crystalline silicon solar cells. Source: A. R. Jha, (2009), Solar Cell 
Technology and Applications, Auerbach Publications. 

At the factory floor laser based processing for higher conversion efficiency and lower 

device cost simultaneously, without compromise in device reliability requires: 

1. Close watch on manufacturing costs. 

2. Advance fabrication processing steps. 

3. Optimisation of production tools. 

4. Product standardisation. (A. R. Jha, 2009). 
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PV Generations  

Very briefly the different types of solar cells in each generation will be described. These 

are not based on timeline, rather on technological advancements. Generation I and II 

solar cells are both in production and installation at the present time.   

The early PV cells were called 1st generation solar cells, they are based on single 

crystalline semiconductor wafer. These solar cells have a type known as single junction 

crystalline solar cell today which can reach to an efficiency as high as 27% is impressive 

for the first generation.  

The 2nd generation solar cells utilize inorganic thin film structure in the cell assembly. 

These are referred to as thin film technologies of the 2nd generation. Thin film technology 

production cost is lower but their efficiency is not as good as single junction crystalline 

solar cell of the 1st generation. For amorphous thin film solar cells the efficiency is less 

than 14%. Presently in the 2nd generation PV panels is where multi-junction solar cells 

are used.  

Lights of different wavelengths in the light spectrum react differently to different 

materials, by having multiple layers of materials sensitive to each spectrum, more 

photon energy can be absorbed in a given time period. See figure 10 below. 

 

Figure 10: Multiple materials to match solar spectrum, through use of multi-junction 
cells. Source: NREL. 

Every time a layer is replaced by two layers, the photocurrent in the individual solar cells 

decreases, but Voc increases (voltage open circuit increases), such that the conversion 

efficiency of the structure is improved. See figure 11 below. Currently this 2nd generation 

technology is also getting quantum technology applied to it through new different 

designs.  
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Figure 11. Solar spectrum optimally covered by progressively increasing the number of 
junctions. Source: Daniela Dragamon (Internet). 

Due to thermodynamic principles, Shockley-Queisser were able to set an upper limit 

efficiency of 33% on the 1st and 2nd generation solar cells. This limitation created the 

situation for a new technology to break the 33% barrier. (Shockley, 1960). 

3rd generation technology is about applying new techniques such as quantum science,  

and nanotechnology in the research and development of new solar cells, among other 

technologies. 3rd generation solar cells will be available for SPV panels when they 

become economically feasible for mass production scale. 3rd generation solar cells has 

several technologies in use to achieve low cost, high efficiency, and high power output 

per square meter of panel space. 3rd generation solar PV products are not available for 

the general public in NZ for purchase at the present time. Presently in Europe and USA 

the 3rd generation solar cells are publicised as solar cells available in on-going research 

laboratories. Though some are utilised in the space industry where high costs can be 

absorbed for critical applications. 

There are other technologies where shapes play an integral role, (V-shaped, V-grove 

multi-junction VGM, and tandem junction cells TJC) for these solar cells. (A. R. Jha, 

2009). 

MIT Technology Review 31st July: There is on-going research at MIT on a solar cell which 

a surface functioning as an absorber and emitter. Its basic idea is to absorb sunlight and 

turn it into heat and then convert it back to light, but the light now is focussed within the 

spectrum solar cells can use. Similar to thermophotovoltaics research, but MIT’s device 

is the first to absorb more energy than its photovoltaic cell alone, demonstrating the 

method could drastically increase efficiency. Presently it has a low efficiency, with its 

scientific principles, enhancements, and research and development it could lead it to an 

efficiency as high as twice of conventional PV. Expected availability 10 to 15 years. 
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Figure 12. Efficiency-cost trade-off for three generations of solar cell technology. 
Source: Green MA, Physics Today 2004. 

Figure 12 above shows future 3rd generation solar cells with the greatest benefit in 

terms of cost and efficiency. Abbreviation BOS in figure 10 represents Balance of 

System. 

Table 3 below shows the generations of SPV technology. 

Solar Cell Technologies By Generation 

 

Gen.  Main groups/technologies A sample technology 

 

I Use the wafer-based crystalline silicon 

(c-Si) technology: 

1. Single crystalline (sc-Si)  

2. Multi-crystalline (mc-Si) 

 

Monocrystalline.  

 

This type of cell is the most commonly 

used, constitutes about 80% of the 

market and will continue to be the front-

runner until a more efficient and cost 

effective solar cell technology is 

developed. It essentially uses crystalline 

Si p–n junctions. 

 

II Based on thin-film solar cell 

technologies and generally includes 

three main families: 

1. Amorphous (a-Si) and 

Micromorph 

Silicon (a-Si/μc-Si) 

2. Cadmium–Telluride (CdTe)\ 

3. Copper–Indium–Selenide 

(CIS) and 

           Copper–Indium–Gallium– 

           Diselenide (CIGS). 

Tandem amorphous-Si and multi-

crystalline-Si. 

 

Another method to enhance the efficiency 

of solar cells and modules is the “stacked” 

or multi-crystalline (mc) junctions, also 

called micromorph thin film. In this 

approach two or more solar cell junctions 

are layered one on top of the other where 

the top layer is constructed of an ultra-

thin layer of a-Si which converts 

the shorter wavelengths of the visible 

solar spectrum. However, at 

longer wavelengths, microcrystalline 
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silicon is most effective in addition to 

some of the infrared range. This results in 

higher efficiencies than amorphous Si cells 

of about 8–9% depending on 

the cell structure and layer thicknesses.  

 

III Various technologies: 

1. Quantum dot 

2. Quantum wells 

3. Nanotechnology 

4. 3-D Carbon Nanotubes 

 

 

 

Quantum dots (QDs). 

 

QDs are attractive for solar cell 

applications due to their ability to enhance 

light absorption via multiple energy levels 

and extend the absorption edge into the 

infrared range. Theoretical modelling of 

QDs solar cell has predicted an increase in 

the efficiency up to ∼64% for a well-

adjusted intermediate 

band. Quantum dots are minute crystal 

composites which have numerous 

particular semiconductor properties that 

are a few nanometres in size. 

 
Table 3. Table constructed from partial information gathered from: 1). Solar harvesting 
with the application of nanotechnology, Z. Abidin et al, 2013. 2). Renewable and 
Sustainable Energy Review. Elsevier. 2). A.R. Jha, 2009. 

Refer to appendix 1 for a wide range of solar cell efficiencies provided by NREL. Many of 

the cutting edge technologies efficiencies are shown. See appendix 2 for the basic 

understanding of photovoltaic energy conversion. 

Summarising on the solar cell generations: 

 1st generation of solar cell technologies is fully commercialized and available on 

the shelves, its old technology 

 2nd generation technology is relatively new in the market, and is under continuous 

improvement, its technology can be produced in mass production. 

 3rd generation is not in the market, its being tested and shows promise, but not 

where it can be manufactured for mass production. New manufacturing 

technology may need to be created for producing quantum and nanotechnology 

based solar cells. There are other areas of 3rd generation which are progressing 

other than nanotechnology and these too are not in the market. 

Case 1: Available technology on the shelf (2nd generation) 

Presently customers  are experiencing a wait time for more efficient products, at 

competitive prices, with the hope to get more for their money; a higher yield from their 

SPV technology. However, which technology among the 3rd generation to become the 

high efficiency product may take longer than anticipated, while 2nd generation products 

are also experiencing efficiency increases. 2nd generation existing technology with 

technological advancements such as multi-junction high efficiency panels, may serve the 

purpose for the next 10 to 15 years, and when higher efficiency SPV panels become 

available the existing SPV panels may be replaced after their end of life duration.  

It is hoped only the SPV panels need to be changed while the remaining sub-systems 

can be adapted to the new 3rd generation PV panels.  
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An economic analysis of each customer’s need can be done using Excel spreadsheet to 

perform a discounted cash flow analysis with current interest rates on lending. A 

breakeven analysis will show a point in time when the SPV technology would had paid 

itself applying market electricity prices. 

Installing now will help reduce the impact of fossil fuel dependency, relevant 

improvements in a country’s general health, and the option to have some independence 

from the local power company’s electricity prices.  

Hence at the present time the objective of both the seller of SPV technology and the 

buyer the homeowner or business will not be served by waiting for 3rd generation 

products, rather it will be profitable to focus on products with improvements on thin film 

technology which are available in the market now. Most upper class and middle class 

families in New Zealand can afford SPV technology now from the 2nd generation thin film 

technologies. 

Case 2: Wait for 3rd generation technology to become available at cost effective 

prices. 

When 3rd generation technology provide efficiencies that are double the 2nd generation 

products and at a cost equal to 2nd generation or lower, then the wait may be worth 

considering for the middle and lower income households. In this case the technology of 

choice maybe type quantum and nanotechnology based. All conditions considered equal, 

the buyer will be able to get much more electricity generated from his SPV technology.  

Similar to the flat screen television, it may be possible with the 3rd generation we may 

see SPV technology on most residential roofs in the future. The breakeven and 

discounted cash flow analysis will improve compared to 2nd generation technology. 

Future 3rd generation technology selected. 

Thus for New Zealand 3rd generation technology is selected based on the information  

given in case 1 and 2. New Zealand has a very low numbers of SPV technology 

installation, and it is not likely that this will suddenly show an great improving trend 

given the current 2nd generation technology.  

When compared to Western Europe countries, Japan, and Australia, New Zealand does 

have solar energy resource capacity for electricity generation comparable to them. 

Hence, the wait time for high technology efficient SPV comes into consideration when 3rd 

generation products are to be available at cost effective prices. New Zealand’s current 

local economy and exchange rate may be factors to consider for installing 2nd generation 

versus waiting for 3rd generation improved and cost effective products. 

Technology suitable for development in New Zealand: Nanotechnology based 

solar cells from the 3rd generation 

Nanotechnology scientific applications are presently used on solar cells in the research 

laboratories in Europe, Asia, and North America. Nanotechnology is a diversified field and 

it has different technologies applicable to different solar cell designs. Here the physics 

and chemistry of quantum science is excluded, only the details of its construction, 

physical layout, and related information to efficiencies will be provided.   

Quantum science is a subject in physics and chemistry departments of local universities 

in New Zealand. In addition to this New Zealand has chemical and process engineering 

departments in the some local universities. Hence, obtaining human resources in the 
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areas of quantum science, electronics engineering, semiconductor fabrication, etc., are 

within reach at the expertise levels of undergraduate and doctorate.  

Research and development for solar cell nanotechnology does not require the need of 

operational manufacturing plants producing SPV panels here in New Zealand. The 

theoretical, experimental, testing, and related work can be carried out in the laboratories 

of New Zealand science and engineering departments. Production of SPV panels can be 

sourced out to manufacturers overseas until a future time if it is cost effective to operate 

plants locally in New Zealand.  

Development and commercialisation of nanotechnology solar cells can be viable given 

the RET business climate in general is experiencing a growing trend with support from 

the government. The outlook is for highly efficient solar cells which can be manufactured 

at a low price, for a sustainable economy in New Zealand. 

Several areas of nanotechnology involvement in solar cell designs will be described in 

the following pages. In-depth literature is available through scientific journals and 

professional textbooks. 

A. Nanotechnology: 3D solar cells using an array of carbon nanotubes (CNTs) 

A CNT is a solar cell system using carbon nanotube (CNT) array coated with 

semiconductor materials cadmium telluride (CdTe) and cadmium sulphide (CdS). The 

idea here is to trap the photon in the tiny rifts between nanotubes until they are fully 

absorbed. This is a big difference from the planar surface, 1-D or one dimensional, 

where photons can be reflected. 

3-D solar cells using CNT approach has demonstrated a current density of 44.4 mA/cm2, 

this is 60 times the conventional solar cell of 0.7 mA/cm2. 

Nano suggests the dimension is very small in the micro and nano meter range. Hence 

manufacturing this solar cell can be challenging. Currently it is fabricated by a molecular 

beam epitaxy method. A CNT measures 100 X 40 X 40 micro-meter, and each CNT is 

separated by 10 micro-meter. Manufacturing solar PV panels from CNTs offer smaller 

arrays of solar cells, compact size, and minimum production costs. Continued research 

and development had produced increased efficiencies in CNT in the laboratory. Scientific 

papers are available on this subject at least since 2012, and the comments then were it 

will take at least 5 years to get it to manufacturing stage. No manufacturer has listed 

their product based on CNT on the internet presently. Suffice to infer it is still in the 

development stages of various manufacturers.  

See figure 13 below for a pictorial understanding of the nanotechnology CNT. 
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Figure 13. Pictorial concept of a CNT. Source: A.R. Jha, 2009. 

A modification of the CNT is a CNT polychiral solar cell. A team of scientist at 

Northwestern University, University of Kansas, and Massachusetts Institute of 

Technology, has designed a new type of solar cell containing polychiral single walled 

CNTs. It has a  fullerenes that maximizes the amount of photocurrent produced by 

absorbing a broader range of solar-spectrum wavelengths. In particular, the cells 

significantly absorb in the near-infrared portion of the spectrum – a range that is 

currently inaccessible to many leading thin-film photovoltaic technologies. 

 

Figure 14. Carbon inside the new CNT polychiral solar cell. Source: Physics World Dot 
Com and NREL. 

A single walled carbon tube (SWCNT) is a sheet of carbon just one atom thick that has 

been rolled up into a tube with a diameter of about 1 nm. The atoms in the sheet are 

arranged in a hexagonal lattice and the relative orientation of the lattice to the axis of 

the tube is its chirality. See figure 14 above. Previous CNT solar cells were mainly made 

from single-chirality CNTs, whereas these solar cells make use of tubes that are 

polychiral. Using these multiple chiralities, CNT solar cells absorb across a wider portion 

of the solar spectrum, which leads to higher currents and efficiencies. (Internet: physics 

world dot com, Aug 15 2014) 
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B. Nanotechnology: Multi-junction Amorphous Nanotechnology Based Solar Cells 

The latest research studies indicate that an improved triple-junction amorphous solar cell 

comprising three distinct semiconductor layers with optimum thicknesses can achieve 

theoretical conversion efficiencies exceeding 35 percent by deploying solar 

concentrators.  

This triple-junction amorphous nanotechnology-based solar cell, consists of three 

semiconductor material layers: 

1. gallium indium phosphide (GaInP) layer, best suited for the short-wavelength 

region of the solar spectrum 

2. gallium indium arsenide (GaInAs) layer, best suited for the middle region of the 

spectrum 

3. germanium (Ge) layer, which captures most energy from the infrared region of 

the spectrum.  

 

The sub-cells each defined by its semiconductor material layer are stacked one over 

another as demonstrated in Figure 15 below. It is important to mention that significant 

improvement in conversion efficiency of this triple-junction solar cell comprising three 

different semiconductor layers is due to optimum absorption or extraction of the incident 

solar energy over the wide spectral region ranging from 400 nm to 1800 nm. Presently 

this technology is expensive and its only affordable for space crafts and satellites.  

 

Figure 15. Triple-layer amorphous solar cell design using MEMS and nanotechnology 

C. Nanotechnology: Quantum dots application in solar cells. 

Semiconductor nanocrystals are also known as quantum dots. Quantum dots have a 

superior ability to match the solar spectrum, because their absorption spectrum can be 

tuned with the particle or dot size. Quantum dots are attractive for solar cell applications 

due to their ability to enhance light absorption via multiple energy levels and extend the 

absorption edge into the infrared range. 

 

Quantum dots have demonstrated a capability to generate multiple electron-hole 

pairs per individual photon, which could result in enhanced conversion efficiency 
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for a solar cell. Today’s solar cells produce only one exciton per incoming photon, but the 

“multiple exciton generation” (MEG) effect of quantum dots promises to extract more 

energy out of each photon. 

 

Varying the size of quantum dots effectively “tunes” them to respond to different 

wavelengths of light. As quantum dots get smaller, the light spectra that they absorb will 

shift to the blue, which represents greater energy or shorter wavelength. The smaller the 

dot, the greater the shift. 

 

Theoretical modelling of QDs solar cell has predicted an increase in the efficiency up to  

approximately 64%, for a well-adjusted intermediate band. Quantum dots are minute 

crystal composites which have numerous particular semiconductor properties that are a 

few nanometres in size. These nanoparticles are generally created out of substances 

such as titanium oxide (TiO2) and zinc oxide (ZnO2), and also vary in dimension from 1 

to 20 nm. See figure 16 for a quantum dot cross section. 

 

Figure 16. Components of a quantum dot solar cell (QDSC). Background picture shows a 

few QDSC produced in the laboratory. Source:  Kamat, Journal of Physical Chemistry. 
2013. 

Research scientists believe that deployment of quantum dot technology 

in fabrication of solar cells will meet both critical requirements, namely, higher 

conversion efficiency and low fabrication cost.  

Commercial opportunities in SPV nanotechnology 

When the flat screen television first came on the market its cost was very high and only 

the rich could afford it. Over the years its technology became cost effective and now in 

some developed nations only the flat screen television sets are operable.  

The existing technology of SPV panels is not cost effective for all household income 

range. SPV system use is primarily within a select group which meets both financial and 

grid independence requirements. It is for those home and business owners who can 

afford it. Just like when the flat screen television sets first came in the market over 10 

years ago.  

Today it is hoped nanotechnology may be the breakthrough for SPV panels to have the 

efficiency and cost effectiveness to warrant most in the middle class community to 

purchase these systems should they become available in the future.  
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Arrival dates of 3rd generation nanotechnology SPV products keep getting pushed further 

since the years 2013. It’s a complex challenge for scientist working in this research area, 

and for manufacturing engineers to build the products through new processes, 

machinery, and new production lines. 

For New Zealand business investment in nanotechnology SPV panels may result in 

design companies established, job creation, brand name for New Zealand products, and 

an export item from its manufacturing industry. 

Summarising on technical and commercial expectation: 

The short topics described on nanotechnology primarily concern the area of SPV panel 

technology on the absorption of photon energy. This is the main area of efficiency 

improvements where currently the attainable efficiency levels on installed PV panels is in 

their high teens. Though it may seem all theoretical and laboratory oriented, but this is 

the nature of semiconductor and related field’s research and development area.  

 

In-depth details on the nanotechnology advancements can be obtained from technical 

papers in journals. This technology is not available in the market, so system theory on 

nanotechnology SPV products is not readily available.  

 

It is well known about nanotechnology advancements made in many different fields, so 

likewise it is the hope that it may produce the improved yield sought in SPV panels.  
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III. Major issues and possible solutions in utilisation of the selected renewable 

       energy source. 

Major issues 

Some of the factors affecting solar energy resource for electricity generation directly and 

indirectly are: 

1. Sunshine availability hours 

2. Sun’s radiation for maximum absorption 

3. Shading: Cloudy and rainy weather. 

4. Energy storage system versus solar energy availability timing. 

5. SPV system cost effectiveness to timely harness of solar energy. 

6. SPVT system selection for optimising overall solar energy use 

7. Life cycle and maintenance for decreasing downtime of solar energy use. 

 

Discussions with brief explanations provided below, on some of the issues and solutions 

for SPV technology applications in New Zealand. These have direct or indirect relations to 

solar energy as a resource utilisation. 

 

The nature of solar energy has limitations of its use in SPV system design. It is not only 

the hours of availability which dictates the system requirements but these hours also 

impact the overall system design performance. Hence the technical solutions are part of 

a solution set with respect to the nature of solar energy. Just like water storage requires 

dam engineering heavily entrenched in civil engineering,  SPV system require sub-

systems to optimise on the solar energy availability through technological solutions. 

 

Sunshine availability hours. 

Sunshine hours cannot be stored unlike water storage systems for hydroelectric power 

stations. Sunshine energy is available when the sun is shining, it has limited hours per 

day and these hours are relative to seasons. Hence its logical to infer for the time being 

solar energy is not going to be a source for a base load in any size town or city. 

Sunshine hours can be estimated based on annual historical data available from NIWA. 

This permits for analysing the availability of sunshine hours and sizing the capacity of 

the SPV system.  

Solution(s): 

Solar energy is accepted for partial energy source when available, with some limited 

energy storage for night time use through batteries. The capacity of energy storage 

system can be increased for night time or within a limited time frame by increasing the 

battery storage capacity. However this requires a battery charging system sized to the 

solar incoming power and number of batteries, this may be irrational pass a certain 

point. The reason is the SPV system may have to be increased for energy storage above 

the demand load, at a much higher cost. Plus maintaining the battery system cost also 

increases. There is a rational solution up to a practical limiting point.  

Sun’s radiation for maximum absorption. 

The sun’s radiation has to make a 90 degree beam on the panels for maximum energy 

absorption. Maximum absorption by the panels can occur for a limited number of 

sunshine hours, primarily during the time when the sun is overhead. 
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Solutions(s): 

Use of control technology to track the movement of the sun will optimise the incident 

beam angle as close to 90 degrees as possible. This would require the panels be installed 

on a rack system with pivoting, thus permitting mobility in the horizontal, vertical 

direction, and in the tilt. This would be the best case, however it is a cost factor and 

primarily used for solar farms. Commercial and residential locations typically use 

rooftops, and sides of the building facade if permitting for mounting. A pillar type 

support structure with a panel rack on top may be used for sun tracking for residential 

locations. A study on the sun’s angle of incidence on the panels and the number of hours 

of 90 degree radiation, i.e. normal to the surface plane, has to be conducted to justify 

the additional cost. What additional percentage of energy is gotten and at what cost per 

square meter of solar panel surface has to be calculated. In some cases the additional 

energy is merely 5% extra, so tracking technology has to assessed for cost 

effectiveness. The tracking system needs energy to steer towards the sun’s direction, 

this is energy consumed that otherwise would be used for demand load. Manual seasonal 

adjustment could be made on non-tracking support system provided its installed on a 

pillar or rack designed for manual movement.  

Shading: Cloudy and rainy weather. 

Clouds block the sun’s radiation to penetrate the surface of the PV panels. During cloudy 

hours a shadow is cast on the panels, this prevents energy conversion. Rainy hours like 

clouds prevent the sun’s radiation to fall on the panel’s surface. Rainy weather can occur 

any time of the year, but it is only applicable when its daytime because it blocks the 

sun’s radiation.  

Solution(s): 

There is no solution here with regards to weather, but load consumption planning can be 

built into a programmable system based on record seasonal weather data. This may 

include using grid energy when its cheaper and storing solar energy when the price 

during the time it is higher. Basically this is load management and SPV system 

optimisation, up to a realistic expectation. Software maybe able to assist for the 

monitoring and control tasks involved. Nearby obstructions such as trees and structures 

will impact the location of PV panels, these have to be mitigated. 

Energy storage system versus solar energy availability timing. 

Winter months will have lower sunshine hours, hence the reliability of solar power is 

lower compared to summer months. Here energy storage for winter may dictate the 

overall battery storage system capacity, because for the shorter hours in winter more 

energy is need to be stored for use during longer night hours. 

Solution(s): 

In cases where the owner of the facility wishes to over or under design the energy 

storage system, the design may have to take into account this criteria. Storage system 

requires a sum of energy receivable to be stored, and there will be losses in the storage 

system. The sub-system for charging the battery needs to be studied for optimum 

performance based on the number of batteries to be charged. Timing requirements 

between sunshine hours, time for charging batteries, and time of use of stored energy 

has to be coordinated and optimised. Engineering studies on the system will try to 

achieve the best case scenario for this optimisation. 
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SPV system cost effectiveness to timely harness of solar energy. 

Whether new or existing facility, the cost of SPV technology installation should be 

matching grid price per kW or lower, so that it justifies the purpose of installation. If the 

payback period and breakeven point is too far off to justify the SPV installation, then the 

owner may abandon the renewable energy project for the facility. 

Solution(s): 

If the grid supply is from fossil fuel for the region, then CO2 emissions impact can be 

taken into account for utilising solar energy disregarding the price of SPV system.  

Each facility owner has a budget, and the size of the SPV technology has to take into 

account the payback time for the system to show a gain or profit. However, the payback 

period priority may become irrelevant due to climate, clean air, and health 

considerations for the region, now the budget is dictated by the individual’s or 

community’s higher priorities which may override the cost factor.  

Poor residential and small commercial facilities located far away from local grid may 

choose to apply SPV technology for electricity generation for off grid use. In this case a 

larger number of PV panels, with other renewable resources such as wind maybe taken 

into consideration.  

Legislation to have each new home built installed with SPV technology and or solar 

thermal should be put into effect. In the last few years in New Zealand, the construction 

industry’s housing boom has built thousands of new homes and a great majority of them 

did not have SPV technology installed. Further to this there is no data available from the 

consenting (building permitting) department of New Zealand on installation of SPV 

technology on residential new homes. This perception has to change in the upper 

management of New Zealand’s building industry both in government and private sector, 

so that renewables are not impacted.  

Government subsidies in New Zealand do assist RET, their continuation is required for 

furthering SPV technology exploitation. To this cause there may be further legislation 

needed  to may come into effect which lends financial support for SPV technology farms 

for remote locations or commercial buildings. Feed-in tariff also assists in promoting 

renewable energy installations parks and individual customers.  

There is a continuing trend in some of Western Europe’s nations where pension funds 

and government investments had withdrawn their stock market share investments in 

fossil fuel based and other environmental impact companies. The  investment in these 

funds, free of fossil fuel and related impact companies, are now in the low trillion dollars. 

Investors in USA now have are involved in a slow growing trend to divest from fossil fuel 

and similar impact companies in the stock markets.  

Individuals and government investments in New Zealand too can take up divestment in 

fossil fuel and environmentally impacting companies.  

SPVT system selection for optimising overall solar energy use. 

A SPV system installed may not perform to expectation. Sub-systems of the installation 

such as battery charging, sun-tracking, PV panel efficiency, etc., are not working 

together well, due to poor system integration.  
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Solution(s): 

The SPV system selection has to go through an engineering feasibility study, design and 

construction stages. The system design will take into consideration load demand, hours 

of high use, heating loads, weekly load profile, etc., to build the SPV design. Energy 

storage system capacity design requirements to meet facility needs has to be performed 

whilst system optimisation is in place. This takes time and financial resource of the 

facility owner. It requires trained personnel in the engineering aspects of SPV system 

integration for above average performance of the installation. To this end an installation 

company with trained personnel in the technical and financial fields of SPV projects is 

required. Prospective SPV technology owners need to seek professionals in construction 

and design companies for their installations. 

Life cycle and maintenance for decreasing downtime of solar energy use. 

The SPV system will need life cycle study performed so that it will assist in the 

maintenance of the system. Poor maintenance performance usually is connected to lack 

of understanding the life cycle of the system. (Fthenakis et al, 2010). 

Solution(s): 

Life cycle of the SPV system may stretch back to its manufacturing stages and raw 

material selection. Proper understanding of these processes and cycles of the products 

stages raises the understanding of the product which needs to be maintained for an 

average of 20 years for the PV panels. In addition to this the sub-systems too need to be 

fully understood on their operations and performance. With all this accomplished only 

then can a valuable maintenance and parts replacement service be put in place. Sub-

contracting a SPVT service maintenance task should be considered similar to getting a 

vehicle inspection for WOF in New Zealand.  

There are several solution to this, and the facility owner may investigate which is the 

best option for a particular budget and complexity of system. 
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Conclusion 
There are many solar cell technologies under research and development in several 

countries. Information on this can be obtained through relevant professional organisation 

of solar cells or photovoltaics. The efficiency ranges overlap among the three generations 

of solar cells. Thus making a decision on solar cell which is suitable for a particular 

country and budget is dependent on technical studies conducted by engineering 

companies or energy specialists. 

In this report the objective was to identify a technology which has prospects in New 

Zealand for further development and commercialisation success. Hence, the decision was 

to select nanotechnology, with quantum technology closely related to it, for technical 

development and commercialisation.  

In SPVT both technical as in efficiency, and commercialisation as in cost effectiveness 

are required to make the product a seller.  
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Appendix 

Appendix 1: NREL solar cell efficiency chart. 
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Appendix 2: Basics of photovoltaic energy conversion 

A concise explanation of photovoltaic energy conversion was provided by Fonash in his 

textbook titled Solar Cell Devices. It is provided here in 4 steps in clarity for ease of 

understanding.  

Photovoltaic energy conversion is the direct production of electrical energy in the form of 

current and voltage from electromagnetic (i.e., light, including infrared, visible, and 

ultraviolet) energy. The basic four steps needed for photovoltaic energy conversion are: 

1. A light absorption process which causes a transition in a material (the absorber) 

from a ground state to an excited state.  

2. The conversion of the excited state into (at least) a free negative and a free 

positive-charge carrier pair.  

3. A discriminating transport mechanism, which causes the resulting free negative-

charge carriers to move in one direction (to a contact that we will call the 

cathode) and the resulting free positive charge carriers to move in another 

direction (to a contact that we will call the anode). 

The energetic, photo generated negative-charge carriers arriving at the cathode result in 

electrons which travel through an external path (an electric circuit). While traveling this 

path, they lose their energy doing something useful at an electrical “ load, ” and finally 

they return to the anode of the cell. At the anode, every one of the returning electrons 

completes the fourth step of photovoltaic energy conversion, which is closing the circle 

i.e. closing the circuit. 

4. Combining with an arriving positive-charge carrier, thereby returning the 

absorber to the ground state. 

In some materials, the excited state may be a photo generated free electron – free hole 

pair. In such a situation, step 1 and step 2 coalesce (come together). In some materials, 

the excited state may be an exciton, in which case steps 1 and 2 are distinct. (Fonash, 

2006) 

The power entering and exiting the solar photovoltaic cell can be written mathematically 

by letting Φ0λ be a function expressing photons/time/area/bandwidth. 

Now the total power Pin per area impinging on a cell for a given photon spectrum Φ0(λ) 

is the integral of the incoming energy per time per area per bandwidth over the entire 

photon spectrum; i.e., 

PIN = λ∫ (hc/ λ) Φ0(λ) dλ 

The quantity h is Planck’s constant and c is the speed of light. 

The electrical power P OUT per area produced by the cell operating at the voltage V and 

delivering the current I as a result of this incoming solar power PIN is the product of the 

current I times V divided by the cell area. Because there is an area of concern on the PV 

cell, the current density becomes relevant.  

Thus J the current density is current I divided by the cell area on which solar power input 

is impinging on.   
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So power output is 

Pout = JV (Ampere Volt /area) 

 

Figure A1-1. Cross section of a typical solar cell. Source: Fonash, 2006. 

 

Figure A1-2. Maximum power point and device efficiency described. Source: Fonash, 

2006 


