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Component Present worth ($) Present worth ($)
Luminaire hardware 100 25
Electricity cost - 3

Grid line extension (50 ft) - 800

TOTAL $100 $828
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Abstract
This Thesis paper presents the various applications of photovoltaic lighting that exists up to date, but focuses on the following applications: 1. Parking Lot Lighting;  2. Street lighting (post-top luminary- pedestrian lighting); and 3. Pathway lighting (Indicator Luminary).  I will present what photovoltaic lighting is in general and in detail (for all applications), the different applications that exist for photovoltaic lighting, and the various components of a photovoltaic lighting system (in particular the components for systems used in applications 1, 2 and 3 written above).  Then I will present the four steps that someone must take before choosing whether or not to use PV lighting systems for applications 1,2 and 3, which are as follows: The first step is to define “the six needs”;  The second step is that we must prioritize the six needs (A to F) according to what we believe is the most to least important;  The third step is that we must analyze each system (PV and Grid powered) within each need (A to F), and then observe in which needs (A to F) is it better to use a PV lighting system and in which needs (A to F) is it better to use a Grid powered lighting system;  Finally, the fourth step is that we must decide on which system (PV or Grid powered) is best to use overall- this depends on the decision we made regarding prioritizing in the second step and the results obtained through analysis in the third step.  Regarding the four steps just mentioned, I will first present steps 1 and 3 together- in other words I will define “the six needs” (first step) which include benefit/cost to environment, light output and system/component efficiency- then I will analyze “the six needs” (step 3) in general and then more specifically by including examples.  After defining and analyzing the “the six needs”, I will present step 2, step 3 again (looking at the overall picture of analysis-detailed analysis done earlier), and step 4.  I will then demonstrate the process in which one sizes a PV panel (“Sizing a PV panel”) for two applications (using two examples)- Note that this belongs with step 3 (the analysis of “F. Efficiency needs”)- By determining the size of a PV panel we are simultaneously determining the size of the entire system (i.e. sizing all components).  Finally I will present my conclusions about Photovoltaic (PV) lighting systems based on all of the information that I have presented in this thesis paper.
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Chapter 1- Introduction
This Thesis paper presents the various applications of photovoltaic lighting that exists up to date, but focuses on the following applications: 1. Parking Lot Lighting;  2. Street lighting (post-top luminary- pedestrian lighting); and 3. Pathway lighting (Indicator Luminary).  I will present what photovoltaic lighting is in general and in detail (for all applications), the different applications that exist for photovoltaic lighting, and the various components of a photovoltaic lighting system (in particular the components for systems used in applications 1, 2 and 3 written above).  Then I will present the four steps that someone must take before choosing whether or not to use PV lighting systems for applications 1,2 and 3, which are as follows: The first step is to define “the six needs”;  The second step is that we must prioritize the six needs (A to F) according to what we believe is the most to least important;  The third step is that we must analyze each system (PV and Grid powered) within each need (A to F), and then observe in which needs (A to F) is it better to use a PV lighting system and in which needs (A to F) is it better to use a Grid powered lighting system;  Finally, the fourth step is that we must decide on which system (PV or Grid powered) is best to use overall- this depends on the decision we made regarding prioritizing in the second step and the results obtained through analysis in the third step.  Regarding the four steps just mentioned, I will first present steps 1 and 3 together- in other words I will define “the six needs” (first step) which include benefit/cost to environment, light output and system/component efficiency- then I will analyze “the six needs” (step 3) in general and then more specifically by including examples.  After defining and analyzing the “the six needs”, I will present step 2, step 3 again (looking at the overall picture of analysis-detailed analysis done earlier), and step 4.  I will then demonstrate the process in which one sizes a PV panel (“Sizing a PV panel”) for two applications (using two examples)- Note that this belongs with step 3 (the analysis of “F. Efficiency needs”)- By determining the size of a PV panel we are simultaneously determining the size of the entire system (i.e. sizing all components).  Finally I will present my conclusions about Photovoltaic (PV) lighting systems based on all of the information that I have presented in this thesis paper.
Chapter 2- Photovoltaic Lighting

Grid powered lighting systems use the existing electrical grid network in order to get the power they need so that they could work properly in providing the required lighting. The Grid powered lighting system will require a pole, luminary, lamp and wiring to connect to the grid. [Ref. Internet and NLPIP Lighting Answers]
Photovoltaic lighting is lighting which is partially or fully powered by Photovoltaic (Solar) Panels which are made up of one or more PV modules where each module has one or more PV cells- See Figures 1A, 1B and 1C.  In general a Photovoltaic lighting system collects energy from the sun (when sunlight hits the solar panels it creates a current), this current is then directed and stored in a battery or a number of batteries and then at night the energy is released (current flows) from the battery/batteries to feed the light source.  The PV lighting system components and the energy flow diagram are shown in Figure 8. [Ref. NLPIP Lighting Answers p. 2 and 4, and Φωτοβολταϊκή Τεχνολογία π. 77]
More specifically when light (photons) hits the Photovoltaic (Solar) Panels, some light is reflected and some is absorbed.  Some of the absorbed light (the absorbed photons) is converted into heat (which is not used) and the remaining absorbed light (photons) is absorbed by the photovoltaic cells, where the energy in these photons is converted into electrical energy (electrical current). As stated in the previous paragraph, a Photovoltaic (Solar) Panel contains one or more PV modules where each module has one or more PV cells. [Ref. NLPIP Lighting Answers p. 2 and 4]
The PV cell is the basic unit and it is shown, as seen before, in Figure 1C.  As one can see from Figure 1C, it is made of silicon and it has two layers.  The top layer has a thin sheet of phosphorus-doped (negatively charged or n-type) silicon.  The bottom layer is a thick layer of boron-doped (positive charged or p-type) silicon.  When the two layers are in contact a semiconductor positive-negative (p-n) junction is created.  With this p-n junction an electric field is created.  When sunlight hits this p-n junction it creates an electrical potential, this electric potential stimulates some of the electrons in the p-type silicon layer which gives them the energy to move across the p-n junction to the n-type silicon layer.  In turn this causes the p-type layer to have a higher voltage potential than the n-type layer.  Finally this produces an electric current flow when the photovoltaic cell is connected to a load. [Ref. NLPIP Lighting Answers p. 2 and 4]
The voltage potential created by a typical silicon photovoltaic cell is 0.5 to 0.6 volts dc under open-circuit, no load conditions.  The power of a photovoltaic cell depends on the following: 1. Intensity of the solar radiation (sun light – photons) absorbed by the cell;  2. The surface area of the photovoltaic cell; and 3. The PV cells efficiency.  The efficiency of the photovoltaic panel is ultimately directly determined by the efficiency of the PV cells which it is comprised of.  The efficiency of commercially available photovoltaic panels are typically 7% to 17%.  Note that there are different categories of PV cells which are organized by their component materials and structural features. [Ref. NLPIP Lighting Answers p. 2 and 4]
Basically a photovoltaic (PV) lighting system is made up of the following components: 1. PV (solar) panels;  2. Battery/batteries;  3. Electronics (A. battery charge and discharge controller, B. inverter or ballast/driver, and C. timer or switch);  4. Light sources (lamps); and 5. Luminaries. [Ref. NLPIP Lighting Answers p. 5]

More specifically a Photovoltaic (PV) lighting system works as follows: The process begins when sunlight hits the PV cells- Any light that is absorbed by the cell and hits the semiconductor positive-negative (p-n) junction will stimulate some of the electrons in the p-type silicon layer.  This will result in the creation of an electric current flow when the photovoltaic cell is connected to a load.  Once a current is created in all of the PV cells, this current is lead toward a battery for storage.  Before it gets to the battery this dc current is regulated and stabilized by an electric circuit which makes sure that the battery does not fill up to full.  Once the battery is filled to a predetermined maximum level, the battery is disconnected to prevent battery damage.  Then when night falls, a timer switch is used to make current flow from the battery to the light source.  This current flow from the battery to the light source is regulated and stabilized by an electric circuit which makes sure that the battery does not discharge to empty.  As the battery discharges and it reaches a predetermined minimum level, the battery is disconnected to prevent battery damage.  From the battery the current flows to light sources which are either dc or ac.  If dc light sources are used the light sources are feed the dc current from the battery directly.  Examples of dc light sources used are incandescent lamps, light-emitting diodes (LED) and fluorescent lamps operated on dc ballasts.  On the other hand when ac light sources are used the current is directed into an inverter which converts the dc current to 120 Volts, 60 Hertz ac.  This ac current is then fed into ac light sources such as fluorescent lamps operated on ac ballasts. [Ref. NLPIP Lighting Answers p. 5 to 8]
In general we see that PV Panels collect sunlight and convert it into electrical energy (dc current).  The electrical components used which include charge controllers, timer switches and ballasts (for fluorescent lighting), drivers for LEDs, and inverters for ac lamps provide regulation and control to the electrical energy (dc current).  The battery provides the storage for the electrical energy collected, which it converts it and stores it to chemical energy.  The light sources provide the light, which is produced when the battery convert the stored chemical energy back into electrical energy and feeds the light source current.  Finally, the luminaries which house the light sources provides protection for the light sources and helps direct the light where it is intended to shine.  Overall the light output of the photovoltaic lighting system depends on the following: 1. The amount of solar energy received; and 2. The efficiency of its components, which are as follows: A. PV panels [how much energy is absorbed];  B. Battery [storage capability and discharge capability];  C. Electronics (charge/discharge controllers and timers/switches) used for controlling the battery [how sensitive and how quick the control system responds to stabilize the current flow in and out of the battery, and what time to start and stop the current flow out of the battery toward the light source];  D. Electronics (inverters) used to convert dc current to ac current [how well dc current is converted to ac current];  E. Electronics (dc and ac ballasts/drivers) used together with fluorescent lighting [how well the ballasts/drivers work in producing the amount of light that is needed];  F. Light source [how well the lamps convert the dc or ac current into light and how much is the intensity of the light that the lamps produce and how long throughout time can the lamps keep producing the desired light intensity]; and G. Luminaries [how well do they protect the light sources and how well do they direct the light to its intended area to be illuminated]. [Ref. NLPIP Lighting Answers p. 5 to 8]
Unfortunately there are few applications of photovoltaic lighting systems used today because of the following: 1. Designing and installing PV lighting systems are more complicated than traditional grid-powered lighting systems; and 2. The initial costs and maintenance costs for many of the PV lighting components are high compared to traditional lighting systems powered near the grid (note as one moves away from the available grid, the costs of PV lighting systems are lower than those for expanding the grid to a particular remote location- Depending on the distance of this location). [Ref. NLPIP Lighting Answers p. 2 to 8]
To develop successful photovoltaic lighting system applications one must do the following: 1. Develop a carefully planned design process; and 2. To be well educated on the available PV power choices and the Grid power choices.  In general PV lighting system applications are most successful where low light levels and limited electric power are acceptable and/or where access to a grid is expensive or difficult. [Ref. NLPIP Lighting Answers p. 2 to 8]
Chapter 3- PV Lighting Applications

Examples of the various types of photovoltaic lighting system applications are as follows: 1. Parking Lot lighting (in remote places);  2. Street lighting (post-top luminary- pedestrian lighting, road lighting for automobiles);  3. Pathway lighting (Indicator Luminary-Rural pathway, Tile Path);  4. Campground/Recreation lighting;  5. Sea lighting (Marine, Lighthouse);  6. Signage lighting (Bus Stop lighting);  7. Lanterns; and 8. Security lighting (motion sensor). [Ref. Internet and NLPIP Lighting Answers]
From the above applications we will look at in more detail and analyze the following: 1. Parking Lot lighting; 2. Street lighting (post-top luminary- pedestrian lighting); and 3. Pathway lighting (Indicator Luminary).


As stated above the most suitable places to use Photovoltaic lighting, including for applications 1, 2 and 3, are in remote locations where providing lighting is difficult. Such locations include mountain areas, nature preserves, parks, villages, and towns where the electric grid is far away.  We know that in remote areas, moonlight and star light helps provide enough light for people’s basic needs such as walking and finding a house or car.  For many Pathway and Street Lighting applications (2 and 3) the lighting system needs only to provide enough light to strike the surface of the path at very low levels.  Examples are for gardens and residential landscapes.  The same is true for Parking Lot Lighting (1) in a remote area.  Since car headlights provides sufficient light for a driver to navigate the parking lot safely thus the fixed luminaries need only provide a minimum amount of light, enough so that pedestrians can walk and locate their cars without getting hurt.  In these three types of applications (1, 2 and 3) moonlight luminance can be used as a reference value for setting standards of suitable lighting levels in remote locations. [Ref. NLPIP Lighting Answers p. 15]

Setting the standards of lighting levels in remote locations, we base these standards “on the average luminance (2500 candelas/square meter), the diameter of the moon (347,900 meters), and the distance between the moon and the earth (384,385,000 meters).  The luminance on the ground on a full moon night with clear sky conditions is about 0.1 lux.  Because this prediction is based on an average moon luminance, actual luminance from moonlight will vary based on lunar phase, atmospheric conditions, time of year, and other variables.  Empirically, the earth’s surface illumination from moonlight can vary 0.005 to 0.5 lux.  [Ref. Courter 2003; Krisciunas and Schaefer 1991]”  “For convenience, the luminance level of 0.1 lux can be defined as one unit of “moonlight”.  Note that on average luminance between 0.1 and 0.5 lux is needed to read a newspaper.  A wide range of examples for the lighting applications 1 (Parking Lot Lighting) and 3 (Pathway lighting) can be lighted safely with less than 0.5 lux.  Such examples include “lighting for residential areas, gardens, parks and landscapes where people may walk at night, provided, people are able to see the path and any hazards that might be on the ground”. [Ref. NLPIP Lighting Answers p. 15]

Thus lighting applications that need only “moonlight” levels of illumination (e.g. 1, 2 and 3) are in general well suited for photovoltaic (PV) lighting systems.  “In these situations, only a small quantity of dc power needs to be stored in a battery to provide a low level of light over a limited period of the night.  This allows PV panels to be smaller in size, less expensive, and more easily integrated into the design of a luminary.  This also allows batteries to be smaller and less expensive”. [Ref. NLPIP Lighting Answers p. 15]

On the other hand for more intense lighting, using 10 lux (100 “moonlights”) or more we need bigger equipment (e.g. bigger batteries) which cost more.  In these situations an analysis must be done in order to see if it is less costly compared to using the network. [Ref. NLPIP Lighting Answers p. 15]
Chapter 4- PV Lighting Components
Observing Figures 2, 3 and 4, which depict respectively the above three applications (1, 2 and 3), we see that for all three applications the photovoltaic (PV) lighting system is made up of the following components: 1. PV (solar) panels;

2. Battery/batteries;  3. Electronics (A. Battery charge and discharge controller, B. Inverter or ballast/driver, and C. Timer or switch);  4. Light sources (lamps); and 

5. Luminaries. [Ref. NLPIP Lighting Answers p.10]
So far I have presented the following: What photovoltaic lighting is in general and in detail (for all applications); The different applications that exist for photovoltaic lighting; and the various components of a photovoltaic lighting system (in particular the components for systems used in applications 1, 2 and 3).  I will now further discuss the components of a photovoltaic (PV) lighting system (the components for systems used in applications 1, 2 and 3) which were presented in the previous paragraph.

Regarding the batteries used for PV lighting systems we see the following: We know that a battery converts chemical energy contained in its active material directly into electrical energy  and electrical into chemical energy by means of an electrochemical reaction.  These batteries are rechargeable.  The most common type of batteries used are lead-acid batteries because these types of batteries are widely available in many sizes, they are inexpensive, their performance characteristics are well known and understood, and they are commonly recycled.  Examples of lead-acid batteries used in PV lighting systems are “lead-antimony batteries, lead-calcium batteries, lead-antimony/lead-calcium hybrid batteries and captive electrolyte lead-acid batteries, which include gelled batteries and absorbed glass mat (AGM) batteries (Dunlop 1997).  Nickel-cadmium cells are used in some applications, but their high initial cost limits their use”. [Ref. NLPIP Lighting Answers p.6]

The “battery cycle” of a PV lighting system is equal to one charge and one discharge period.  In other words the battery stores solar energy during the day (one charge) and releases that energy as lighting at night (one discharge).  The “cycle life” of a battery denotes the number of cycles it is expected to last before being reduced to eighty percent (80%) of its rated capacity.  Once a battery reaches its “cycle life” it should be replaced.  In general it is difficult to provide an estimate of the “cycle life” for a battery of a PV lighting system because of many factors which include: “battery type, correct sizing of the PV system, local climate, and proper operational management such as charge controllers and maintenance procedures”.  “Batteries are the costliest and weakest components in stand-alone PV systems, if battery replacement is considered. [Diaz and Lorenzo 2001; Diaz and Egido 2003]” [Ref. NLPIP Lighting Answers p.6]

In order to select the correct type of battery for a particular PV lighting system, one must see if the battery capacity is sufficient enough to provide the energy that is needed to power the lighting system for a specified amount of time.  “The battery’s capacity is a measure of the amount of energy that a battery can store.  The capacity is measured in ampere hours and indicates the amount of energy that can be drawn from the battery before it completely discharges.”  For example, if the capacity of a battery is rated at 100 ampere hours, it should provide any combination of amperes and hours that give a product of 100 (this rating would give either 1 ampere for 100 hours, 2 amperes for 50 hours and so on). [Ref. NLPIP Lighting Answers p.6]

“The maximum depth of discharge of a battery is a measure (in percentage) of the amount of energy that can be removed from the battery during a cycle, without damaging the battery.”  When using a battery for a PV lighting system “the maximum depth of discharge for low-maintenance (sealed) batteries is 30% [Diaz and Egido 2003]”.  The optimal type of battery for a PV lighting system is a deep-cycle (or deep discharge) battery that can be repeatedly drained of much of its energy (70% of it) and recharged. [Ref. NLPIP Lighting Answers p.6]

Finally, in order to protect the battery from corrosion, the battery should be encased in a weather resistant, nonmetallic enclosure (Sandia National Laboratories 1995).  Maintenance of the battery should be carried out according to the instructions of the manufacturer.  In general the batteries should be kept clean at all times so to help maximize performance over time. [Ref. NLPIP Lighting Answers p.6]

Regarding the electronics used for PV lighting systems, we know that these components include the following: A. A battery charge controller; B. An inverter or ballast/driver; and C. A timer switch.  For solar garden lights that use light-emitting diodes (LED) of less than one watt, all the electronics may be on one circuit board.  But for solar parking lot lights (which are bigger in size) the electric components are most likely separate from each other. [Ref. NLPIP Lighting Answers p.7]

“The primary function of the (A) battery charge controllers in a stand-alone PV system is to maintain the battery at the highest possible state of charge while protecting it from overcharge by the PV panels and from over-discharge by the loads (Dunlop 1997).  The set points of a charge controller determine its operation.  Charge controllers regulate a PV system using different methods.  Each method has different performance characteristics and applicability.” [Ref. NLPIP Lighting Answers p.7]

Regarding (B) inverters or ballast/drivers, we see that the “light sources used in PV lighting systems typically require ballasts or drivers.  PV lighting systems using ac light sources such as fluorescent or high intensity discharge (HID) lamps operated with ac ballasts require inverters.  Inverters convert dc current into ac current, and when we use them in stand-alone PV lighting systems, inverters typically operate at 12, 24, 48 or 120 volts dc input and create 120 or 240 volts ac output at 50 or 60 hertz (Hz)” (Sandia National Laboratories 1995). [Ref. NLPIP Lighting Answers p.7]

“Most ac ballasts for fluorescent and HID lamps take 120 volts, 60 Hz ac as input, and some dc ballasts take low-voltage (12, 24, or 48 volts) dc as input.  It should be noted that: ac ballasts convert 120 volts, 60 Hz ac to high-voltage high frequency (> 20 kHz) ac, and dc ballasts convert dc to high-voltage, high frequency ac directly.” [Ref. NLPIP Lighting Answers p.7]

“While fluorescent and HID lamps require ballasts, LEDs require drivers.  Both ac and dc drivers are available for LEDs. Ac drivers take 120 volts, 60 Hz ac as input, and are commonly used in LED lighting applications with ac grid power.  Dc drivers take low-voltage dc as input and are typically used in PV lighting applications.  Both ac and dc drivers maintain an appropriate, stable voltage to operate LEDs.” [Ref. NLPIP Lighting Answers p.7]

Regarding (C) timer switches, we know that they control the light source- They switch the light on when it is time for it to be turned on.  “This function is usually achieved by a timing device, a photocell or the PV cell itself.” [Ref. NLPIP Lighting Answers p.7]

Regarding the light sources (lamps) used for PV lighting systems, we see that the electronics (A. Battery charge and discharge controller, B. Inverter or ballast/driver, and C. Timer or switch) that will be used depends on what light source is used.  There are two types of light sources used, ac and dc light sources.  Examples of ac light sources are fluorescent and high intensity discharge (HID) lamps.  Examples of dc light sources are light-emitting diodes (LED) and incandescent (including halogen incandescent) lamps.  In Figure 5, we see the different configurations of PV lighting systems with different light sources which include the correct electronics used.  In Scheme 1 they use incandescent lamps with the appropriate electronics (charge controller and timer switch); In Scheme 2 they use LED lamps with the appropriate electronics (charge controller and timer switch, and dc driver); In Scheme 3 they use LED lamps with the appropriate electronics (charge controller and timer switch, ac driver and dc-ac inverter); In Scheme 4 they use fluorescent or HID lamps with the appropriate electronics (charge controller and timer switch, ac ballast and dc-ac inverter); and In Scheme 5 they use fluorescent or HID lamps with the appropriate electronics (charge controller and timer switch and dc ballast). [Ref. NLPIP Lighting Answers p.7 and 8]

Regarding the luminaries used for PV lighting systems, we see that they are similar to other lighting system luminaries that are Grid-powered.  PV lighting system luminaries though have in general more components than luminaries of lighting systems that are Grid-powered.  The main functions of a luminary for PV lighting systems are to do the following: 1. “Control the light output from the light source so it is directed where it is needed to light a particular area effectively”;  2. Protect the light source/s;  and 

3. “House one, some or all of the system components (i.e. PV panels, batteries, electronics and light source)”. [Ref. NLPIP Lighting Answers p.9]

As for the third function of the luminary of PV lighting systems, (3) Housing one, some or all of the system components, we initially see that for big lighting requirements (e.g. 10 lux- 100 moonlights) such as for (1) Parking Lot Lighting (see Figure 2), the components such as the PV panel and battery/ies can be relatively large- this is why these components are attached to the pole but not the luminary, thus the luminary in this application only houses one component, the light source/s.  Note that the PV panel for application 1 must be at least 0.56 square meters and due to the battery’s big size it must be attached to the pole and the ground, housed in a weather-tight compartment.  On the other hand for small lighting requirements (e.g. 0.5 lux- 5 moonlights) such as for (2) Street lighting and (3) Pathway lighting luminaries (see Figures 3 and 4 respectively), we see the following: The PV panel and battery are small enough to be placed on top of the luminary as in application 2 (Figure 3), and small enough to be incorporated directly into the luminary itself as in application 3 (Figure 4).  Note that the PV panel for application 3 must be at most 0.02 square meters and the battery is also very small.  Thus the luminary in application 3 houses inside it all system components (including the PV panel and battery); However application 2 houses three components (the PV panel and battery on top of it, and the light source inside it). [Ref. NLPIP Lighting Answers p.9 and 10]
As for the first function of the luminary of PV lighting systems, (1) Control the light output from the light source so it is directed where it is needed to light a particular area effectively, we see that this is done by the luminary’s optical components (reflectors and lenses).  “The optical efficiency of a luminary determines what portion of the light output from the light source can be delivered out of the luminary.  The higher the optical efficiency the better, however, issues such as glare, light distribution, and luminance uniformity must also be considered”.  Observing Figures 2, 3 and 4, we see the sizes of the PV lighting systems as a whole and their parts (includes the panel and battery) that require to provide two different light levels on the ground- one is 10 lux (100 moonlights) beneath a pole-mounted luminary (Figure 1), and the second is 0.5 lux (5 moonlights) beneath a pole-mounted luminary (Figure 2) and an indicator light (Figure 3).  For all three figures, we assume “a luminary that has a single light source and an optical efficiency of 50%, which uniformly distributes all light output on a circular area with a radius equal to the pole height”.  For low light levels 0.5 lux (5 moonlights) or less, only light-emitting diodes (LED) and incandescent lamps are available in lumen packages small enough to provide these levels effectively.  For “lower mounting heights (2.4 meters or less), where less than five moonlights are required, incandescent lamps become a viable option because they can provide the suitable lumen package to meet the required light levels at low mounting heights”.  As for LEDs, they “are able to provide moonlight levels most efficiently over the widest range of mounting heights.  This is because the light output provided by each individual LED light source can be very small, and can be easily adjusted by adding additional LEDs to a luminary design to increase the light output when needed”. [Ref. NLPIP Lighting Answers p.9, 10 and 11]

Finally, regarding luminaries used for PV lighting systems, we see that when selecting a luminary we should always consider electrical safety.  We must make sure, just as in Grid-powered luminaries, that the luminary (as well as all the other components of the PV lighting system) meet all safety codes and standards. [Ref. NLPIP Lighting Answers p.11]
So far I have presented the following: What photovoltaic lighting is in general and in detail (for all applications); The different applications that exist for photovoltaic lighting; and the various components of a photovoltaic lighting system (in particular the components for systems used in applications 1, 2 and 3).  Now, I will present the four steps that someone must take before choosing whether or not to use PV lighting systems for applications 1, 2 and 3.
Chapter 5- Choosing between PV or Grid powered lighting systems

In order to decide whether or not to choose to use PV lighting systems for the above applications (1, 2 and 3), we must take four steps.  The first step is to define “the six needs”, which are as follows: A. Environmental needs (includes considering recycling and scrapping of the PV lighting system/components);  B. Safety and Aesthetics needs;

C. System Installation, Replacement and Maintenance needs;  D. Lighting needs;

E. Efficiency needs- based on the following: a. How fast and accurate do the system parts finish the tasks they are meant to do, and b. The Energy/Power capacity of the individual components and system as a whole; and F. Economic needs.  The second step is that we must prioritize “the six needs” (A to F) according to what we believe is the most to least important.  The third step is that we must analyze each system (PV and Grid powered) within each “need” (A to F), and then observe in which “needs” (A to F) is it better to use a PV lighting system and in which “needs” (A to F) is it better to use a Grid powered lighting system.  Finally, the fourth step is that we must decide on which system (PV or Grid powered) is best to use overall- This depends on the decision we made regarding prioritizing in the second step and the results obtained through analysis in the third step. [Ref. NLPIP Lighting Answers + My own creation]
Now I will expand upon steps one and three, which is to define and analyze “the six needs” (A to F).

Regarding A. Environmental needs (includes considering recycling and scrapping of the PV lighting system/components), we must weigh which does more damage to the environment, PV lighting systems or Grid powered lighting systems.  Grid powered lighting is powered by the burning of coal or other fossil fuels- The harmful bi-products that are produced are carbon dioxide (CO2) and sulfur dioxide (SO2).  Also using hydro-electric energy to produce power, one “affects the biological environment for living organisms in the water mass.”  To give an example of how much we can pollute the environment using grid power, we see that “in 2002 the 100 largest US power producers, who produced nearly 90% of the nation’s electricity, emitted approximately 9.7 million tons of sulfur dioxide (SO2), 2.3 billion tons of carbon dioxide (CO2), 4.2 million tons of nitrogen oxide (NOx), and 45 tons of mercury into the atmosphere.”  Thus in producing energy using grid power, we see that it puts a heavy burden on the environment.  Now looking at PV lighting systems, we see that PV lighting uses only solar radiation to generate electricity and there are no harmful bi-products produced by these systems.  However when it comes to manufacturing PV lighting system components, this does consume energy and may cause some pollution to the environment.  Both the process used to produce PV lighting system components and the materials used to create these systems can cause hazardous waist.  For example, the batteries used are usually lead acid batteries, which contain lead and other toxic materials.  Since these batteries can be recycled, if the user decides to recycle rather then scrap the battery/s after its/their useful life span it would prevent the lead and other pollutants from escaping into the environment.  Thus, from the above analysis, we see that producing and using Grid powered lighting systems pollutes the environment much more than producing and using PV lighting systems.  Thus, after the analysis, from the standpoint of A. Environmental needs, one should choose PV lighting systems. [Ref. NLPIP Lighting Answers p.25]
Regarding B. Safety and Aesthetics needs, we must see which is safer and more aesthetically decent to use at a particular location, PV lighting systems or Grid powered lighting systems.  Regarding safety, we must see if the PV system pole is strong enough to hold the weight of the entire system, and if the pole and panel is strong enough to withstand the maximum wind forces or any other natural/human made forces that may act upon the system at the location that it is to be placed.  We should also always consider electrical safety and see that all components of the PV lighting system meet all safety codes and standards.  The same must be seen for Grid powered lighting systems regarding safety.  As for Aesthetics, each location has a different style, so we must see if we can incorporate the PV lighting system into the style that fits the location.  It is important “to try to integrate the PV panel into the design of the luminary or mounting structure (pole) in a way that is visually pleasing”.  We must also see the same for Grid powered lighting systems regarding aesthetics.  Thus, after the analysis, if both the PV lighting system and Grid powered lighting system can support the required B. Safety and Aesthetics needs equally, then we would have to decide which one of the two to use based on the other needs (A, C, D, E and F). [Ref. NLPIP Lighting Answers p.11, 24, and 25]
Regarding C. System Installation, Replacement and Maintenance needs, we must see which has the lowest level of difficulty to install, maintain and replace, and which has the lowest frequency level of maintenance and replacement, PV lighting systems/components or Grid powered lighting systems/components.

First, regarding System Installation, we know that installing a small garden PV light is relatively easy.  However when one wants to install a large PV lighting system, this is not a simple task.  In general we know that PV lighting systems are more technically complex than Grid powered systems- Even though this is true, if trained and experienced PV installers were to install such a PV system the job would not be more difficult to install than a Grid powered system (i.e. the difficulty level would be the same for both systems).  However one must know that in “a survey of PV installations conducted in 2002 showed that 50% of PV systems (stand alone, interconnected, hybrid, and multi-mode) in the U.S. were installed improperly.  This resulted in deficiencies in safety, durability and/or performance (Wiles et al. 2002)”.  From the above survey done in the U.S., we see that if a non-professional installs the PV lighting system, because of the PV lighting systems technical complexity, this would increase the installation difficulty of the PV system (i.e. increases the level of difficulty in the proper installation of the PV lighting system). [Ref. NLPIP Lighting Answers p.23, 24 and 26]
Second, regarding Replacement, we see that to replace a PV system, we must scrap, recycle or salvage some or all the PV system components, then we would use trained and experienced PV installers to install the new system- Using trained and experienced installers would lower the level of difficulty in replacing the system.  The frequency level of replacement will decrease if an experienced technician is continuously on top of the maintenance of the system components and if the components themselves are tough enough to withstand the weather and other forces acting on the system from its surroundings.  For Grid powered systems the same is true. [Ref. NLPIP Lighting Answers p.23, 24 and 26]
Third, regarding Maintenance, we see that PV lighting systems degrade with time, as Grid powered systems do.  For PV lighting systems, “PV panels degrade over time, and the cover glass may collect dirt.  Although panels are becoming more robust, a study in 2000 warned that PV modules may delaminate due to oxidation, thus resulting in reduced efficiency, and the cover glass could crack due to hail damage to thermal cycling (Quintana et al. 2000).  Exposure to atmospheric oxygen, high current density, and elevated temperatures contribute to solar cell degradation (Riesen and Bett 2005).  High aluminum content of PV modules also contributes to degradation.  Many types of solar cells need high aluminum content in the window layer to ensure transparency, but layers with high aluminum content are prone to oxidation.  Layers with lower aluminum content tend to be more stable (Riesen and Bett 2005).  Moisture can also cause damage in

thin-film PV modules, including material delamination and electrochemical corrosion (Mon et al. 1988)”.  In addition, when it comes to PV panels, the surface must be clean of any debris including dust, dirt and snow.  As for the batteries of PV lighting systems, we see that “after eight years, battery capacities typically drop to just 3 to 50% of their initial value (Diaz and Egido 2003)”.  Also, a battery under lower ambient temperature will lose a part of its capacity.  “For example, a battery’s capacity may drop 25% when the ambient temperature drops from 25 to 0 degrees Celsius (Sandia National Laboratories 1995)”.  From the above information about PV lighting systems we can see that weather conditions and other forces acting on the system from its surroundings, bring on the need to maintain the system components.  The difficulty level of maintenance would be less if the technicians who maintain the system are experienced.  As for the frequency level of maintenance, this level would decrease if an experienced technician maintained the system components on a regular basis and if the components themselves were tough enough to withstand the weather and other forces acting on the system from its surroundings.  Note that maintaining a system also includes replacing damaged components with new ones and how easy/difficult it is to replace them- that is if system components can be easily found to buy.  The same applies for Grid powered systems. [Ref. NLPIP Lighting Answers p.23, 24 and 26]
Thus, after the analysis, if both the PV lighting system and Grid powered lighting system can be C. Installed, Replaced and Maintained with about the same level of difficulty, and if they both are maintained and replaced with about the same frequency level, then we would have to decide which one of the two to use based on the other needs (A, B, D, E and F). [Ref. NLPIP Lighting Answers p.23, 24 and 26]
Regarding D. Lighting needs, first we observe if each system can provide the required lighting needs- We analyze the PV lighting system and the Grid powered lighting system separately.  Second, if we find that both systems are capable of providing these needs, we would see which system could provide them better.

The lighting needs (requirements) are as follows: 1. The light output (number of lux required) for a particular location;  2.The number of hours needed to operate the light source/s;  3. The correct amount of sunlight that the PV lighting system, at the specified location, needs to collect during the day so to provide the needed light output at night; and 4. The correct distribution requirement/s of the light- the correct luminary to use in order to direct the light in the correct area that it should be distributed. [Ref. NLPIP Lighting Answers p.15, 26, 27 and 41]
In the following paragraphs I will do the analysis necessary to determine if a PV lighting system can provide the above four lighting needs. [Ref. NLPIP Lighting Answers p.15, 26, 27 and 41]
To see if a PV lighting system can provide the required lighting needs, we must first, see if a number of points apply: 1. “Lower light levels, no more than 0.5 lux (5 moonlights), are considered appropriate for the application”;  2. “The lighting system needs to operate for only a few hours (no more than eight) per night”;

3. “Lighting needs to be provided only in limited areas of a site (e.g. to outline a path or pedestrian walkway). [Ref. NLPIP Lighting Answers p.15, 26, 27 and 41]
If the above points apply then we must second, size the system by seeing the following: 1. The “total number of lumens the lamp must produce (over time)”;  2. The “total wattage of the lighting system (lamp plus ballast or driver)”;  and 3. The “number of hours the lighting system will operate each night”.  Note that I will discuss the above further in E. Efficiency needs. [Ref. NLPIP Lighting Answers p.15, 26, 27 and 41]
Then one must third, see the light sources that could be used- by looking at the Correlated Color Temperature (CCT) and Color Rendered Index (CRI) of these light sources.  First the CCT is “a specification of the apparent color of a light source relative to the color appearance of an ideal incandescent source held at a particular temperature and measured on the Kelvin (K) scale.  The CCT rating for a lamp is a general indication of the warmth or coolness of its appearance.  As CCT increases, the appearance of the source shifts from reddish white toward bluish white; Therefore, the higher the color temperature, the cooler the color appearance.  Lamps with a CCT rating below 3200 K are usually considered warm sources, whereas those with a CCT above 4000 K usually considered cool in appearance”.  Second the CRI is “a measure of the degree of color shift that objects undergo when illuminated by a lamp, compared with those same objects when illuminated by a reference source of comparable correlated color temperature (CCT).  A CRI of 100 represents the maximum value.  A lower CRI value indicates that some colors may appear unnatural when illuminated by the lamp.  Incandescent lamps have a CRI above 95.  The cool white fluorescent lamp has a CRI of 62; fluorescent lamps containing rare-earth phosphors are available with CRI values of 80 and above”. [Ref. NLPIP Lighting Answers p.15, 26, 27 and 41]
Then one must fourth, see if a PV system at the specified location can collect the required sunlight needed during the day so to provide the needed light output at night.  A PV lighting system will be able to collect the required sunlight if the following points apply: 1. “The site is located in an area of the country where solar irradiance is plentiful throughout the year, or the site is used only when the solar irradiance is plentiful (e.g. in the summer only)”;  2. “The luminaries can be located in an area that will have

non-shaded access to the sun for a majority of daylight hours and in which dirt is not likely to accumulate quickly on the PV panels”.  In other words if we are to use a PV lighting system, the location which requires the lighting at night must have enough solar irradiation (sunlight) during the day so that the panel could collect and store the energy required to power the needed light output for the required number of hours at night. [Ref. NLPIP Lighting Answers p.15, 26, 27 and 41]
Note that the amount of solar irradiation (sunlight) that hits a particular location depends on where that location is on the earth.  The more irradiation (sunlight) at that location (using the month with the least amount of irradiation for the year), the smaller the solar panel has to be.  I will discuss this further in E. Efficiency needs.  Once we know that a PV light panel (with the correct size) at a particular location can collect enough sunlight each day to support the required lighting (light output) for all nights throughout the year, we then must select the PV light components (battery/ies, electronics, luminary, light source and other necessary components) that will support these requirements- This includes obtaining a luminary, which is our main focus next. [Ref. NLPIP Lighting Answers p.15, 26, 27 and 41]
Finally one must fifth, determine what luminary to use in order to direct the light in the correct area that the light should be distributed- In order to get the correct lighting distribution. [Ref. NLPIP Lighting Answers p.15, 26, 27 and 41]
Overall one should know that usually PV lighting components are purchased as a system that has already been assembled by a manufacturer- In this case one must check to see if the system as a whole will meet the Lighting needs of the application (1. Parking, Lot Lighting, 2. Street lighting and 3. Pathway lighting). [Ref. NLPIP Lighting Answers p.15, 26, 27 and 41]
Once we finish analyzing the PV lighting system, we would do the analysis necessary to determine if the Grid powered lighting system can provide the above lighting needs (requirements).  After the analysis, if both the PV lighting system and Grid powered lighting system can support the required D. Lighting needs, we then see which system could support these needs better.  If both systems could provide the Lighting needs equally, then we would have to decide which one of the two systems to use based on the other needs (A, B, C, E and F).  [Ref. NLPIP Lighting Answers p.15, 26, 27 and 41]

Regarding the E. Efficiency needs, we see that these needs are based on the following two things: 1. How well the system components do the tasks they are meant to do- Performance based (e.g. time it takes to do a task, how close they come to attaining their task/s, etc…) and 2. The Energy/Power capacity of the individual components and system as a whole- Energy/Power Capacity based.  We see that for PV lighting systems, the efficiency of the system as a whole (“overall system efficacy”- represented as E) is found by obtaining the efficiency of all the PV lighting system components and adding them up to get the overall system efficiency.  Note that for these system components the efficiency is either (1) Performance based or (2) Energy/Power Capacity based.  Overall system efficiency is E = Φ/Ρ, where Φ = Ρ*η(ΡV)*η(bat)*η(ele)*Ε(src)*η(lum).  Φ is the light output from the PV lighting system (in lumens), P is the input solar power (in watts), and finally all of the η and Ε(src) are the efficiencies of the system parts.  Looking at the efficiencies of the system components in more detail we see the following:

1. η(ΡV) is the PV panel efficiency (based on Performance)- we assume it to be 15%;  2. η(bat) is the battery efficiency (based on Energy/Power Capacity)- we assume it to be 80%;  3. η(ele) is the product of efficiencies of all electronics (based on Performance), which may include efficiency of the following: A. Charge controller η(cha), B. Inverter η(inv), and C. Ballast/driver η(dri);  4. E(src) is the efficacy of the light source, as lumens per watt (based on Performance);  and 5. η(lum) is the luminary efficiency, it is the ratio of total output lumens from the luminary over the total lumens from the lamps (based on Performance).  Now, from the above efficiencies we see that we always assume the following: 1. η(ΡV) = 15%, 2. η(bat) = 80%, and 3a. η(cha) = 90%.  Also from (4) E(src), the efficacies of different types of light sources are as follows: 4a. White light-emitting diodes (LED) = 25 lumens per watt (LPW), excludes driver losses;  4b. Halogen incandescent lamps = 20 LPW;  4c. Compact fluorescent lamps (CFL) with ballast = 65 LPW;  and 4d. Linear fluorescent lamps (LFL) with ballast = 85 LPW.  Finally for each light source (4a to 4d) we see that the remaining efficiency assumptions are given in

Table 1, which include the following: η(inv) and η(dri) (part of η(ele)), and η(lum).  Note that in Table 1, the third row’s values of η(lum) are for “directional lighting applications” (i.e. the light is focused only where it is needed) and the fourth row’s values are for “general lighting applications” (i.e. the light is not focused on any particular location). [Ref. NLPIP Lighting Answers p.11,15,16,17,18,19,20,21,22,23,27]
From the previous paragraph with all efficiencies of the system components (1 to 5) given, we can now solve for the “overall system efficacy” (E) for different system configurations (using different system components).  For example, if we were to use a PV lighting system for “directional lighting applications” (the third row of Table 1) with 1. White LEDs as the light source (the first column of Table 1)- We have as the “overall system efficiency” E = η(ΡV)*η(bat)*η(ele)*Ε(src)*η(lum), where η(ele) = η(cha)* η(dri), thus E = η(ΡV)*η(bat)* η(cha)* η(dri)*Ε(src)*η(lum) = 15%*80%*90%*85%*25 LPW (lumens per watt)*85% = 2.0 LPW.  Note that “overall system efficacy” (E) is measured in lumens per watt- it is the amount of solar power reaching the PV panels.  Another example using a PV lighting system for “directional lighting applications” (the third row of Table 1), is with 2. CFL as the light source (the third column of Table 1)- We have as the “overall system efficacy” E = η(ΡV)*η(bat)*η(ele)*Ε(src)*η(lum), where η(ele) = η(cha)* η(inv), thus E = η(ΡV)*η(bat)* η(cha)* η(inv)*Ε(src)*η(lum) = 15%*80%*90%*80%*65 LPW (lumens per watt)*60% = 3.4 LPW.  Note that in this second example, when a PV lighting system uses a CFL light source, it needs a dc-to-ac inverter (not a dc current regulator).  Again note that “overall system efficacy” (E) is calculated for every watt of solar power that arrives at the PV panel.  Now looking at Table 2, we see that it contains the “overall system efficacy” (E) with only “directional lighting applications” (the third row of Table 1) for different light sources (with projection for future years- includes 2003, 2006, 2010 and 2015).  From Table 2 we see that for the past (2003 and 2006), ac light sources (fluorescent lamps- CFL and LFL) were more efficient (i.e. have a greater efficacy) than dc light sources (White LED and Halogen). However we see that future projections show (for 2010 and 2015) that White LED lamps will surpass all other light sources which will remain with the same efficacy. [Ref. NLPIP Lighting Answers p.11,15,16,17,18,19,20,21,22,23,27]
Before continuing I will mention that there are risks involved in using PV lighting systems which would negatively affect the E. Efficiency needs.  An example of these risks is Power fluctuations, which I will now explain further: “Power conditions provided by PV lighting systems may vary much more than those provided by Grid powered lighting systems”.  From this information we can assume that the fluctuations in power that a PV lighting system goes through, may prevent the PV system from working to its fullest potential in providing the required light needed and in lasting throughout its expected life span.  The degree to how much a PV lighting system’s efficiency is affected by its power fluctuations depends on how much these fluctuations affect the light source/s used in each system.  If one uses light sources that are greatly affected by power fluctuations such as Gas discharge light sources (e.g. fluorescent and HID) then the efficiency of the system will be affected to a big degree.  However if one uses light sources that are less affected by power fluctuations such as LEDs or Incandescent light sources then the efficiency of the system will be affected to a small degree.  Note that there is “no data available to end users concerning the performance” of the above mentioned lighting sources (e.g. fluorescent and HID) under different power conditions (e.g. when there are power fluctuations or when power is stable), thus “the risks of using these light sources in PV lighting systems increases”- Therefore the risk of using a PV system as a whole also increases. [Ref. NLPIP Lighting Answers p.11,15,16,17,18,19,20,21,22,23,27]

From the previous paragraph, we see that the only way to help eliminate the above risks is through more research- This type of research (which will help eliminate risks) will help us find the causes and then help us take the proper measures (e.g. redesign the components/systems) so that these causes will no longer affect the efficiency of the system again.  I will discuss this further at the end of this thesis paper in my conclusions. [Ref. NLPIP Lighting Answers p.11,15,16,17,18,19,20,21,22,23,27]

We should also keep in mind that efficiency also includes productivity, size and reliability.  In other words, we must strive for all PV lighting systems and their components to be as productive, as small in size and as reliable as is possible in order for the system to be as efficient as it can be.  This level of efficiency can be attained through research- This type of research will help improve the efficiency (productivity, size and reliability) level of the system.  From the above it seems that both types of research (the one here and the one in the previous paragraph) play a big role in helping to improve PV lighting system efficiency.  I will further discuss productivity, size and reliability at the end of this thesis paper in my conclusions. [Ref. NLPIP Lighting Answers p.11,15,16,17,18,19,20,21,22,23,27]

Therefore from the above, in order to make things more clear, we see that there are two types of research, one is research which would help eliminate risks PV lighting systems have and the second is research which would help improve the level of efficiency (productivity, size and reliability) of a PV lighting system.  Ultimately, both types of research do the same thing, which is improve PV lighting system efficiency. [Ref. NLPIP Lighting Answers p.11,15,16,17,18,19,20,21,22,23,27]

We will now continue our discussion on the E. Efficiency needs, which again are based on 1. Performance and 2. Energy/Power Capacity requirements of the PV lighting system.  Before doing so note that the components of the PV lighting system (i.e. lamps, PV panels, electrical components, etc…) will degrade over time- Therefore we need “to over-design a PV lighting system (design it to exceed the minimum requirements of an installation) to ensure that it will continue to operate reliably over a long period of time”. Keeping this in mind (to over-design our PV lighting system), we now proceed in discussing more about the efficiency of the PV lighting system (i.e. to determine the (1) Performance and (2) Energy/Power Capacity requirements of the system).  From the system components (1 to 5) discussed in the previous paragraphs (regarding the efficiencies of these system components), we see that four are Performance based (i.e. 1, 3, 4 and 5) and one is Energy/Power Capacity based (i.e. 2). [Ref. NLPIP Lighting Answers p.11,15,16,17,18,19,20,21,22,23,27]
We first determine the (2) Energy/Power Capacity requirements of the PV system by discussing more about the system components whose efficiency is measured based on (2) Capacity- These components again are as follows: 1. PV panel, 3. Electronics, 4. Light source, and 5. Luminary. [Ref. NLPIP Lighting Answers p.11,15,16,17,18,19,20,21,22,23,27]
We begin by discussing the 4. Light source and 5. Luminary components together.  Regarding these two we see that “the proper sizing of a PV lighting system depends on the watt-hours needed to operate the system each night.  This is a function of the optical efficiency of the luminary and the total number of lamp lumens (lm) needed, which will in turn determine the number of watts needed to provide those lumens.  Once the total wattage of the lighting system (lamp and ballast or driver) is determined, this must be multiplied by the number of hours the system will operate each night.  Therefore, the following information is needed: Luminary efficiency, Total number of lumens the lamp must produce (over time), Total wattage of the lighting system (lamps plus ballast or driver), and The number of hours the lighting system will operate each night”. [Ref. NLPIP Lighting Answers p.11,15,16,17,18,19,20,21,22,23,27]
Now, continuing the discussion on the 4. Light source from the previous paragraph, we see that Compact fluorescent lamps (CFL) and Linear fluorescent lamps (LFL) “also have relatively high total lumen output per lamp and are relatively high wattage (e.g. 9 watts or greater).  LEDs and incandescent lamps, on the other hand, are available in very low-wattage versions, providing very low light output.  White-light LEDs, for example, are available in versions requiring as little as 0.2 watts.  These low power requirements and low total light output are well suited to low light level PV lighting applications because they allow for the use of low-mounted luminaries with small PV panels and small battery capacity.  Therefore, assuming low light levels are acceptable for the application, PV powered luminaries using these light sources (LEDs or incandescent lamps) are a much more viable option than larger, high-mounted luminaries using CFLs or LFLs”. [Ref. NLPIP Lighting Answers p.11,15,16,17,18,19,20,21,22,23,27]
Now, discussing the 1. PV panel, we see that the size of the solar panel is crucial in powering the system reliably.  The sizing of the PV panel “will vary based upon the area of the world in which the application (1. Parking Lot Lighting, 2. Street lighting, and 3. Pathway lighting) is located and whether the design is based on “worst case” or average solar radiation availability.  Information available on solar radiation charts typically specifies the number of kilowatt hours (kWhs) that can be produced per day in a particular location by a solar panel of one square meter.  To determine if the solar panel you are considering is large enough to provide the energy required by a particular system, the following information is needed: The location of the lighting application and the conversion efficiency of the solar panel being considered (over time)”.  Note that I will discuss more about the PV panel after I present the battery efficiency of a PV system. [Ref. NLPIP Lighting Answers p.11,15,16,17,18,19,20,21,22,23,27]
Now, discussing the 3. Electronics, we see that in order “to ensure that the PV panels and batteries can provide the required energy for the lighting system, it is necessary to account for any losses that will occur in the system’s electronics, such as charge controllers or dc-ac inverters.  The efficiency of system electronics is usually given as a percentage (as seen earlier- η(ele)).  This will allow estimating how much of the battery’s capacity will actually be available to power the lighting system.  Therefore, it is necessary to know the efficiency of all system electronic components throughout their useful life”. [Ref. NLPIP Lighting Answers p.11,15,16,17,18,19,20,21,22,23,27]
We now determine the (1) Performance requirements of the PV system by discussing more about the system component whose efficiency is measured based on 

(1) Performance - This component is the 2. Battery.  In determining the required battery storage capacity, we see that “batteries are typically specified by the number of ampere- (amp) hours they are able to provide”.  To determine the number of amp-hours needed by the lighting system, it is necessary to know the voltage and the watt-hours that the system will need.  Then to solve for the required amp-hours, divide the watt-hours by the voltage of the system.  Thus, this provides a rough estimation of the size of the battery needed by the system, in terms of storage capacity (i.e. amp-hours).  In addition, it is also important to know how much of a battery’s capacity is actually available for use”.  This is sometimes listed in manufacturer’s literature as the battery’s “usable amp-hours”.  Many batteries should only discharge 30% of their total storage capacity before being recharged.  Thus, to check if the battery provided by the manufacturer is sized appropriately to meet the needs of a particular application (i.e. to specify battery capacity and its “usable amp-hours”), the following information is needed: System voltage, Usable amp-hours capacity of the battery (over time), and Number of cycles for different discharge percentages- Where a cycle as discussed much earlier is equal to one charge and one discharge period and the cycle life of a battery denotes the number of cycles it is expected to last before being reduced to eighty percent (80%) of its rated capacity. [Ref. NLPIP Lighting Answers p.11,15,16,17,18,19,20,21,22,23,27]
Now I will discuss more about the PV panel efficiency of a PV lighting system.

“Sizing a PV panel” is a process which has seven steps- Later on in this paper I will present all seven steps, but for now I will just discuss the sixth and seventh step which are as follows: 1. Step 7-Determining the size of the solar panel which depends upon the amount of solar irradiance (sun light); and 2. Step 6- About the tilt angle and orientation of the panel. [Ref. NLPIP Lighting Answers p.11,15,16,17,18,19,20,21,22,23,27]
First, we discuss (1) Step 7- The size of the solar panel- Its size depends upon the amount of solar irradiance (sun light).  “Solar irradiance for photovoltaic (PV) power is affected by geographic location (place on earth and distance from sea level), climate (weather), time of year (seasons), and surrounding structures (trees, buildings, etc…). The solar radiation received by the earth’s atmosphere is 1367 watts per square meter (Messenger and Ventre 2004), but this amount is reduced when the solar radiation passes through the air mass.  Solar radiation is the radiant energy emitted by the sun.  The term “solar irradiance” refers to the amount of radiant flux incident on any surface, including buildings.  The solar irradiance is lower at sea level, for example, than it is on a mountain top.  It is also generally true that the farther away a location is from the equator, the lower the solar irradiance will be available at ground level.  In the summer, solar irradiance is available longer than in the winter.  Weather also affects the amount of solar irradiance.  Cloud cover, for example, will reduce solar irradiance.  Finally, solar irradiance may be blocked by buildings, trees, or snow and dirt on the PV panels”. [Ref. NLPIP Lighting Answers p.11,15,16,17,18,19,20,21,22,23,27]
To continue the discussion about (1) Step 7- The size of the solar panel, we now use two examples- We take a look at two applications of PV lighting systems, the first one is a 1. Parking lot luminary (application 1) and the second is a 2. Post-top luminary (application 2).  We will observe statistics for these two PV systems in six different cities in the U.S. (Miami, New York City, Phoenix, San Diego, Seattle and St. Louis).  For these examples one has the option of using Solar Radiation data obtained from the National Renewable Energy Laboratory (NREL) with respect to the “average daily amount of solar radiation on horizontal flat panels” on an annual basis or on a monthly basis- Here we use the monthly basis (we use the months of March, June, September and December)-see Figure 6.  Note that it is wise when trying to determine the size of a solar panel to use the monthly basis and to choose the month that has the least amount of solar radiation for the year in the country/region that we are dealing with- For our examples since we are dealing with the U.S. we would use the month of December.  Doing this would ensure us that the PV panel is big enough to collect the right amount of power needed for all months.  However since this does not cover us for “worst-case-scenarios” “in which a location might receive little or no sunlight for a higher than average number of consecutive days”, where it is important for the PV system to “operate fully every night of the year”, therefore we must “over design” “the size of the PV panels to help to ensure that it will provide the required power under all possible sky and weather conditions”.  Thus we must design the system for our current examples based on the month of December and “over design” it to be bigger than it should be for December.  Keeping these things in mind we now go to the two examples. [Ref. NLPIP Lighting Answers p.11,15,16,17,18,19,20,21,22,23,27]
 The first PV system is a 1. Parking lot luminary (Figure 2) which is “mounted at a height of 3 meters that will provide about 10 lux (100 moonlights) luminance on the ground”- Also it “uses an 11-watt CFL powered by a dc ballast, with a total system wattage of 13 watts”- Note that they use a CFL because it “is the most efficient source currently available that can provide this light level at the selected mounting height of 3 meters”.  “10 lux is similar to light levels found in many parking areas that are not heavily trafficked at night”. [Ref. NLPIP Lighting Answers p.11,15,16,17,18,19,20,21,22,23,27]
The second PV system is a 2. Post-top luminary (Figure 3) which is “mounted at a height 2.4 meters that will provide about 0.5 lux (5 moonlights) luminance on the ground”- Also it “uses a 1-watt white LED powered by an LED driver, with a total system wattage of 1.5 watts”- Note that they use an LED “because it is the most efficient source capable of providing this light level”.  “This post top luminary would be appropriate for pathways and other types of lighting applications in rural or remote areas where the surrounding nighttime conditions are very dark”. [Ref. NLPIP Lighting Answers p.11,15,16,17,18,19,20,21,22,23,27]
For both systems we see that they have a luminary with “a single light source and an optical efficiency of 50%, which uniformly distributes all light output on a circular area with a radius equal to the pole height”.  In addition, for both systems, we have the following: 1. “The lighting will be turned on for 8 hours of operation at night, per day”;  2. “PV panel conversion efficiency is 10%”;  3. “A fixed-direction horizontal (facing up) flat PV panel is used”;  4. “Electronics efficiency- Including charge controller and dc ballast for the compact fluorescent lamp (CFL) or dc driver for the light-emitting diode (LED) is 80%”;  5. “The battery is sufficiently sized and has a battery charge/discharge efficiency, including conduit loss, of 60%”;  and 6. “The light source efficacy is 65 lumens per watt (LPW) for the CFL and 25 LPW for the LED”. [Ref. NLPIP Lighting Answers p.11,15,16,17,18,19,20,21,22,23,27]
From the above information about both PV lighting systems we see that the numbers used are typical values for such PV powered systems.  These numbers take into consideration the following: 1. “That the battery capacity of the system is large enough to allow necessary discharge for powering the lamp”;  2. “Rural roads and parking lots are often unpaved and create a lot of dust, which can block solar irradiance”;  3. “In northern locations, snow may cover PV panels, blocking much of the solar irradiance”;  and 

4. “The PV panel was assumed to be cleaned regularly and therefore free of dust and snow, so its conversion efficiency remains stable throughout the year”. [Ref. NLPIP Lighting Answers p.11,15,16,17,18,19,20,21,22,23,27]
Now observing Figure 7, we see the following for both examples (i.e. for the 

1. Parking lot and the 2. Post-top luminary): 1. For all six cities, the parking lot luminary which provides 10 lux, must have a bigger PV panel than the post top luminary which provides 0.5 lux;  2. For all cities and for both PV systems, we see that the largest PV panel is needed for the month of December and the smallest panel is needed for the month of June;  3. In the winter the sun’s energy is less intense and the sun shines for fewer hours during the day.  As a result the PV panel would not be able to collect enough energy from the sun to power the light source all night during December, if we use the size of PV panel which is sufficient during June- Thus we need bigger panels to obtain the extra power needed for winter months;  4. For both PV lighting systems, we see that the PV panels must be bigger in Seattle than for any other city, for all months especially December.  Observing that in December, for a parking lot luminary (to produce 10 lux) a PV panel must be at least 2.7 square meters in order to satisfy the systems power needs.  Since it is not practical to have a panel to be that big, we must use a smaller panel- This is done by adjusting other system components, which will help to reduce the size of the PV panel.  The adjustments could include: “lowering the wattage of the light source or downsizing the energy requirements of the system in some other way”;  5. On the other hand for December, in Miami, for a parking lot luminary (to produce 10 lux) a PV panel must be at least 0.7 square meters in order to satisfy the systems power needs.  This panel size for a PV lighting parking lot luminary is practical and would “easily be mounted on a luminary pole, making PV lighting a much more viable option in this location”;  6. When we look at the PV panel size requirements for the post top luminary (to produce 0.5 lux), we see that it is much smaller than that for parking lot luminary (to produce 10 lux).  In all cities except Seattle a PV panel must be 0.09 square meters or less- For Seattle it must be at least 0.36 square meters.  Thus “a PV panel of this size could easily be incorporated directly into the design of a luminary”. [Ref. NLPIP Lighting Answers p.11,15,16,17,18,19,20,21,22,23,27]
Now I will discuss (2) Step 6- The tilt angle and orientation of the panel.  We should note that “good historical data does not exist on the actual improvement in system performance (efficiency) that can be achieved through proper tilt angle and orientation of a PV panel”- Rather the data for the proper tilt angle and orientation comes from computer simulations and mathematical models.  It is estimated that obtaining the proper tilt angle and orientation can improve overall system efficiency by 10 to 40% (Landau 2002).  “PV panels collect solar radiation directly from the sun, from the sky, and from sunlight reflected off the ground or area surrounding the PV panel”.  If we position the PV panel correctly (use the right tilt angle and orientation) so that it collects the maximum amount of sunlight that it can, we would maximize on the collection efficiency of the panel.  In general the collection efficiency of the PV panel is greatest when the solar radiation, directly from the sun, hits the panel at 90 degrees (perpendicular to the panel’s surface).  Since the angle at which the sun hits the earth depends upon the location on earth- And since for each location on the earth this angle changes with the seasons, we see that the correct tilt angle (that which will maximize the collection efficiency) of the panel depends upon the latitude of the location of the PV system on earth and the season that that location is having (summer or winter). [Ref. NLPIP Lighting Answers p.11,15,16,17,18,19,20,21,22,23,27]
For PV lighting applications such as 2. Street lighting (post-top luminary- pedestrian lighting), and 3. Pathway lighting (Indicator Luminary), since the PV panels are small, they are usually incorporated into the luminary component of the system horizontally facing upward- Thus we can’t position the panel in any way.  However, for applications requiring larger PV systems (e.g. 1. Parking Lot Lighting), a bigger PV panel is required, thus the panels can be tilted at an angle from the horizontal and they can be oriented in a particular direction by the owner.  Therefore for these systems it is important for the owner to find out the correct tilt angle and orientation, which will maximize the amount of direct sunlight collected by the PV panel for that particular location that he/she/they want/s to install the PV lighting system.  Note that the correct tilt angle and orientation depends upon the following:  If there are any objects that are in the systems surroundings that could cast a shadow on the PV panel and the season of the location during which the owner wants to maximize direct sunlight collection efficiency. [Ref. NLPIP Lighting Answers p.11,15,16,17,18,19,20,21,22,23,27]
From the above information, we see that the owner must first see if there are any obstacles (trees, houses, etc…) which would cast a shadow over the PV panel.  If there are obstacles, the owner must orient the panels in such a way that will keep the panel in direct contact with the sun for the longest time possible before a shadow is cast on the panel by the obstacle.  If the site is clear of obstacles, we just take a look at the location’s latitude and the particular season we want the maximum collection efficiency of the panel.  When the location is “in the Northern Hemisphere the panel should face south and tilt from the horizontal at an angle approximately equal to the site’s latitude (NREL 2005)” plus or minus 15 degrees depending on the season- For winter we add (up from the horizontal) another 15 degrees (15 degrees + latitude of location), and for summer we subtract 15 degrees (latitude of location – 15 degrees). [Ref. NLPIP Lighting Answers p.11,15,16,17,18,19,20,21,22,23,27]
For example, for the winter, if we were to place a PV system in San Diego (with latitude 33 degrees) we would tilt the panel 33 degrees + 15 degrees = 48 degrees from the horizontal south wards toward the equator.  Note that if we maximize in collection efficiency, this “will allow a reduction of panel size by 43 percent compared to” if we would place a PV panel horizontally.  Another example, for the summer this time, is if we were to place a PV system in San Diego again, we would tilt the panel 33 degrees – 15 degrees = 18 degrees from the horizontal south wards toward the equator.  Note that if one were to use the PV system only in the summer in San Diego “(e.g. at a campground or state park that is used seasonally)” we would maximize collection efficiency by using the summer calculation (as a result we would get 18 degrees).  In my opinion the PV lighting systems should have the PV panel to be self adjusting always- in other words the PV system should be designed so that the owner could switch angles of the panel whenever the owner sees fit (e.g. when the seasons change). [Ref. NLPIP Lighting Answers p.11,15,16,17,18,19,20,21,22,23,27]

Above, we did the following: 1. Defined what the E. Efficiency needs are for a PV lighting system;  2. Analyzed the overall efficiency needs of the system (includes the efficiency of each component); 3. Analyzed the efficiency needs for each component of the PV lighting system one by one- For some of these components (e.g. light source), we observed which component types (e.g. LED) are the most efficient to use for each system (for applications 1, 2 and 3); and 4. Analyzed the sixth and seventh step in “Sizing a PV panel”- Again, there are a total of 7 steps to sizing a PV system. [Ref. NLPIP Lighting Answers p.11,15,16,17,18,19,20,21,22,23,27]
With the above information, the next step is to demonstrate the full process in “Sizing a PV panel” for a given location that we want to place the lighting system- Note as stated in the previous paragraph, there are a total of 7 steps in this process.  In sizing a PV panel we want to minimize the size of the PV panel as much as we can but at the same time keep in mind to over design the panel in order to make sure that we can collect enough solar energy each day throughout the year- even during worst case scenarios (i.e. days that weather conditions will provide no sunlight at all).  Note that by determining the size of a PV panel we are simultaneously determining the size of the entire system (i.e. sizing all components). [Ref. NLPIP Lighting Answers p.11,15,16,17,18,19,20,21,22,23,27]
Note that I will demonstrate the full process in which one sizes a PV panel (“Sizing a PV panel”) for two applications (using two examples) latter on in this paper. [Ref. NLPIP Lighting Answers p.11,15,16,17,18,19,20,21,22,23,27]
Once we determine the size of the PV panel (“Sizing a PV panel”) and all its other system components, we then look to obtain the most efficient component types (e.g. LED) for all components (e.g. light source).  Once we choose all component types for all components we then determine the overall efficiency of the system using the formula for “overall system efficacy” (E = η(ΡV)*η(bat)*η(ele)*Ε(src)*η(lum))- Note that the system obtained would be the most efficient PV lighting system one can use for a particular application (1, 2 or 3), over a certain period of time. [Ref. NLPIP Lighting Answers p.11,15,16,17,18,19,20,21,22,23,27]
From the above analysis, once we get the overall efficiency of the most efficient PV lighting system that can be used for a particular application (1, 2 or 3) over a certain period of time, we would then find the efficiency of the most efficient Grid powered lighting system that can be used for the same application (1, 2 or 3), over the same period of time.  Finally, we would compare the two and which ever system (PV or Grid powered) is most efficient should be the one to choose regarding efficiency.  Thus, after the analysis, if both the PV lighting system and Grid powered lighting system can support the required E. Efficiency needs equally, then we would have to decide which one of the two to use based on the other needs (A, B, C, D and F). [Ref. NLPIP Lighting Answers p.11,15,16,17,18,19,20,21,22,23,27]
Regarding the F. Economic needs, we must see whether it is less costly to place a PV lighting system or use a Grid powered lighting system at a particular location.  The best way to find this out is by analyzing the costs of a PV lighting system compared to the costs of a Grid powered lighting system using the Life Cycle Cost (LCC) Analysis.  The “LCC analysis is an evaluation method that takes into account all of the costs of owning a product or system over a period of time (normally over its lifetime)”.  This analysis takes into account the time value of money and “calculates the present value (or present worth) of all costs expected to occur”.  The formula that is used to represent the cost of owning a lighting system (PV or Grid powered) is as follows: LCC = C + M(pw) + E(pw) + R(pw), where 1. (pw) stands for present worth of each cost;  2. C is the acquisition (capital) costs;  3. M is the maintenance costs;  4. E is the energy costs;  and 5. R is the replacement costs. [Ref. NLPIP Lighting Answers p. 11,12,13,14,19,23,26, 27, 31,32,33,34,35,36,37 and 38]

Before continuing I will mention, that the risks that negatively affect the efficiency of a PV system and its components (as I discussed in E. Efficiency needs) also has a negative affect on F. Economic needs (they cause costs to increase).  From “power fluctuations” which is an example of the above mentioned risks that I presented earlier (basically that “power conditions provided by PV lighting systems may vary much more than those provided by Grid powered lighting systems”), we see that such risks add unexpected (hidden) costs to the system.  In other words when someone pays more money to buy a PV system/component that is more efficient but that PV system/component does not work as efficiently as it is expected to work, the owner/s therefore spent more money than he/she/they should have spent.  Thus these risks add to a PV system’s unexpected (hidden) costs. [Ref. NLPIP Lighting Answers p. 11,12,13,14,19,23,26, 27, 31,32,33,34,35,36,37 and 38]
Also from E. Efficiency needs, we see that the only way to help eliminate the above risks is through more research- To be more clear the type of research used here is the type that helps eliminate risks.  As far as F. Economic needs are concerned, we see that more research would increase the costs of the PV system but this would help offset (cancel) the unexpected (hidden) costs that are associated with the above risks. [Ref. NLPIP Lighting Answers p. 11,12,13,14,19,23,26, 27, 31,32,33,34,35,36,37 and 38]

In addition, as discussed in E. Efficiency needs, we see that efficiency also includes productivity, size and reliability.  That we must strive for all PV lighting systems and their components to be as productive, as small in size and as reliable as is possible in order for the system to be as efficient as it can be.  This level of efficiency can be attained through research- To be more clear the type of research which would help the efficiency (productivity, size and reliability) level of the system improve.  From the above it seems that both types of research (the one here and the one in the previous paragraph) play a big role in helping to improve PV lighting system efficiency.  As far as F. Economic needs are concerned, we see that more research would increase the costs of the PV system but on the other hand having a system that is more productive, smaller in size and more reliable would help reduce the costs of the system.  Thus the costs saved from systems that are more efficient (more productive, smaller in size and more reliable) would offset (cancel) the costs of the research done to make these systems more efficient. [Ref. NLPIP Lighting Answers p. 11,12,13,14,19,23,26, 27, 31,32,33,34,35,36,37 and 38]

Therefore from the above, in order to make things more clear, I state once more the following: One is that the costs associated with research which would help eliminate risks PV lighting systems have (e.g. power fluctuations) would help offset (cancel) the costs associated with the above risks.  The second is that the costs saved from systems that are more efficient (more productive, smaller in size and more reliable) would help offset (cancel) the costs associated with the research which would help improve the level of efficiency (productivity, size and reliability) of a PV lighting system. [Ref. NLPIP Lighting Answers p. 11,12,13,14,19,23,26, 27, 31,32,33,34,35,36,37 and 38]
Continuing with the F. Economic needs, we see that in general, the PV lighting system will require a pole, luminary, lamp, PV panel, battery and electric equipment (e.g. controller).  The Grid powered lighting system will require a pole, luminary, lamp and wiring to connect to the grid.  Regarding the PV lighting system, we see that in addition to the costs of purchasing the above mentioned components for the PV system to be complete, it could entail the following additional costs: 1. The installation costs for the system (for placing and installing all parts);  2. The cost of a new battery, where it is generally replaced every five years and includes replacement labor costs;  3. The PV panel requires labor costs in cleaning;  4. The higher the performance of a component (higher the quality) the higher its cost;  5. We usually want to over design a system in order to make sure that we can collect enough solar energy each day throughout the year- Even during worst case scenarios (i.e. days that weather conditions will provide no sunlight at all)- This would increase the size of the PV panel and thus its cost;  6. If the system is not installed or maintained correctly, or if a system is not maintained on a regular basis, its components will become less efficient and this will reduce the life of the system parts- Thus the system will become more costly in the long run;  7. For large PV lighting systems, the pole and foundation may need to be significantly stronger to handle the weight and wind load on the PV panel- This would add to the system’s cost;  8. The power conditions provided by PV lighting systems may vary (power fluctuations), which may reduce the life and lumen output of the light sources depending on how much the light source is affected by changes in power conditions.  For example, LEDs and incandescent light sources are generally less affected by power fluctuations but gas discharged sources such as fluorescent (e.g. CFL and LFL) and High Intensity Discharge (HID) lamps are affected dramatically by these fluctuations.  Thus if one uses gas discharged sources such as fluorescent and HID lamps, the cost of maintaining the light sources would increase if there are many power fluctuations;  9. If the application requires a high nighttime light level (1 lux or greater), the costs of the PV system goes up.  An example of using high light levels is if one were to use Compact Fluorescent Lamps (CFLs) and Linear Fluorescent Lamps (LFLs) with larger, high-mounted luminaries, where these light sources have relatively high total lumen output per lamp and are relatively high wattage (e.g. 9 watts or greater);  10. If one does not take advantage of the financial subsidies which may be available through the government, European Union or other entity, a significant portion of the capital costs of a PV lighting system would not be reduced, thus the PV system will cost more. [Ref. NLPIP Lighting Answers p. 11,12,13,14,19,23,26, 27, 31,32,33,34,35,36,37 and 38]
Keeping in mind all of the system parts that are required for both a Grid powered lighting system and a PV lighting system, and the additional costs that a PV lighting system can take on, as seen in the last paragraph above, we now look at a few examples which use Life Cycle Cost (LCC) Analysis.  The examples which I will present use the three applications discussed earlier which are as follows: 1. Parking Lot Lighting;  2. Street lighting (post-top luminary- pedestrian lighting); and 3. Pathway lighting (Indicator Luminary).  More specifically I will present three examples for each of the above applications- There will be a total of nine examples.  The first three examples which I will present deal with application 1. Parking Lot Lighting, requiring 10 lux (100 moonlights) on the ground.  We will observe and compare the costs of PV and Grid powered lighting systems that result at locations near (15.2 meters) and far (1.6 kilometers) from the existing electric grid.
First, looking at Table 3A and Supplement 3A (an example of application 1. Parking Lot Lighting), we see that it shows a “10-year life cycle cost comparison of luminaries, located 15.2 meters from the grid”- It compares the life cycle costs (LCC) of a PV lighting system and a Grid powered lighting system, where these systems are parking lot luminaries designed to provide approximately 10 lux (100 moonlights) on the pavement over a period of 10 years.  In this example we have the following information: 1. We assume a luminary that has an optical efficiency of 50%, where all light output is distributed in a circular area with the radius equal to the pole height;  2. The light source used is an 11 watt Compact Fluorescent Lamp (CFL) which works 8 hours per night;  3. There is a “$0.10 per kWh electricity cost (unless otherwise specified)”;  4. “Grid-powered systems require a 15.2 meter extension of the power line at a cost of $800 (unless otherwise specified)”;  5. We assume a “3% inflation rate” and a “4% discount rate”;  6. “No salvage cost at the end of 10 years”;  7. Battery must be replaced every five years;  8. For the PV lighting system there is a $50 annual maintenance cost (includes lamp and battery replacement, and PV panel cleaning);  9. For the grid powered system there is a $20 annual maintenance cost;  10. The system is located near the electric grid (15.2 meters away).  By looking at Table 3A and Supplement 3A, we see that the PV system has the following costs in U.S. dollars: C (C1 to C5) = $710, M(pw) = $479, E(pw) = $0, and R (R1 to R3) (pw) = $114, therefore the Life Cycle Cost (LCC) is LCC = C + M(pw) + E(pw) + R(pw) =  $710 + $479 + $0 +$114 = $1303.  For the Grid-Powered system we see the following costs in U.S. dollars: C (C1 to C3) = $1010, M(pw) = $192, E(pw) = $31, and R (R1 and R2) (pw) = $19, therefore the Life Cycle Cost (LCC) is LCC = C + M(pw) + E(pw) + R(pw) =  $1010 + $192 + $31 +$19 = $1252.  From this data we see that it is more expensive to use a PV lighting system as compared to a Grid powered lighting system, when the electric grid is just 15.2 meters away ($1303 verses $1252).  In this example, the C (Capital) + E(pw) (Energy) costs are less for PV systems than for Grid powered systems, but we see that the M(pw) (Maintenance) + R(pw) (Replacement) costs are less for Grid powered systems than for PV systems- From this information, we see that it is the M(pw) and R(pw) costs that made the PV system LCC greater than the LCC of the Grid powered system.  Also, the E(pw) (Energy) costs of the PV lighting system were close to the E(pw) (Energy) costs of the Grid powered lighting system- $0 and $31 respectively. In addition, we see that the C3 (Capital Cost) extending the electric grid 15.2 meters for the Grid powered system is almost equal to the total C (Capital Costs) of the PV system- $800 versus $710 respectively.  Thus, regarding application 1 when using one light source - For locations 15.2 meters away from the electric grid, the LCC for Grid powered lighting systems is less than the LCC for PV lighting systems. [Ref. NLPIP Lighting Answers p. 11,12,13,14,19,23,26, 27, 31,32,33,34,35,36,37 and 38]
Second, looking at Supplement 3B (another example of application 1. Parking Lot Lighting), we see that it shows a “10-year life cycle cost comparison of luminaries, located 1.6 kilometers from the grid”- It compares the life cycle costs (LCC) of a PV lighting system and a Grid powered lighting system, where these systems are parking lot luminaries designed to provide approximately 10 lux (100 moonlights) on the pavement over a period of 10 years.  In this example we have the following information: 1. We assume a luminary that has an optical efficiency of 50%, where all light output is distributed in a circular area with the radius equal to the pole height;  2. The light source used is an 11 watt Compact Fluorescent Lamp (CFL) which works 8 hours per night;  

3. There is a “$0.10 per kWh electricity cost (unless otherwise specified)”;  4. “Grid-powered systems require a 15.2 meter extension of the power line at a cost of $800 (unless otherwise specified)”;  5. We assume a “3% inflation rate” and a “4% discount rate”;  6. “No salvage cost at the end of 10 years”;  7. Battery must be replaced every five years;  8. For the PV lighting system there is a $50 annual maintenance cost (includes lamp and battery replacement, and PV panel cleaning);  9. For the Grid powered system there is a $20 annual maintenance cost;  10. The system is located far from the electric grid (1.6 kilometers away).  By looking at Supplement 3B, we see that the PV system has the following costs in U.S. dollars: C (C1 to C5) = $710, M(pw) = $479, E(pw) = $0, and R (R1 to R3) (pw) = $114, therefore the Life Cycle Cost (LCC) is LCC = C + M(pw) + E(pw) + R(pw) =  $710 + $479 + $0 +$114 = $1303.  For the Grid-Powered system we see the following costs in U.S. dollars: C (C1 to C3) = $30,210, M(pw) = $192, E(pw) = $36, and R (R1 and R2) (pw) = $19, therefore the Life Cycle Cost (LCC) is LCC = C + M(pw) + E(pw) + R(pw) =  $30,210 + $192 + $36 +$19 = $30,457.  From this data we see that it is more expensive to use a Grid powered lighting system as compared to a PV lighting system, when the electric grid is 1.6 kilometers away ($30,457 verses $1303).  In this example, M(pw) (Maintenance) + R(pw) (Replacement) costs are less for Grid powered systems than for PV systems, though the C (Capital) + E(pw) (Energy) costs are less for PV systems than for Grid powered systems.  Also, the E(pw) (Energy) costs of the PV lighting system were close to the E(pw) (Energy) costs of the Grid powered lighting system- $0 and $36 respectively.  We see that the C (Capital) costs were the biggest factor in making the LCC for Grid powered systems high because of the high costs in extending the power line (C3 = $30,000).  Note also in this example that all of the costs of the PV lighting system (including its LCC) were the same as they were in the first example (where the location from the electric grid is 15.2 meters away)- This shows that the costs of a PV lighting system are independent from where the PV system is located in relation to the existing electric grid.  Thus, regarding application 1 when using one light source - For locations 1.6 kilometers away from the electric grid, the LCC for PV lighting systems is less than the LCC for Grid powered lighting systems. [Ref. NLPIP Lighting Answers p. 11,12,13,14,19,23,26, 27, 31,32,33,34,35,36,37 and 38]
Third, looking at Table 3C and Supplement 3C (another example of application 1. Parking Lot Lighting), we see that it shows a “10-year life cycle cost comparison of ten luminaries, located 1.6 kilometers from the grid”- It compares the life cycle costs (LCC) of ten PV lighting systems and ten Grid powered lighting systems, where these systems are parking lot luminaries each designed to provide approximately 10 lux (100 moonlights) on the pavement over a period of 10 years.  In this example we have the following information: 1. We assume a luminary that has an optical efficiency of 50%, where all light output is distributed in a circular area with the radius equal to the pole height;  2. We have ten systems (10 luminaries);  3. For each luminary there is one 11-watt Compact Fluorescent Lamp (CFL)- Each lamp works 8 hours per night;  4. There is a “$0.10 per kWh electricity cost (unless otherwise specified)”;  5. “Grid-powered systems require a 15.2 meter extension of the power line at a cost of $800 (unless otherwise specified)”;  6. We assume a “3% inflation rate” and a “4% discount rate”;  7. “No salvage cost at the end of 10 years”;  8. Battery must be replaced every five years;  9. For the PV lighting system there is a $50 annual maintenance cost (includes lamp and battery replacement, and PV panel cleaning);  10. For the Grid powered system there is a $20 annual maintenance cost;  11. The system is located far from the electric grid (1.6 kilometers away).  By looking at Table 3C and Supplement 3C, we see that the PV system has the following costs in U.S. dollars: C (C1 to C5)  = $7100, M(pw) = $4789, E(pw) = $0, and R (R1 to R3) (pw) = $1144, therefore the Life Cycle Cost (LCC) is LCC = C + M(pw) + E(pw) + R(pw) =  $7100 + $4789 + $0 +$1144 = $13,033.  For the Grid-Powered system we see the following costs in U.S. dollars: C (C1 to C3) = $32,100, M(pw) = $1916, E(pw) = $364, and R (R1 and R2) (pw) = $192, therefore the Life Cycle Cost (LCC) is LCC = C + M(pw) + E(pw) + R(pw) =  $32,100 + $1916+ $364 +$192 = $34,571.  From this data we see that it is more expensive to use ten Grid powered lighting systems as compared to ten PV lighting systems, when the electric grid is 1.6 kilometers away ($34,571 verses $13,033).  In this example, M(pw) (Maintenance) + R(pw) (Replacement) costs are less for Grid powered systems than for PV systems, though the C (Capital) + E(pw) (Energy) costs are less for PV systems than for Grid powered systems.  Also, the E(pw) (Energy) costs of the PV lighting systems were $0 and the E(pw) (Energy) costs of the Grid powered lighting systems were $360- not that big of a difference over ten years.  As in the second example, we see here that the C (Capital) costs were the biggest factor in making the LCC for Grid powered systems high because of the high costs in extending the power line (C3 = $30,000).  Note also in this example that even though the R(pw) (Replacement) costs, and mainly the M(pw) (Maintenance) and C (Capital) costs contributed to a big increase in the PV lighting systems’ LCC because of using ten light sources here as compared to one light source in the second example (3rd e.g. LCC = $13,033 as compared to 2nd e.g. LCC = $1303), this still did not come close to the high LCC of the Grid powered systems in this example ($34,571).  Thus, regarding application (1) even when using ten light sources- For locations 1.6 kilometers away from the electric grid, the LCC for PV lighting systems is less than the LCC for Grid powered lighting systems. [Ref. NLPIP Lighting Answers p. 11,12,13,14,19,23,26, 27, 31,32,33,34,35,36,37 and 38]

For the first (A. Table 3A and Supplement 3A), second (Supplement 3B), and third (Table 3C and Supplement 3C) examples, we see that we were dealing with application 1. Parking Lot Lighting, requiring 10 lux (100 moonlights) on the ground- The location of the first example was near the existing electrical grid (15.2 meters away), and the locations for the second and third examples were far from the existing grid (1.6 kilometers away).  In the first example it was less costly to use Grid powered lighting systems, and in the second and third examples it was less costly to use PV lighting systems.  Next we will look at three examples which deal with application 2. Street lighting (post-top luminary- pedestrian lighting), this time requiring 0.5 lux (5 moonlights) on the ground.  We will again observe and compare the costs of PV and Grid powered lighting systems that result at locations near (15.2 meters) and far (1.6 kilometers) from the existing electric grid. [Ref. NLPIP Lighting Answers p. 11,12,13,14,19,23,26, 27, 31,32,33,34,35,36,37 and 38]

For the fourth example, looking at Table 4A and Supplement 4A (an example of application 2. Street lighting (post-top luminary- pedestrian lighting)), we see that it shows a 10-year life cycle cost comparison of luminaries, located 15.2 meters from the grid- It compares the life cycle costs (LCC) of a PV lighting system and a Grid powered lighting system, where these systems are post-top luminaries designed to provide approximately 0.5 lux (5 moonlights) on the pavement over a period of 10 years.  In this example we have the following information: 1. We assume a luminary that has an optical efficiency of 50%, where all light output is distributed in a circular area with the radius equal to the pole height;  2. The light source is a 1 watt white light-emitting diode (LED) which works 8 hours per night- Note that “the use of a one-watt LED is based on the assumption that the luminous efficacy of this white LED is 25 lumens per watt (LPW)”;  3. There is a “$0.10 per kWh electricity cost (unless otherwise specified)”;  4. “Grid-powered systems require a 15.2 meter extension of the power line at a cost of $800 (unless otherwise specified)”;  5. We assume a “3% inflation rate” and a “4% discount rate”;  6. “No salvage cost at the end of 10 years”;  7. Battery must be replaced every five years;  8. For the PV lighting system there is a $25 annual maintenance cost (includes lamp and battery replacement, and PV panel cleaning);  9. For the Grid powered system there is a $10 annual maintenance cost;  10. The system is located near the electric grid (15.2 meters away).  By looking at Table 4A and Supplement 4A, we see that the PV system has the following costs in U.S. dollars: C (C1 to C5) = $155, M(pw) = $239, E(pw) = $0, and R (R1 to R3) (pw) = $19, therefore the Life Cycle Cost (LCC) is LCC = C + M(pw) + E(pw) + R(pw) =  $155 + $239 + $0 +$19 = $414.  For the Grid-Powered system we see the following costs in U.S. dollars: C (C1 to C3) = $895, M(pw) = $96, E(pw) = $4, and R (R1 and R2) (pw) = $0, therefore the Life Cycle Cost (LCC) is LCC = C + M(pw) + E(pw) + R(pw) =  $895 + $96 + $4 +$0 = $995.  From this data we see that it is more expensive to use a Grid powered lighting system as compared to a PV lighting system, when the electric grid is just 15.2 meters away ($995 verses $414).  In this example, the M(pw) (Maintenance) + R(pw) (Replacement) costs are less for Grid powered systems than for PV systems but the C (Capital) + E(pw) (Energy) costs are less for PV systems than for Grid powered systems.  Also, the E(pw) (Energy) costs of the PV lighting system were close to the E(pw) (Energy) costs of the Grid powered lighting system- $0 and $4 respectively.  We also observe that the C (Capital) costs were the biggest factor in making the LCC for PV systems low and the LCC for Grid powered systems high.  In other words, the lower light level requirements in this example allowed the PV system’s components to be reduced significantly in size (e.g. PV panel, battery, etc…), thus reducing all of the PV system’s costs, but more significantly its C (Capital Costs).  In addition, we see that the C (Capital Costs) for the Grid powered system is high due to the high costs of extending the power lines (C3 = $800) to this location, even though it is just meters away (15.2 meters from the grid).  Thus, regarding application (2) when using one light source- For locations 15.2 meters away from the electric grid, the LCC for PV lighting systems is less than the LCC for Grid powered lighting systems. [Ref. NLPIP Lighting Answers p. 11,12,13,14,19,23,26, 27, 31,32,33,34,35,36,37 and 38]

For the fifth example, looking at Supplement 4B (another example of application 2. Street lighting (post-top luminary- pedestrian lighting)), we see that it shows a 10-year life cycle cost comparison of luminaries, located 1.6 kilometers from the grid- It compares the life cycle costs (LCC) of a PV lighting system and a Grid powered lighting system, where these systems are post-top luminaries designed to provide approximately 0.5 lux (5 moonlights) on the pavement over a period of 10 years.  In this example we have the following information: 1. We assume a luminary that has an optical efficiency of 50%, where all light output is distributed in a circular area with the radius equal to the pole height;  2. The light source is a 1 watt white light-emitting diode (LED) which works 8 hours per night- Note that “the use of a one-watt LED is based on the assumption that the luminous efficacy of this white LED is 25 lumens per watt (LPW)”;  3. There is a “$0.10 per kWh electricity cost (unless otherwise specified)”;  4. “Grid-powered systems require a 15.2 meter extension of the power line at a cost of $800 (unless otherwise specified)”;  5. We assume a “3% inflation rate” and a “4% discount rate”;  6. “No salvage cost at the end of 10 years”;  7. Battery must be replaced every five years;  8. For the PV lighting system there is a $25 annual maintenance cost (includes lamp and battery replacement, and PV panel cleaning);  9. For the Grid powered system there is a $10 annual maintenance cost;  10. The system is located far from the electric grid (1.6 kilometers away).  By looking at Supplement 4B, we see that the PV system has the following costs in U.S. dollars: C (C1 to C5) = $155, M(pw) = $239, E(pw) = $0, and R (R1 to R3) (pw) = $19, therefore the Life Cycle Cost (LCC) is LCC = C + M(pw) + E(pw) + R(pw) =  $155 + $239 + $0 +$19 = $414.  For the Grid-Powered system we see the following costs in U.S. dollars: C (C1 to C3) = $30,095, M(pw) = $96, E(pw) = $4, and R (R1 and R2) (pw) = $0, therefore the Life Cycle Cost (LCC) is LCC = C + M(pw) + E(pw) + R(pw) =  $30,095 + $96 + $4 +$0 = $30,195.  From this data we see that it is more expensive to use a Grid powered lighting system as compared to a PV lighting system, when the electric grid is 1.6 kilometers away ($30,195 verses $414).  In this example, the M(pw) (Maintenance) + R(pw) (Replacement) costs are less for Grid powered systems than for PV systems but the C (Capital) + E(pw) (Energy) costs are less for PV systems than for Grid powered systems.  Also, the E(pw) (Energy) costs of the PV lighting system were close to the E(pw) (Energy) costs of the Grid powered lighting system- $0 and $4 respectively.  We also observe, as we have seen in the fourth example, that the C (Capital) costs were the biggest factor in making the LCC for PV systems low and the LCC for Grid powered systems high.  In other words, the lower light level requirements in this example allowed the PV system’s components to be reduced significantly in size (e.g. PV panel, battery, etc…), thus reducing all of the PV system’s costs, but more significantly its C (Capital Costs).  In addition, we see that the C (Capital Costs) for the Grid powered system is high due to the high costs in extending the power line (C3 = $30,000).  Note also in this example that all of the costs of the PV lighting system (including its LCC) were the same as they were in the fourth example (where the location from the electric grid is 15.2 meters away)- This shows that the costs of a PV lighting system are independent from where the PV system is located in relation to the existing electric grid.  Thus, regarding application (2) when using one light source- For locations 1.6 kilometers away from the electric grid, the LCC for PV lighting systems is less than the LCC for Grid powered lighting systems. [Ref. NLPIP Lighting Answers p. 11,12,13,14,19,23,26, 27, 31,32,33,34,35,36,37 and 38]
For the sixth example, looking at Table 4C and Supplement 4C (another example of application 2. Street lighting (post-top luminary- pedestrian lighting)), we see that it shows a 10-year life cycle cost comparison of ten luminaries, located 1.6 kilometers from the grid- It compares the life cycle costs (LCC) of ten PV lighting systems and ten Grid powered lighting systems, where these systems are post-top luminaries each designed to provide approximately 0.5 lux (5 moonlights) on the pavement over a period of 10 years.  In this example we have the following information: 1. We assume a luminary that has an optical efficiency of 50%, where all light output is distributed in a circular area with the radius equal to the pole height;  2. We have ten systems (10 luminaries); 3. For each luminary there is a 1 watt white light-emitting diode (LED)- Each light source works 8 hours per night- Also note that “the use of a one-watt LED is based on the assumption that the luminous efficacy of this white LED is 25 lumens per watt (LPW)”;  4. There is a “$0.10 per kWh electricity cost (unless otherwise specified)”;  5. “Grid-powered systems require a 15.2 meter extension of the power line at a cost of $800 (unless otherwise specified)”;  6. We assume a “3% inflation rate” and a “4% discount rate”;  7. “No salvage cost at the end of 10 years”;  8. Battery must be replaced every five years;  9. For the PV lighting system there is a $25 annual maintenance cost (includes lamp and battery replacement, and PV panel cleaning);  10. For the Grid powered system there is a $10 annual maintenance cost;  11. The system is located far from the electric grid (1.6 kilometers away).  By looking at Table 4C and Supplement 4C, we see that the PV system has the following costs in U.S. dollars: C (C1 to C5) = $1550, M(pw) = $2395, E(pw) = $0, and R (R1 to R3) = $191, therefore the Life Cycle Cost (LCC) is LCC = C + M(pw) + E(pw) + R(pw) =  $1550 + $2395 + $0 +$191 = $4135.  For the Grid-Powered system we see the following costs in U.S. dollars: C (C1 to C3) = $30,950, M(pw) = $958, E(pw) = $42, and R (R1 and R2) (pw) = $0, therefore the Life Cycle Cost (LCC) is LCC = C + M(pw) + E(pw) + R(pw) =  $30,950 + $958 + $42 +$0 = $31,950.  From this data we see that it is more expensive to use ten Grid powered lighting systems as compared to ten PV lighting systems, when the electric grid is 1.6 kilometers away ($31,950 verses $4135).  In this example, the M(pw) (Maintenance) + R(pw) (Replacement) costs are less for Grid powered systems than for PV systems but the C (Capital) + E(pw) (Energy) costs are less for PV systems than for Grid powered systems.  Also, the E(pw) (Energy) costs of the PV lighting systems were close to the E(pw) (Energy) costs of the Grid powered lighting systems- $0 and $42 respectively.  We also observe, as we have seen in the fourth and fifth examples, that the C (Capital) costs were the biggest factor in making the LCC for PV systems low and the LCC for Grid powered systems high.  In other words, the lower light level requirements in this example allowed the PV systems’ components to be reduced significantly in size (e.g. PV panel, battery, etc…), thus reducing all of the PV systems’ costs, but more significantly their C (Capital Costs).  In addition, we see that the C (Capital Costs) for the Grid powered system is high due to the high costs in extending the power line (C3 = $30,000).  Note also in this example that even though the R(pw) (Replacement) costs, and mainly the M(pw) (Maintenance) and C (Capital) costs contributed to a big increase in the PV lighting systems’ LCC because of using ten light sources here as compared to one light source in the fifth example (6th e.g. LCC = $4135 as compared to 5th e.g. LCC = $414), this still did not come close to the high LCC of the Grid powered systems in this example ($31,950).  Thus, regarding application (2) even when using ten light sources- For locations 1.6 kilometers away from the electric grid, the LCC for PV lighting systems is less than the LCC for Grid powered lighting systems. [Ref. NLPIP Lighting Answers p. 11,12,13,14,19,23,26, 27, 31,32,33,34,35,36,37 and 38]
For the fourth (Table 4A and Supplement 4A), fifth (Supplement 4B), and sixth (Table 4C and Supplement 4C) examples, we see that we were dealing with application 2. Street lighting (post-top luminary- pedestrian lighting), requiring 0.5 lux (5 moonlights) on the ground- The location of the fourth example was near the existing electrical grid (15.2 meters away), and the locations of the fifth and sixth examples were far from the existing grid (1.6 kilometers away).  In all of the three examples (fourth, fifth and sixth) it was less costly to use PV lighting systems than it was to use Grid powered lighting systems.  Next we will look at another three examples which deal with application 3. Pathway lighting (Indicator Luminary), again requiring 0.5 lux (5 moonlights) on the ground- In these examples the light is meant for outlining the profile of the path and the path’s edge.  We will observe and compare the costs of PV and Grid powered lighting systems that result at locations near (15.2 meters) and far (1.6 kilometers) from the existing electric grid. [Ref. NLPIP Lighting Answers p. 11,12,13,14,19,23,26, 27, 31,32,33,34,35,36,37 and 38]
For the seventh example, looking at Supplement 5A (an example of application

3. Pathway lighting (Indicator Luminary)), we see that it shows a 10-year life cycle cost comparison of five luminaries, located 15.2 meters from the grid- It compares the life cycle costs (LCC) of five PV lighting systems and five Grid powered lighting systems, where these systems are indicator luminaries each designed to provide approximately 0.5 lux (5 moonlights) on the pavement over a period of 10 years- The light is meant for outlining the profile of the path and the path’s edge.  In this example we have the following information: 1. We assume a luminary that has an optical efficiency of 50%, where all light output is distributed in a circular area with the radius equal to the pole height- As stated before the light is meant for outlining the profile of the path and the path’s edge;  2. We have five systems (5 luminaries);  3. For each luminary there is a 0.2 watt white light-emitting diode (LED)- Each light source works 8 hours per night- Also note that “the use of a one-watt LED is based on the assumption that the luminous efficacy of this white LED is 25 lumens per watt (LPW)”;  4. The power requirement is 1.6 watt-hours per day per luminary- In our case it is 1.6 (watt-hours per day per luminary) x 5 (luminaries) = 8 watt-hours per day;  5. There is a “$0.10 per kWh electricity cost (unless otherwise specified)”;  6. “Grid-powered systems require a 15.2 meter extension of the power line at a cost of $800 (unless otherwise specified)”;  7. We assume a “3% inflation rate” and a “4% discount rate”;  8. “No salvage cost at the end of 10 years”;  9. For the PV lighting system- The system uses $20 self-contained solar LED garden luminaries, five of them to be exact;  10. For the Grid powered system- The system uses $5 LED garden luminaries, five of them to be exact;  11. The system is located near the electric grid (15.2 meters away).  By looking at Supplement 5A, we see that the PV system has the following costs in U.S. dollars: C (C1)= $100, M(pw) = $0, E(pw) = $0, and R (pw) = $0, therefore the Life Cycle Cost (LCC) is LCC = C + M(pw) + E(pw) + R(pw) =  $100 + $0 + $0 + $0 = $100.  For the Grid-Powered system we see the following costs in U.S. dollars: C (C1 and C2) = $825, M(pw) = $0, E(pw) = $3, and R (pw) = $0, therefore the Life Cycle Cost (LCC) is LCC = C + M(pw) + E(pw) + R(pw) =  $825 + $0 + $3 +$0 = $828.  From this data we see that it is more expensive to use five Grid powered lighting systems as compared to five PV lighting systems, when the electric grid is just 15.2 meters away ($828 verses $100).  In this example, the M(pw) (Maintenance) + R(pw) (Replacement) costs were zero for both Grid powered and PV lighting systems and the C (Capital) + E(pw) (Energy) costs are less for PV systems than for Grid powered systems.  Also, the E(pw) (Energy) costs of the PV lighting systems were close to the E(pw) (Energy) costs of the Grid powered lighting systems- $0 and $3 respectively.  We also observe, as we have seen in the fourth, fifth and sixth examples, that the C (Capital) costs were the biggest factor in making the LCC for PV systems low and the LCC for Grid powered systems high.  In other words, the lower light level requirements in this example allowed the PV systems’ components to be reduced significantly in size (e.g. PV panel, battery, etc…), thus reducing all of the PV systems’ costs, but more significantly their C (Capital Costs)- Note that here in this example the components have been reduced to a greater degree than in the fourth, fifth and sixth examples, thus the costs are even smaller here.  In addition, we see that the C (Capital Costs) for the Grid powered system is high due to the high costs of extending the power lines (C2 = $800) to this location, even though it is just meters away (15.2 meters from the grid).  Thus, regarding application (3) when using five light sources- For locations 15.2 meters away from the electric grid, the LCC for PV lighting systems is less than the LCC for Grid powered lighting systems. [Ref. NLPIP Lighting Answers p. 11,12,13,14,19,23,26, 27, 31,32,33,34,35,36,37 and 38]
For the eighth example, looking at Supplement 5B (another example of application 3. Pathway lighting (Indicator Luminary)), we see that it shows a 10-year life cycle cost comparison of five luminaries, located 1.6 kilometers from the grid- It compares the life cycle costs (LCC) of five PV lighting systems and five Grid powered lighting systems, where these systems are indicator luminaries each designed to provide approximately 0.5 lux (5 moonlights) on the pavement over a period of 10 years- The light is meant for outlining the profile of the path and the path’s edge.  In this example we have the following information: 1. We assume a luminary that has an optical efficiency of 50%, where all light output is distributed in a circular area with the radius equal to the pole height- As stated before the light is meant for outlining the profile of the path and the path’s edge;  2. We have five systems (5 luminaries);  3. For each luminary there is a 0.2 watt white light-emitting diode (LED)- Each light source works 8 hours per night- Also note that “the use of a one-watt LED is based on the assumption that the luminous efficacy of this white LED is 25 lumens per watt (LPW)”;  4. The power requirement is 1.6 watt-hours per day per luminary- In our case it is 1.6 (watt-hours per day per luminary) x 5 (luminaries) = 8 watt-hours per day;  5. There is a “$0.10 per kWh electricity cost (unless otherwise specified)”;  6. “Grid-powered systems require a 15.2 meter extension of the power line at a cost of $800 (unless otherwise specified)”;  7. We assume a “3% inflation rate” and a “4% discount rate”;  8. “No salvage cost at the end of 10 years”;  9. For the PV lighting system- The system uses $20 self-contained solar LED garden luminaries, five of them to be exact;  10. For the Grid powered system- The system uses $5 LED garden luminaries, five of them to be exact;  11. The system is located far from the electric grid (1.6 kilometers away).  By looking at Supplement 5B, we see that the PV system has the following costs in U.S. dollars: C (C1)= $100, M(pw) = $0, E(pw) = $0, and R (pw) = $0, therefore the Life Cycle Cost (LCC) is LCC = C + M(pw) + E(pw) + R(pw) =  $100 + $0 + $0 + $0 = $100.  For the Grid-Powered system we see the following costs in U.S. dollars: C (C1 and C2) = $30,025, M(pw) = $0, E(pw) = $3, and R (pw) = $0, therefore the Life Cycle Cost (LCC) is LCC = C + M(pw) + E(pw) + R(pw) =  $30,025 + $0 + $3 +$0 = $30,028.  From this data we see that it is more expensive to use five Grid powered lighting systems as compared to five PV lighting systems, when the electric grid is 1.6 kilometers away ($30,028 verses $100).  In this example, the M(pw) (Maintenance) + R(pw) (Replacement) costs were zero for both Grid powered and PV lighting systems and the C (Capital) + E(pw) (Energy) costs are less for PV systems than for Grid powered systems.  Also, the E(pw) (Energy) costs of the PV lighting systems were close to the E(pw) (Energy) costs of the Grid powered lighting systems- $0 and $3 respectively.  We also observe, as we have in the seventh example (including in the fourth, fifth and sixth examples), that the C (Capital) costs were the biggest factor in making the LCC for PV systems low and the LCC for Grid powered systems high.  In other words, the lower light level requirements in this example allowed the PV systems’ components to be reduced significantly in size (e.g. PV panel, battery, etc…), thus reducing all of the PV systems’ costs, but more significantly their C (Capital Costs)- Note that here in this example the components have been reduced to a greater degree than in the fourth, fifth and sixth examples, thus the costs are even smaller here.  In addition, we see that the C (Capital Costs) for the Grid powered system is high due to the high costs in extending the power line (C2 = $30,000).  Note also in this example that all of the costs of the PV lighting systems (including their LCC) were the same as they were in the seventh example (where the location from the electric grid is 15.2 meters away)- This shows that the costs of the PV lighting systems are independent from where the PV systems are located in relation to the existing electric grid.  Thus, regarding application (3) when using five light sources- For locations 1.6 kilometers away from the electric grid, the LCC for PV lighting systems is less than the LCC for Grid powered lighting systems. [Ref. NLPIP Lighting Answers p. 11,12,13,14,19,23,26, 27, 31,32,33,34,35,36,37 and 38]
For the ninth example, looking at Supplement 5C (another example of application

3. Pathway lighting (Indicator Luminary)), we see that it shows a 10-year life cycle cost comparison of fifty luminaries, located 1.6 kilometers from the grid- It compares the life cycle costs (LCC) of fifty PV lighting systems and fifty Grid powered lighting systems, where these systems are indicator luminaries each designed to provide approximately 0.5 lux (5 moonlights) on the pavement over a period of 10 years- The light is meant for outlining the profile of the path and the path’s edge.  In this example we have the following information: 1. We assume a luminary that has an optical efficiency of 50%, where all light output is distributed in a circular area with the radius equal to the pole height- As stated before the light is meant for outlining the profile of the path and the path’s edge;  2. We have fifty systems (50 luminaries);  3. For each luminary there is a 0.2 watt white light-emitting diode (LED)- Each light source works 8 hours per night- Also note that “the use of a one-watt LED is based on the assumption that the luminous efficacy of this white LED is 25 lumens per watt (LPW)”;  4. The power requirement is 1.6 watt-hours per day per luminary- In our case it is 1.6 (watt-hours per day per luminary) x 50 (luminaries) = 80 watt-hours per day;  5. There is a “$0.10 per kWh electricity cost (unless otherwise specified)”;  6. “Grid-powered systems require a 15.2 meter extension of the power line at a cost of $800 (unless otherwise specified)”;  7. We assume a “3% inflation rate” and a “4% discount rate”;  8. “No salvage cost at the end of 10 years”;  9. For the PV lighting system- The system uses $20 self-contained solar LED garden luminaries, fifty of them to be exact;  10. For the Grid powered system- The system uses $5 LED garden luminaries, fifty of them to be exact;  11. The system is located far from the electric grid (1.6 kilometers away).  By looking at Supplement 5C, we see that the PV system has the following costs in U.S. dollars: C (C1)= $1000, M(pw) = $0, E(pw) = $0, and R (pw) = $0, therefore the Life Cycle Cost (LCC) is LCC = C + M(pw) + E(pw) + R(pw) =  $1000 + $0 + $0 + $0 = $1000.  For the Grid-Powered system we see the following costs in U.S. dollars: C (C1 and C2) = $30,250, M(pw) = $0, E(pw) = $30, and R (pw) = $0, therefore the Life Cycle Cost (LCC) is LCC = C + M(pw) + E(pw) + R(pw) =  $30,250 + $0 + $30 +$0 = $30,280.  From this data we see that it is more expensive to use fifty Grid powered lighting systems as compared to fifty PV lighting systems, when the electric grid is 1.6 kilometers away ($30,280 verses $1000).  In this example, the M(pw) (Maintenance) + R(pw) (Replacement) costs were zero for both Grid powered and PV lighting systems and the C (Capital) + E(pw) (Energy) costs are less for PV systems than for Grid powered systems.  Also, the E(pw) (Energy) costs of the PV lighting systems were close to the E(pw) (Energy) costs of the Grid powered lighting systems- $0 and $30 respectively.  We also observe, as we have in the seventh and eighth examples (including in the fourth, fifth and sixth examples), that the C (Capital) costs were the biggest factor in making the LCC for PV systems low and the LCC for Grid powered systems high.  In other words, the lower light level requirements in this example allowed the PV systems’ components to be reduced significantly in size (e.g. PV panel, battery, etc…), thus reducing all of the PV systems’ costs, but more significantly their C (Capital Costs)- Note that here in this example the components have been reduced to a greater degree than in the fourth, fifth and sixth examples, thus the costs are even smaller here.  In addition, we see that the C (Capital Costs) for the Grid powered system is high due to the high costs in extending the power line (C2 = $30,000).  Note also in this example that even though the C (Capital) costs contributed to a big increase in the PV lighting systems’ LCC because of using fifty light sources here as compared to five light sources in the eighth example (9th e.g. LCC = $1000 as compared to 8th e.g. LCC = $100), this still did not come close to the high LCC of the Grid powered systems in this example ($30,280).  Thus, regarding application (3) even when using fifty light sources- For locations 1.6 kilometers away from the electric grid, the LCC for PV lighting systems is less than the LCC for Grid powered lighting systems. [Ref. NLPIP Lighting Answers p. 11,12,13,14,19,23,26, 27, 31,32,33,34,35,36,37 and 38]
For the seventh (Supplement 5A), eighth (Supplement 5B), and ninth (Supplement 5C) examples, we see that we were dealing with application 3. Pathway lighting (Indicator Luminary), requiring 0.5 lux (5 moonlights) on the ground- The light is meant for outlining the profile of the path and the path’s edge.  The location of the seventh example was near the existing electrical grid (15.2 meters away), and the locations of the eighth and ninth examples were far from the existing grid (1.6 kilometers away).  In all of the three examples (seventh, eighth and ninth) it was less costly to use PV lighting systems than it was to use Grid powered lighting systems. [Ref. NLPIP Lighting Answers p. 11,12,13,14,19,23,26, 27, 31,32,33,34,35,36,37 and 38]
From the paragraph which I have presented the additional costs of a PV lighting system (there are ten costs listed- right before introducing the nine examples above) and from the nine examples above that use the Life Cycle Cost (LCC) analysis to observe and compare the costs of PV and Grid powered lighting systems that result at locations near (15.2 meters) and far (1.6 kilometers) from the existing electric grid (for the three applications 1. Parking Lot Lighting, 2. Street lighting and 3. Pathway lighting), we observe and derive the following conclusions:  1. In general, the PV lighting system will require a pole, luminary, lamp, PV panel, battery and electric equipment (e.g. controller)- In addition to the costs of purchasing the above mentioning parts for the PV system to be complete, it could entail the ten costs which were presented before (see paragraph before the presentation of the nine examples above).  2. The Grid powered lighting system will require a pole, luminary, lamp and wiring to connect to the grid.  3. For all nine of the examples the following are true: A. The costs of a PV lighting system are independent from where the PV system is located in relation to the existing electric grid;  B. The E(pw) (Energy) costs of the PV lighting system were close to the E(pw) (Energy) costs of the Grid powered lighting system.  4. For all examples except the first, we see that the PV lighting system was less costly than the Grid powered system.  The reasons for this are as follows: A. For the 1st example, where the location was 15.2 meters away from the grid, we see that the C (Capital) costs for both PV and Grid powered systems were about equal.  However, we also see that the M(pw) (Maintenance) + R(pw) (Replacement) costs are greater for the PV system than for the Grid powered system- Thus it was the higher M and R costs of the PV system which made its LCC greater than the LCC of the Grid powered system;  B. For the 2nd to the 9th examples, the LCC was much smaller in the PV lighting systems than it was in the Grid powered lighting systems due to the high C (Capital) costs of the latter systems- Mainly due to extending the power line.  5. For the 1st to the 6th examples, the M (pw) (Maintenance) + R (pw) (Replacement) costs for the PV system were high- In fact they were higher for the PV system than they were for the Grid powered system.  But for the 7th, 8th and 9th examples these costs were equal to zero for both PV and Grid powered systems.  6. For the 4th to the 6th examples, we see that the lower light level requirements (0.5 lux = 5 moonlights) allowed the PV systems’ components to be reduced significantly in size (e.g. PV panel, battery, etc…), thus reducing all of the PV systems’ costs, but more significantly their C (Capital Costs)- Therefore making the LCC much smaller in PV systems.  7. For the 7th to the 9th examples, the same is true as is written for the 4th to the 6th examples in (6), but to a higher extent because in the 7th, 8th and 9th examples, the components have been reduced to a greater degree than in the 4th, 5th and 6th examples- Thus the C (Capital Costs) are even smaller in the 7th, 8th and 9th examples, than in the 4th, 5th and 6th examples.  8. For the 1st, 2nd, 4th and 5th examples they use only one light source.  9. For the 3rd, 6th, 7th, 8th and 9th examples, they use more than one light source- Grouping these examples we get the following: Group one (3rd and 6th examples), Group two (7th and 8th examples) and Group three (9th example).  In group one we use 10 luminaries (10 light sources), in group two we use 5 luminaries (5 light sources), and in group three we use 50 luminaries (50 light sources).  10. For all of the examples which use more than one light source (see (9))- Using many light sources resulted in significantly increasing the C (Capital) costs of the PV lighting system, but this increase was not enough to come even close to the high C (Capital) costs of the Grid powered system.  Therefore the LCC of the PV lighting system was still much smaller than the LCC of Grid powered systems.  11. In general the components of the PV lighting system are very expensive, however when the lighting requirements are reduced (e.g. from 10 lux to 0.5 lux), all system components are reduced thus helping to decrease the C (Capital) costs of the system significantly.  12.  The “C. System Installation, Replacement and Maintenance needs” are the same as the M(pw) (Maintenance) and R(pw) (Replacement) costs in the above examples.  In general, we have seen that these costs of the PV system are very high, however when the lighting requirements are reduced (e.g. from 10 lux to 0.5 lux in the 4th, 5th, and 6th examples), all system components of the PV system are reduced thus helping to decrease the M + R costs of the system significantly- Also if the PV system components are reduced to the highest degree (as in the 7th, 8th and 9th examples), the M + R costs will be zero.  13. If the people who install and replace the PV system are experienced, the chances of the system to be set up correctly is increased thus the system will most likely run correctly and at the expected efficiency- Thus the cost will be less in the long run.  14. If an experienced person were to keep up with the maintenance of the PV system on a timely basis, this would help the system run more efficiently, thus this would help reduce the cost of the system in the long run.  15. In general, the more efficient a system is (taking into consideration E. Efficiency needs), we see that the more the system components will cost- In other words: A. The faster and more accurate the system parts can finish the tasks they are meant to do, and B. The bigger the Energy/Power capacity of the individual components are (e.g. battery size), the more expensive the PV system will be.  However, sometimes a component may be more expensive because it is suppose to be more efficient but that component may turn out to be unreliable- Thus one could pay more for extra efficiency but get a component that does not work as expected- Note that this is an added risk the owner takes in using PV lighting systems.  16. In general, regarding D. Lighting needs, we see that one must use particular types of light sources according to the following: A. The application one uses, and B. The lighting required.  In other words, the manufacturer of the PV lighting system will include in the system package the most efficient luminary/ies and light source/s for the given (A) application one uses and the (B) lighting required.  Thus the owner can’t choose what type of light source to use because the manufacturer chooses for him/her/them.  As for the costs of lighting, what contributes to reducing the cost of a light source is the following: A. Cheaper purchasing price, B. Longer lasting under all types of weather conditions, and C. Smaller Size. [Ref. NLPIP Lighting Answers p. 11,12,13,14,19,23,26, 27, 31,32,33,34,35,36,37 and 38]
The conclusions in the previous paragraph, which were derived from the paragraph which I have presented the additional costs of a PV lighting system (there are ten costs listed- right before introducing the nine examples above) and derived from the nine examples above that use the Life Cycle Cost (LCC) analysis, show us that it is less costly to use PV lighting systems where the location is 1.6 kilometers or more away from the electric grid network.  However for distances close to the electric grid (e.g. 15.2 meters away), we see that the lighting requirements will determine which system will cost less.  In other words, for small lighting requirements (e.g. 0.5 lux) a PV lighting system is less costly, but for big lighting requirements (e.g. 10 lux) a Grid powered lighting system is less costly.  Also note that because we usually want to over design a system in order to make sure that we can collect enough solar energy each day throughout the year- Even during worst case scenarios (i.e. days that weather conditions will provide no sunlight at all)- This would increase the size of the PV panel and all other components as well thus increasing the PV system’s overall cost.  However, if one uses financial subsidies that are available through the government, European Union or other entity, this would reduce a significant portion of the capital costs of a PV lighting system. [Ref. NLPIP Lighting Answers p. 11,12,13,14,19,23,26, 27, 31,32,33,34,35,36,37 and 38]
Thus, after the analysis, from the standpoint of F. Economic needs, one should choose PV lighting systems when the location is 1.6 kilometers or more from the electric grid network and alternatively for locations close to the electric grid (e.g. 15.2 meters away) one should choose between PV lighting or Grid powered lighting depending on the lighting requirements of the location.  Also, for the situations where both the PV lighting system and Grid powered lighting system can support the required E. Efficiency needs equally, we would then have to decide which one of the two to use based on the other needs (A, B, C, D and E). [Ref. NLPIP Lighting Answers p. 11,12,13,14,19,23,26, 27, 31,32,33,34,35,36,37 and 38]

I have just finished presenting steps one and three, which are defining (step one) and analyzing (step three) “the six needs” (A to F).  I will now present step 2, step 3 again (looking at the overall picture of analysis this time- detailed analysis was just done), and step 4.
Now, regarding the second step, which is that we must prioritize “the six needs” (A to F) according to what we believe is the most to least important.  What is meant by this is that we must organize “the six needs” in order of which need we consider to be most important to us (giving it the biggest weight), to which need we consider to be the least important to us (giving it the least weight).  This prioritizing depends upon the person/government who/that would pay for and own the lighting system. [Ref. My own creation]
Now, regarding the third step, which is that we must analyze each system (PV and Grid powered) within each need (A to F), and then observe in which needs (A to F) is it better to use a PV lighting system and in which needs (A to F) is it better to use a Grid powered lighting system.  Here we first analyze the data we have for both systems (PV and Grid powered) within each of  “the six needs” (A to F).  Then we note for each need (A to F), which system would better fulfill that particular need (e.g. Environmental).  As we saw earlier in this thesis paper when I presented steps one and three, which are defining (step one) and analyzing (step three) “the six needs” (A to F), we see the following: For need (A) Environmental, it is always better to use PV lighting systems.  For needs B, C, D, E and F, we see that the system that we should use depends upon which system is better in terms of (B) Safety and Aesthetics; Easier and less frequent in terms of (C) Installation, Replacement and Maintenance; Better in terms of (D) Lighting and (E) Efficiency; and Better in terms of (F) Economical (less Costs).  For all five of these “needs” (B to F) we see that they all depend mainly upon two things which are: 1. The system itself (the PV lighting system and the Grid powered lighting system), and 2. The location that we want to install the system. [Ref. My own creation]
Finally, regarding the fourth step, which is that we must decide on which system  (PV or Grid powered) is best to use overall- This depends on the decision we made regarding prioritizing in the second step and the results obtained through analysis in the third step.  In other words to decide on which system is best to use overall, the owner/s must first make a list of “the six needs” (A to F) in the order from 1 to 6, where 1 is the need which is given the most weight and 6 is the need given the least weight.  Then the owner/s must write down next to each number, which corresponds to the need’s priority, which system (PV or Grid powered) is best for each need.  From this completed list, the owner/s must decide which system (PV or Grid powered) to choose from- How the owner decides on this depends on his/her/their preference.  For example, if a particular owner decides that the list of priority should look like this 1A, 2B, 3C, 4D, 5E and 6F;  And the results of analysis are as follows: 1A. PV system, 2B. Grid powered system, 3C. Grid powered system, 4D. Grid powered system, 5E. Grid powered system, and 6F Grid powered system.  Then the owner looking at this completed list, must decide which system in his/hers/their opinion is best to use overall- This decision can be made in different ways which includes the following: The owner/s believe that A. Environmental needs are much more important than all other needs (B to F) combined, thus the owner/s looking at the completed list above (1A. PV system, 2B. Grid powered system, 3C. Grid powered system, 4D. Grid powered system, 5E. Grid powered system, and 6F Grid powered system), would choose to use PV Systems.  Thus it is the completed list and which of the need/s is/are most important to the owner/s, that will determine what system (PV or Grid powered) the owner/s will choose to use. [Ref. My own creation]
So far I have presented the following: What photovoltaic lighting is in general and in detail (for all applications); The different applications that exist for photovoltaic lighting; The various components of a photovoltaic lighting system (in particular the components for systems used in applications 1, 2 and 3); and The four steps that someone must take before choosing whether or not to use PV lighting systems for applications 1, 2 and 3.  Now I will do the following: I will demonstrate the full process in which one sizes a PV panel (“Sizing a PV panel”) for two applications (using two examples)- Note that this belongs with step 3 (see “E. Efficiency needs”)- By determining the size of a PV panel we are simultaneously determining the size of the entire system (i.e. sizing all components).  Finally I will present my conclusions about Photovoltaic (PV) lighting systems based on all of the information that I have presented in this thesis paper.

Now I will demonstrate the full process in which one sizes a PV panel (“Sizing a PV panel”) for two applications (using two examples)- Note that this belongs with step 3 (see “E. Efficiency needs”). The first example uses application 1. Parking Lot Lighting and the second example uses application 2. Street lighting (post-top luminary- pedestrian lighting).  Note that previously in E. Efficiency needs, I defined and analyzed the sixth and seventh step in the process of “Sizing a PV panel”.
For the first example which uses 1. Parking Lot Lighting, we have the following information: 1. It is located in San Diego, California (33 degrees latitude);  2. It will provide about 10 lux luminance;  3. The light source (a CFL) will operate 8 hours each night throughout the year;  4. It has a luminary which has one light source and the luminary has an optical efficiency of 50%, which uniformly distributes all light output on a circular area with a radius equal to the pole height;  5. “The light source is an 11 watt compact fluorescent lamp (CFL) powered by a dc ballast with a total system wattage of 13 watts”;  6. The “electronics (including charge controller and dc ballast) efficiency is 80%”;  7. “Battery charge-discharge efficiency including conduit loss is 60%”;  8. The PV panel is flat;  and 9. “The PV panel conversion efficiency is 10%”. [Ref. NLPIP Lighting Answers p. 28, 29 and 30]

We now use the above information in the steps we must take in order to find the correct size of the PV panel (“Sizing a PV panel”)- Note that by determining the size of a PV panel we are simultaneously determining the size of the entire system (i.e. sizing all components).  The steps that we must take to size the PV panel are as follows: 1. We must determine the wattage of the system- This is done by performing lighting calculations using the following parameters: A. The required luminance on the ground, B. The size of area to be lighted and C. The luminary efficiency- We find it to be 13 watts;  2. We select a light source-  From the given application (1), the required light output, and mounting height, the most efficient light source that one can use is a CFL;  3. “Calculate the daily energy consumed by the light source” (in watt-hours)-  E (Daily Consumed) = Lamp Wattage x Daily Operating Hours = 13 watts x 8 hours/day = 104 watt-hours/day;  4. “Calculate the electric energy that the PV panels need to produce each day”- We assume that the battery capacity is big enough to allow the required charging and discharging for powering the lamp (to work for 8 hours each day).  E (PV Produced) = E (Daily Consumed) / (Electronics Efficiency x Battery Charge / Discharge Efficiency) = (104 watt-hours/day) / (80% x 60%) = 217 watt-hours/day;  5. “Calculate the amount of solar radiation that the PV panels need to collect each day”- E (Solar Radiation Needed) = E (PV Produced) / (PV panel conversion efficiency) = (217 watt-hours/day) / 10% = 2170 watt-hours/day;  6. “Find the average daily solar radiation at the location for the seasons in which this lighting system will be used, or for the season with the lowest amount of solar radiation if designing for use all year-round”-  In San Diego, if we were to place a flat PV panel horizontally on the ground (facing the sky) in the month of December (month with least amount of sun for San Diego- Using the 30-year-average of monthly solar radiation on a horizontal), we would collect from the sun 2900 watt-hours/square meter/day.  To maximize the collection of daily solar radiation in December, we must tilt the PV panel southward toward the equator 33 degrees (San Diego’s latitude) + 15 degrees (for the winter season) = 48 degrees- This would make the PV panel collect 5000 watt-hours/square meter/day.  Since we want to use it all year round, we would keep the system tilted 48 degrees facing southward, so to maximize on the month which has the least amount of solar radiation for San Diego which is December- This will ensure that we are collecting enough solar radiation throughout the year;  7. “Calculate the size of the PV panel needed”- We have to calculate the size of the PV panel for the following two situations: A. If we place the panel horizontally on the ground (facing the sky), and B. If we tilt the panel 48 degrees facing southwards.  Solving first for (A) we get- Size of PV Panel = E (Solar Radiation Needed)/Daily Solar Radiation = 2170 watt-hours/day (amount of solar radiation needed- from 5 above) / 2900 watt-hours/square meters/day (amount collected when PV is placed horizontally- from 6 above) = 0.75 square meters.  Second, solving for (B) we get- Size of PV Panel = E (Solar Radiation Needed)/Daily Solar Radiation = 2170 watt-hours/day (amount of solar radiation needed- from 5 above) / 5000 watt-hours/square meters/day (amount collected when PV is tilted 48 degrees facing southward- from 6 above) = 0.43 square meters.  Thus from the above two results it would be wise to tilt the panel 48 degrees facing southward so to decrease the size of the PV panel and in turn to decrease the size of all other components of the system- Therefore the size of the PV panel will be 0.43 square meters “in order to collect enough solar energy to power this” parking lot lighting system, so that it could provide “approximately 10 lux (100 moonlights) on the pavement throughout the night” for the entire year. [Ref. NLPIP Lighting Answers p. 28, 29 and 30]
For the second example which uses 2. Street lighting (post-top luminary- pedestrian lighting), we have the following information: 1. It is located in San Diego, California (33 degrees latitude);  2. It will provide about 0.5 lux luminance;  3. The light source (an LED) will operate 8 hours each night throughout the year;  4. It has a luminary which has one light source and the luminary has an optical efficiency of 50%, which uniformly distributes all light output on a circular area with a radius equal to the pole height;  5. “The light source is a 1 watt light emitting diode (LED), powered by an LED driver, with total system wattage of 1.5 watts”;  6. The “electronics (including charge controller and LED driver) efficiency is 80%”;  7. “Battery charge-discharge efficiency, including conduit loss, is 60%”;  8. The PV panel is flat;  and 9. “The PV panel conversion efficiency is 10%”. [Ref. NLPIP Lighting Answers p. 28, 29 and 30]
We now use the above information in the steps we must take in order to find the correct size of the PV panel (“Sizing a PV panel”)- Note that by determining the size of a PV panel we are simultaneously determining the size of the entire system (i.e. sizing all components).  The steps that we must take to size the PV panel are as follows (the same as seen in the first example before): 1. We must determine the wattage of the system- This is done by performing lighting calculations using the following parameters: A. The required luminance on the ground, B. The size of area to be lighted and C. The luminary efficiency- We find it to be 1.5 watts;  2. We select a light source- From the given application (1), the required light output, and mounting height, the most efficient light source that one can use is an LED. Note that “CFLs are not available in small enough lumen packages (i.e. with low enough total light output ratings) to be used in this application”;  3. “Calculate the daily energy consumed by the light source” (in watt-hours)-  E (Daily Consumed) = Lamp Wattage x Daily Operating Hours = 1.5 watts x 8 hours/day = 12 watt-hours/day;  4. “Calculate the electric energy that the PV panels need to produce each day”-  We assume that the battery capacity is big enough to allow the required charging and discharging for powering the lamp (to work for 8 hours each day).  E (PV Produced) = E (Daily Consumed) / (Electronics Efficiency x Battery Charge / Discharge Efficiency) = (12 watt-hours/day) / (80% x 60%) = 25 watt-hours/day;  5. “Calculate the amount of solar radiation that the PV panels need to collect each day”- E (Solar Radiation Needed) = E(PV Produced) / (PV panel conversion efficiency) = (25 watt-hours/day) / 10% = 250 watt-hours/day;  6. “Find the average daily solar radiation at the location for the seasons in which this lighting system will be used, or for the season with the lowest amount of solar radiation if designing for use all year-round”- In San Diego, if we were to place a flat PV panel horizontally on the ground (facing the sky) in the month of December (month with least amount of sun for San Diego- Using the

30-year-average of monthly solar radiation on a horizontal), we would collect from the sun 2900 watt-hours/square meter/day.  To maximize the collection of daily solar radiation in December, we must tilt the PV panel southward toward the equator 33 degrees (San Diego’s latitude) + 15 degrees (for the winter season) = 48 degrees- This would make the PV panel collect 5000 watt-hours/square meter/day.  Since we want to use it all year round, we would keep the system tilted 48 degrees facing southward, so to maximize on the month which has the least amount of solar radiation for San Diego which is December- This will ensure that we are collecting enough solar radiation throughout the year;  7. “Calculate the size of the PV panel needed”- We have to calculate the size of the PV panel for the following two situations: A. If we place the panel horizontally on the ground (facing the sky), and B. If we tilt the panel 48 degrees facing southwards.  Solving first for (A) we get- Size of PV Panel = E (Solar Radiation Needed)/Daily Solar Radiation = 250 watt-hours/day (amount of solar radiation needed- from 5 above) / 2900 watt-hours/square meters/day (amount collected when PV is placed horizontally- from 6 above) = 0.09 square meters.  Second, solving for (B) we get- Size of PV Panel = E (Solar Radiation Needed)/Daily Solar Radiation = 250 watt-hours/day (amount of solar radiation needed- from 5 above) / 5000 watt-hours/square meters/day (amount collected when PV is tilted 48 degrees facing southward- from 6 above) = 0.05 square meters.  Thus from the above two results it would be wise to tilt the panel 48 degrees facing southward so to decrease the size of the PV panel and in turn to decrease the size of all other components of the system- Therefore the size of the PV panel will be 0.05 square meters “in order to collect enough solar energy to power this” street lighting (post-top luminary) system, so that it could provide approximately 0.5 lux (5 moonlights) on the pavement throughout the night for the entire year. [Ref. NLPIP Lighting Answers p. 28, 29 and 30]
From the above two examples using applications 1. Parking Lot Lighting and 2. Street lighting respectively, we showed the process in which one sizes a PV panel (“Sizing a PV panel”)- Note that this belongs with step 3 (see “E. Efficiency needs”).  From both these examples we saw that in San Diego tilting the PV panel 48 degrees facing southward would maximize the amount of solar radiation collected by a flat panel in December.  By positioning the PV panel in this way, we would minimize the size of the panel and in turn minimize the size of all system components- Finally this would help minimize the cost of the entire system.  Thus in sizing the PV panel we simultaneously size the entire system (all system components). [Ref. NLPIP Lighting Answers p. 28, 29 and 30]
Chapter 6- Conclusions
Now finally, I will present my conclusions about Photovoltaic (PV) lighting systems based on all of the information that I have presented in this thesis paper.  More specifically I will do the following: First I will recap what has been presented in this paper;  Second I will present a brief overview of what Photovoltaic (PV) lighting systems and Grid powered lighting systems are;  Third I will present a brief overview of what are the four steps that someone must take before choosing whether or not to use PV lighting systems for applications 1, 2 and 3;  Fourth I will present my opinions about Photovoltaic (PV) lighting systems- In other words my opinions about the four steps that someone must take before choosing whether or not to use PV lighting systems (for applications 1, 2 and 3); and Fifth I will present the “designing process for lighting systems” which I have created.

To recap all that I have written in this thesis paper we see that I have presented the following: What photovoltaic lighting is in general and in detail (for all applications); The different applications that exist for photovoltaic lighting; The various components of a photovoltaic lighting system (in particular the components for systems used in applications 1, 2 and 3);  The four steps that someone must take before choosing whether or not to use PV lighting systems for applications 1, 2 and 3;  and I have demonstrated the full process in which one sizes a PV panel (“Sizing a PV panel”) for two applications (using two examples)- Note that this belongs with step 3 (see “E. Efficiency needs”)- By determining the size of a PV panel we are simultaneously determining the size of the entire system (i.e. sizing all components).
In order to get a brief overview of all the things that I have presented in this thesis paper regarding Photovoltaic (PV) lighting systems and Grid powered lighting systems, I will present again the following: 1. Grid powered lighting systems use the existing electrical grid network in order to get the power they need so that they could work properly in providing the required lighting. [Ref. Internet and NLPIP Lighting Answers];  2. Photovoltaic lighting is lighting which is partially or fully powered by Photovoltaic (Solar) Panels which are made up of one or more PV modules where each module has one or more PV cells- See Figures 1A, 1B and 1C.  In general a Photovoltaic lighting system collects energy from the sun (when sunlight hits the solar panels it creates a current), this current is then directed and stored in a battery or a number of batteries and then at night the energy is released (current flows) from the battery/batteries to feed the light source.  The PV lighting system components and the energy flow diagram are shown in Figure 8. [Ref. NLPIP Lighting Answers p. 2 and 4, and Φψτοβολταϊκη Τεχνολογία π. 77 and 140];  3. There are various types of photovoltaic lighting system applications which are as follows: A. Parking lot lighting (in remote places);  B. Street lighting (post-top luminary- pedestrian lighting, road lighting for automobiles);  C. Pathway lighting (Indicator Luminary-Rural pathway, Tile Path);  D. Campground/Recreation lighting;  E. Sea lighting (Marine, Lighthouse);  F. Signage lighting (Bus Stop lighting);  G. Lanterns; and H. Security lighting (motion sensor). [Ref. Internet and NLPIP Lighting Answers];  4. In this paper we only dealt with applications 1, 2 and 3- The diagrams of three types of PV lighting systems used in the above three applications (1, 2 and 3) are shown in Figures 2, 3, 4 respectively.  Also we see a picture of actual post top luminaries (application 2) in 

Figure 3A. [Ref. NLPIP Lighting Answers p. 10 and 25];  5. From Figures 2, 3 and 4, we see that a PV lighting system will require a pole, luminary, lamp, PV panel, battery and electric equipment (e.g. controller). [Ref. NLPIP Lighting Answers p. 10 and 25];  6. The Grid powered lighting system will require a pole, luminary, lamp and wiring to connect to the grid. [Ref. Internet and NLPIP Lighting Answers]
In order to get a brief overview of all the things that I have presented in this thesis paper regarding the four steps that someone must take before choosing whether or not to use PV lighting systems for applications 1, 2 and 3, I will present again the following: 1. The four steps are as follows: The first step is to define “the six needs”;  The second step is that we must prioritize the six needs (A to F) according to what we believe is the most to least important;  The third step is that we must analyze each system (PV and Grid powered) within each need (A to F), and then observe in which needs (A to F) is it better to use a PV lighting system and in which needs (A to F) is it better to use a Grid powered lighting system;  Finally, the fourth step is that we must decide on which system (PV or Grid powered) is best to use overall- This depends on the decision we made regarding prioritizing in the second step and the results obtained through analysis in the third step. [Ref. My own creation]
2. Regarding the first step, we see that “the six needs” are as follows: 

A. Environmental needs (includes considering recycling and scrapping of the PV lighting system/parts);  B. Safety and Aesthetics needs;  C. System Installation, Replacement and Maintenance needs;  D. Lighting needs;  E. Efficiency needs- Based on the following: a. Performance based- How fast and accurate do the system components finish the tasks they are meant to do, and b. Energy/Power Capacity based-The Energy/Power capacity of the individual components and system as a whole; and F. Economic needs. [Ref. My own creation]
3. Regarding the third step, I will now present the results obtained from the analysis done within two of “the six needs”- In other words we will see again which system (PV or Grid powered) is better to use in need “E” and in need “F”- The analysis performed for each need (“E” and “F”) includes the examples shown for need “E” (two examples- Which demonstrated the full process in which one sizes a PV panel) and the examples shown for need “F” (nine examples- which use the Life Cycle Cost (LCC) Analysis).  In the next two paragraphs I present need “E” and need “F”. [Ref. My own creation]
A. The most important results of the analysis done within need “E” are as follows: a. For every PV lighting system used in each of the three applications (1, 2 and 3) we want to obtain the most efficient components- The most efficient components are defined as: A. The components that can finish the tasks they are meant to do faster and more accurately than all other components; and B. The components which have a bigger Energy/Power capacity than other components.  Note that the more efficient a component is the more expensive it will be;  b. The components of a PV system that are Performance based (a) (in B above) are the PV panel, Electronics, Light source, and the Luminary.  The components of a PV system that are Energy/Power Capacity based (b) (in B above) are the battery;  c. Overall system efficiency is equal to the “Overall system efficacy” (E = η(ΡV)*η(bat)*η(ele)*Ε(src)*η(lum)).  Where the η and Ε(src) are the efficiencies of the system parts;  d. In order to be most efficient in using a PV lighting system as a whole, one must first size the PV panel (“Sizing a PV panel” is a process shown in the two examples that I have presented earlier)- Note that by determining the size of a PV panel we are simultaneously determining the size of the entire system (i.e. sizing all components).  To size the PV panel one must take into account the location on earth (in degrees latitude) that the PV system will be placed and the month which the PV panel will be exposed to the least amount of direct solar radiation.  From this information we get the angle and direction (north or south) that the PV panel should be placed in order to maximize the direct solar radiation collected for the month that this location gets the least amount of sun light.  With the above information and other information presented in the two examples discussed earlier, we get the minimum size that the PV panel could be.  From this determined PV size, we could then find the corresponding size of all the other components;  e. Note that when sizing a PV panel one must keep in mind to over design a system in order to make sure that we can collect enough solar energy each day throughout the year- Even during worst case scenarios (i.e. days that weather conditions will provide no sunlight at all)- This would increase the size of the PV panel and all other components as well;  f.  Once we determine the size of the PV panel and all its other system components, we then look to obtain the most efficient component types (e.g. LED) for all components (e.g. light source);  g. Once we choose all component types for all components we then determine the overall efficiency of the system using the formula for “overall system efficacy” (E = η(ΡV)*η(bat)*η(ele)*Ε(src)*η(lum))- Note that the system obtained would be the most efficient PV lighting system one can use for a particular application (1, 2 or 3), over a certain period of time;  h. From the above analysis, once we get the overall efficiency of the most efficient PV lighting system that can be used for a particular application (1, 2 or 3) over a certain period of time, we would then find the efficiency of the most efficient Grid powered lighting system that can be used for the same application (1, 2 or 3), over the same period of time.  Finally, we would compare the two and which ever system (PV or Grid powered) is most efficient should be the one to choose regarding efficiency.  Thus, after the analysis, if both the PV lighting system and Grid powered lighting system can support the required E. Efficiency needs equally, then we would have to decide which one of the two to use based on the other needs (A, B, C, D and F);  i. If  we chose to install a PV lighting system, in order to ensure that the system will run efficiently throughout its entire life at the given location, the owner of the system must do the following things: A. First he/she/they must have experienced professionals install the system.  This will help make sure that the system is installed correctly- If the system is installed correctly it will work correctly, thus it will work as efficiently as possible, as expected;  B.  Second he/she/they must make sure that experienced professionals maintain the system correctly and on a regular basis so that the system could remain working at the efficiency level that it is capable of; and C. Third he/she/they must use experienced professionals to replace system components when they have lost enough of their efficiency to make the system work way below its expected overall efficiency level (again overall system efficiency is equal to “overall system efficacy”- see (g) above);  j. Finally we see as presented earlier in this thesis paper, in E. Efficiency needs, the following: A. There are risks involved in using PV lighting systems which would negatively affect the E. Efficiency needs.  An example of these risks is Power fluctuations, which I will now explain further: “Power conditions provided by PV lighting systems may vary much more than those provided by Grid powered lighting systems”.  From this information we can assume that the fluctuations in power that a PV lighting system goes through, may prevent the PV system from working to its fullest potential in providing the required light needed and in lasting throughout its expected life span.  The degree to how much a PV lighting system’s efficiency is affected by its power fluctuations depends on how much these fluctuations affect the light source/s used in each system.  If one uses light sources that are greatly affected by power fluctuations such as Gas discharge light sources (e.g. fluorescent and HID) then the efficiency of the system will be affected to a big degree.  However if one uses light sources that are less affected by power fluctuations such as LEDs or Incandescent light sources then the efficiency of the system will be affected to a small degree.  Note that there is “no data available to end users concerning the performance” of the above mentioned lighting sources (e.g. fluorescent and HID) under different power conditions (e.g. when there are power fluctuations or when power is stable), thus “the risks of using these light sources in PV lighting systems increases”- Therefore the risk of using a PV system as a whole also increases;  B. From (A) we see that the only way to help eliminate the above risks is through more research- This type of research (which will help eliminate risks) will help us find the causes and then help us take the proper measures (e.g. redesign the components/systems) so that these causes will no longer affect the efficiency of the system again.  I will discuss this further at the end of this thesis paper in my conclusions;  C. We should also keep in mind that efficiency also includes productivity, size and reliability.  In other words, we must strive for all PV lighting systems and their components to be as productive, as small in size and as reliable as is possible in order for the system to be as efficient as it can be.  This level of efficiency can be attained through research- This type of research will help improve the efficiency level of the system.          From the above it seems that both types of research (the one here and the one in the previous paragraph) play a big role in helping to improve PV lighting system efficiency.  I will further discuss productivity, size and reliability at the end of this thesis paper in my conclusions;  D. Therefore from the above, in order to make things more clear, we see that there are two types of research, one is research which would help eliminate risks PV lighting systems have and the second is research which would help improve the level of efficiency (productivity, size and reliability) of a PV lighting system.  Ultimately, both types of research do the same thing, which is improve PV lighting system efficiency. [Ref. NLPIP Lighting Answers p.11,15,16,17,18,19,20,21,22,23 and 27 + p. 28, 29 and 30]
B. The most important results of the analysis done within need “F” are as follows: a. It is less costly to use PV lighting systems where the location is 1.6 kilometers or more away from the electric grid network;  b. For distances close to the electric grid (e.g. 15.2 meters away), we see that the lighting requirements will determine which system will cost less.  In other words, for small lighting requirements (e.g. 0.5 lux) a PV lighting system is less costly, but for big lighting requirements (e.g. 10 lux) a Grid powered lighting system is less costly;  c. We usually want to over design a system in order to make sure that we can collect enough solar energy each day throughout the year- Even during worst case scenarios (i.e. days that weather conditions will provide no sunlight at all)- This would increase the size of the PV panel and all other components as well thus increasing the PV system’s overall cost;  d. If one uses financial subsidies that are available through the government, European Union or other entity, this would reduce a significant portion of the capital costs of a PV lighting system;  e. Thus from the standpoint of F. Economic needs, one should choose PV lighting systems when the location is 1.6 kilometers or more from the electric grid network and alternatively for locations close to the electric grid (e.g. 15.2 meters away) one should choose between PV lighting or Grid powered lighting depending on the lighting requirements of the location.  Also, for the situations where both the PV lighting system and Grid powered lighting system can support the required E. Efficiency needs equally, we would then have to decide which one of the two to use based on the other needs (A, B, C, D and E);  f. Finally we see as presented earlier in this thesis paper, in F. Economic needs, the following: A. The risks that negatively affect the efficiency of a PV system and its components (as I discussed in E. Efficiency needs) also has a negative affect on F. Economic needs (they cause costs to increase).  From “power fluctuations” which is an example of the above mentioned risks that I presented earlier (basically that “power conditions provided by PV lighting systems may vary much more than those provided by Grid powered lighting systems”), we see that such risks add unexpected (hidden) costs to the system.  In other words when someone pays more money to buy a PV system/component that is more efficient but that PV system/component does not work as efficiently as it is expected to work, the owner/s therefore spent more money than he/she/they should have spent.  Thus these risks add to a PV system’s unexpected (hidden) costs;  B. Also from E. Efficiency needs, we see that the only way to help eliminate the above risks is through more research- To be more clear the type of research used here is the type that helps eliminate risks.  As far as F. Economic needs are concerned, we see that more research would increase the costs of the PV system but this would help offset (cancel) the unexpected (hidden) costs that are associated with the above risks;  C. In addition, as discussed in E. Efficiency needs, we see that efficiency also includes productivity, size and reliability.  That we must strive for all PV lighting systems and their components to be as productive, as small in size and as reliable as is possible in order for the system to be as efficient as it can be.  This level of efficiency can be attained through research- To be more clear the type of research which would help the efficiency (productivity, size and reliability) level of the system improve.  From the above it seems that both types of research (the one here and the one in the previous paragraph) play a big role in helping to improve PV lighting system efficiency.  As far as F. Economic needs are concerned, we see that more research would increase the costs of the PV system but on the other hand having a system that is more productive, smaller in size and more reliable would help reduce the costs of the system.  Thus the costs saved from systems that are more efficient (more productive, smaller in size and more reliable) would offset (cancel) the costs of the research done to make these systems more efficient;  D. Therefore from the above, in order to make things more clear, I state once more the following: One is that the costs associated with research which would help eliminate risks PV lighting systems have (e.g. power fluctuations) would help offset (cancel) the costs associated with the above risks.  The second is that the costs saved from systems that are more efficient (more productive, smaller in size and more reliable) would help offset (cancel) the costs associated with the research which would help improve the level of efficiency (productivity, size and reliability) of a PV lighting system. [Ref. NLPIP Lighting Answers p. 11,12,13,14,19,23,26, 27, 31,32,33,34,35,36,37 and 38]
I now present my opinions about Photovoltaic (PV) lighting systems- In other words my opinions about the four steps that someone must take before choosing whether or not to use PV lighting systems (for applications 1, 2 and 3).  My opinions about the above are as follows: 1. Regarding the second step, which is that we must prioritize the six needs (A to F) according to what we believe is the most to least important, giving the first one the biggest weight and the last one the least weight.  I believe that they should be prioritized as follows: A. Environmental needs (includes considering recycling and scrapping of the PV lighting system/parts);  B. Safety and Aesthetics needs;  C. System Installation, Replacement and Maintenance needs;  D. Lighting needs;  E. Efficiency needs- Based on the following: a. Performance based- How fast and accurate do the system parts finish the tasks they are meant to do, and b. Energy/Power Capacity based- The Energy/Power capacity of the individual components and system as a whole; and F. Economic needs.  2. Regarding the fourth step, which is that we must decide on which system  (PV or Grid powered) is best to use overall- This depends on the decision we made regarding prioritizing in the second step and the results obtained through analysis in the third step.  From the results that I obtained in the third step (the analysis which I performed for each of “the six needs”), I will now write down beside each “need” the system (PV or Grid powered) that best satisfies it- This is done as follows: A. Environmental needs- PV lighting systems;  B. Safety and Aesthetics needs- Depends on the location;  C. System Installation, Replacement and Maintenance needs- Depends on location, size of system and person/s who Install/s, Replace/s and Maintain/s the system;  D. Lighting needs- Depends on the location;  E. Efficiency needs- Depends on the location, and the overall efficiency of the system and the efficiency of each component; and F. Economic needs- For locations far from the electric grid network (e.g. 1.6 kilometers or more away) one should use PV lighting systems.  For locations close to the electric grid (e.g. 15.2 meters away) one should choose between PV lighting or Grid powered lighting depending on the lighting requirements of the location- Regarding small lighting requirements (e.g. 0.5 lux) one should choose a PV lighting system and regarding big lighting requirements (e.g. 10 lux) one should choose a Grid powered lighting system. 3. From the above completed list (the list created in (2)), the owner/s must decide which system (PV or Grid powered) to choose from (for each application 1, 2 and 3)- How the owner decides on this depends on his/her/their preference.  Note that in our case the list is not complete in a number of “needs” because a clear best choice is not defined (e.g. for D. Lighting needs- Depends on the location).  In my opinion, from the “above completed list”, even though it is not complete, I would always choose PV lighting systems for all three applications (1, 2 and 3) but under the condition that more research is done to improve the efficiency of PV lighting systems in all applications first- I will explain further about this condition after I explain my decision.  The reason why I would always choose PV lighting systems for all three applications (1, 2 and 3) is because PV lighting systems satisfy “need A” more than Grid powered lighting systems.  This is due to the fact that producing and using Grid powered lighting systems pollutes the environment much more than producing and using PV lighting systems.  I believe that the A. Environmental needs are much more important than all the other “needs” (B to F) combined because the earth is our only home and we must do everything in our power to protect it and keep it clean for the survival of our children and our children’s children and so on- This should be done with as much monetary and human labor costs as needed.  
4.  My statement above which expresses my decision in always choosing PV lighting systems over Grid powered lighting systems is again as follows: “In my opinion, from the “above completed list”, even though it is not complete, I would always choose PV lighting systems for all three applications (1, 2 and 3) but under the condition that more research is done to improve the efficiency of PV lighting systems in all applications first”.  What I meant was that before I would choose to use PV lighting systems for applications 1, 2 and 3, over Grid Powered lighting systems, first enough research must be done to get PV lighting systems to be as efficient as they can get.  The research that must be done to make the PV systems and their components as efficient as they can get, can be accomplished if we do the following: A. First take into account the definitions and analysis of the E. Efficiency needs section which I presented earlier in this paper- This will show us how to obtain the efficiency of existing components individually and the overall efficiency of PV systems;  B. Second take into account what was mentioned earlier in both E. Efficiency needs and F. Economic needs, that there are risks involved in using PV lighting systems which would negatively affect both “needs” E and F.  An example of these risks was presented which was on power fluctuations (basically that “power conditions provided by PV lighting systems may vary much more than those provided by Grid powered lighting systems”).  From this example we see the following: a. Since “power conditions provided by PV lighting systems may vary much more than those provided by Grid powered lighting systems”, we can assume that the fluctuations in power that a PV lighting system goes through, may prevent the PV system from working to its fullest potential in providing the required light needed and in lasting throughout its expected life span.  Thus research must be focused on stabilizing the power of PV lighting systems- In other words to reduce power fluctuations in these systems as much as is possible;  b. Also, we see that the degree to how much a PV lighting system’s efficiency is affected by its power fluctuations depends on how much these fluctuations affect the light source/s used in each system.  In other words if one uses light sources that are greatly affected by power fluctuations such as Gas discharge light sources (e.g. fluorescent and HID) then the efficiency of the system will be affected to a big degree.  However if one uses light sources that are less affected by power fluctuations such as LEDs or Incandescent light sources then the efficiency of the system will be affected to a small degree.  Therefore from this information, we see that research should also be focused on testing to see how well all types of lighting sources perform under PV power fluctuations and find ways to decrease their sensitivity to these power fluctuations;  and 

c. Also, we see that there is “no data available to end users concerning the performance” of the above mentioned lighting sources in (b) above (e.g. fluorescent and HID) under PV power conditions (e.g. when there are power fluctuations or when power is stable), thus “the risks of using these light sources in PV lighting systems increases”- Therefore the risk of using a PV system as a whole also increases.  C. Third, take into account that efficiency also includes productivity, size and reliability.  In other words one must do the following regarding these three: a. Productivity- Redesigning the components and the system in a way that they could get to be as productive as they could possibly get- In other words do enough research until you improve the productivity of each component such that for a given input the output will be as high as possible.  For example, for the PV panels to be as productive as possible, these panels must be able to convert the minimum amount of sunlight into the maximum amount of usable energy.  If we are able to redesign all components to be as productive as possible we would then get the system to be as productive as possible as a whole- In other words for the least amount of input (sunlight) to the system we would maximize our output as much as possible- Our output is the level of light for the length of time (in hours) that the system is required to provide this level every night throughout the year;  b. Size- We want to make the system as small (compact) as it can possibly get but simultaneously maintain its maximum level of productivity.  From this thesis paper we know that when we size a PV panel we also size all other system components.  Therefore in order to decrease the size of the entire system as much as possible we must make the PV panel as small as possible, and at the same time design the panel in such a way that it will be able to collect as much sunlight as possible at its given location; and c. Reliability- For a system to be Reliable, it must work at the efficiency level that the manufacturer claims under certain specified conditions (e.g. temperature).  However if the system runs at a much lower efficiency level than expected under the specified conditions then one must do research and find out the cause/s for the drop in efficiency.  Once we find this/these cause/s we have to find ways in which we can stop it/them from affecting our system’s efficiency, which may include redesigning system components.  Once we reach the point in time at which we are able to account for all causes that could prevent the system from running at its intended efficiency level and we have adjusted the system (e.g. redesigned the systems components) so that these causes will no longer affect its intended efficiency, we would then have made the system truly reliable- As reliable as it can get.  4. From the above we see that it is important to do as much research as is necessary in order to improve the efficiency (includes productivity, size and reliability) level of PV lighting systems as much as is possible for all three applications (1, 2 and 3).  The highest level of efficiency will be attained if enough money and resources (labor and natural) are spent in research- Research includes testing and redesigning system components and the system as a whole, as much as is needed in order to help all PV lighting system components and all systems as a whole reach their maximum potential. [Ref. NLPIP Lighting Answers + My own creation]
Finally, I will now present the “designing process for lighting systems” which I have created.  1. Keeping the above information in (4) in mind we will now see that if a company follows the “designing process for lighting systems” which I have created, that company would be able to spend as much money and resources as is needed in research, design and production in order to satisfy “needs A to E” now (in the short run) without worrying about “need F” because in time (in the long run) “need F” will be satisfied on its own- “Need F” will be satisfied if the government guaranties the company that it will be allowed to mass produce the finished PV lighting system products it creates.  Note that what would also help the company is if the government funds part of the research.  And if more purchasers would be willing to buy these PV lighting systems once the PV systems were created- This would happen if the purchasers of the PV systems were to take advantage of financial subsidies that are available through the government, European Union or other entities.  I will now present the “designing process for lighting systems” which I have created.  2. I believe that in order to properly research, design and produce PV lighting systems country wide, and world wide if possible, a company should follow my “designing process for lighting systems”, which is as follows:  Step 1-  The system we are to use must be environmentally safe;  Step 2- Once we know that the system will not pollute the environment we then must see if the system at its intended location will be safe for people and other living beings- In other words that it is stable and that it does not pose the potential of hurting anyone/anything;  Step 3- Once we know that a system is both environmentally sound and safe for all living things, we must then see that the location where the system should be will allow the system to be installed, replaced and maintained properly;  Step 4- Then, we must see if the system at the given location can provide the level of light for the length of time (in hours) required each night of the year.  Step 5- Once we know that the system can support the required lighting output, we must then see that the system gets to be as efficient as it can possibly get in providing this required light output.  In other words we want the system and its parts to be as efficient as they can be in collecting solar energy, storing and releasing this energy, and in providing the required light output.  Note that getting the system and its parts to be as efficient as they can possibly get will take a lot of research.  Also note again that efficiency includes productivity, size and reliability as discussed earlier in (3B) above.  Step 6-Once we see that the system is as efficient as it could possibly get in providing the required light output, the company should sell the system for as low as possible- Taking into account the government’s funds for research and the guaranty the company has in mass producing the systems it creates.  3. My “designing process for lighting systems” shows that initially (in the short run) a lot of money and resources (human and natural) should go into research, design and production of a lighting system so to satisfy “needs A to E” to the highest degree possible.  However with time (in the long run) due to the success in satisfying “needs A to E”, “need F” will also be satisfied because the lighting systems will be mass produced and used throughout the country (as guarantied by the government)- When a product is mass produced the total cost per system will decrease as the number of products produced increase.  Thus no matter how much money and resources (labor and natural) were spent in research, development and production, the company will eventually in time recover that money.  Therefore if we concentrate in satisfying “needs A to E” now (in the short run), “need F” will be satisfied by itself in time (in the long run) due to the success in satisfying “needs A to E” and with the guaranty and financial support of the government. [Ref. NLPIP Lighting Answers + My own creation]
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Figure 8

PV lighting system components and energy flow diagram
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Figure 2
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Figure 3
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Figure 3A

PV- powered luminaries used to illuminate a pathway
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Figure 4
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Figure 5

Configurations of PV lighting systems with different light sources
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Figure 6

[image: image1.emf]Examples of NREL solar radiation data

Figure 7

PV panel size requirements in different months for different US cities
Parking Lot Luminary
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Table 1

Assumptions used to calculate total system efficacy
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Table 2

System efficacy for stand-alone PV lighting with different light sources (with projection for future years)
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Table 3A

10-year life cycle cost comparison of luminaries

(located 50 ft [15.2 m] from grid)
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Supplement 3A
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One 10-lux illuminator: parking lot luminary
Supplement 3B

For one 10-lux illuminator: parking lot luminary
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Table 3C

Life cycle cost comparison of lighting systems with 10 luminaries

(located one mile [1.6 km] from grid
[image: image14.emf]
Supplement 3C

For ten, 10-lux illuminators: parking lot luminaries
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Component Present worth ($) Present worth ($)
PV panel 300 -
Electronics 100 -
Battery 0 yr. 100 -
Battery 5 yr. 95 -
Luminaire hardware 200 200
Lamp 0 yr. 10 10
Lamp 3 yr. 10 10
Lamp 6 yr. 9 9
Maintenance 479 192
Electricity - 31
Grid line extension (50 ft) - 800
TOTAL $1303 $1252

(Note: For all tables in this case study, 'Present worth' represents the value or 'worth' of a future
cost, given a prevailing rate of interest and inflation.)




Table 4A

Life cycle cost comparison of luminary

(located 50 ft [15.2 m] from grid)
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Supplement 4A

[image: image24.png]PV-powered lighting Grid-powered lighting

Component Present worth ($) Present worth ($)
PV panel 3000 -
Electronics 1000 -
Battery O yr. 1000 -
Battery 5 yr. 953 -
Luminaire hardware 2000 2000
Lamp 0 yr. 100 100
Lamp 3 yr. 97 97
Lamp 6 yr. 94 94
Maintenance 4789 1916
Electricity - 364
Grid line extension (1 mi.) - 30,000

TOTAL $13,033 $34,571




One 0.5-lux illuminator: post-top luminary
Supplement 4B

For one 0.5 lux illuminator: post-top luminary
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Table 4C

Life cycle cost comparison of lighting systems with 10 luminaries

(located one mile [1.6 km] from grid)
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Supplement 4C

[image: image25.png]PV-powered lighting Grid-powered lighting

Component Present worth ($) Present worth ($)
PV panel 30 -
Electronics 10 -
Battery O yr. 20 -
Battery 5 yr. 19 -
Luminaire hardware 80 80
Lamp 0 yr. 15 15
Lamp 3 yr. - -
Lamp 6 yr. - -
Maintenance 239 96
Electricity - 4
Grid line extension (50 ft) - 800

TOTAL $414 $995




For ten, 0.5-lux illuminators: post top luminaries

Supplement 5A
5 Indicator Luminary
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Supplement 5B
5 Indicator Luminary
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Supplement 5C

[image: image26.png]PV-powered lighting Grid-powered lighting

Component Present worth ($) Present worth ($)
PV panel 300 -
Electronics 100 -
Battery 0 yr. 200 -
Battery 5 yr. 190 -
Luminaire hardware 800 800
Lamp O yr. 150 150
Lamp 3 yr. - -
Lamp 6 yr. - -
Maintenance 2395 958
Electricity - 42
Grid line extension (1 mi.) - 30,000
TOTAL $4135 $31,950



5 Indicator Luminary
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