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This paper proposes a path forward which integrates forward thinking in efficiency with 

renewable energy generation and shows how to illuminate a large commercial or industrial 

building with zero net energy use, which of course means zero net CO2 emissions from lighting. 

 

Why Integrate Solutions Across Technology Platforms? 

 

Significant incremental gains are possible by picking a better luminaire, or by utilizing more 

daylight, or by installing a photovoltaic system on your rooftop, or by implementing better 

lighting controls.  However without an integrated design approach, such efforts can fall short of 

their intended outcomes because of subtleties in how the systems interact. Furthermore it is 

usually the case that optimizing any one sub-system results in a solution which is less than 

optimal had that subsystem been considered as part of the larger overall system within which it 

operates.  By looking at the entire lighting system, including how the energy is provided for that 

system, it follows that a pre-engineered solution which results in achieving overall sustainability 

goals for the building is the preferred approach. In order to achieve net zero, this requires looking 

at efficiency and renewable generation in combination, and optimizing the overall system rather 

than just individual components. 

 

The Key Elements 

 

We will first look briefly at each subsystem in isolation, then connect them together later. For 

large commercial and industrial buildings this means looking at four subsystems: 

A. Luminaires – LED technology is superior to T5 or T8 fluorescent technology. The 

essential reasons are higher light output per Watt, longer life, no maintenance, plus truly 

excellent system integration with intelligent controls and daylighting. LED’s auto-dim or 

brighten as needed in response to the variability inherent from daylight. 

B. Daylighting – We will show later in this paper that using a high efficiency sky dome for 

daylighting takes 1/10
th

 of the rooftop area to illuminate the building interior with zero 

emissions than using PV to power electric lights. This leaves more rooftop area available 

for HVAC systems and for more PV to offset other building electrical loads. This is only 

helpful however if the sky dome is designed for good optical efficiency, no leaks, has 

high R-value, and is protected against long-term yellowing of the outer dome. 

Furthermore daylight contributes to a more human-friendly interior environment. 

C. Photovoltaics (PV) – Large commercial and industrial buildings are often ideal 

candidates for rooftop PV solar arrays due to simple ballasted fixed mounting over low-

slope membrane roofs, at a scale which is very cost-effective. Yet it is often true that 

insufficient rooftop area exists to achieve net zero unless building efficiency measures are 

used in combination with PV generation. Preserving available rooftop area through the 

use of daylighting can help solve this problem. 
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D. Intelligent Controls – if the subsystems do not function correctly as parts of the larger 

system, then design goals will not be met. Intelligent controls are required to meet our 

system objectives. Intelligent lighting control includes: motion sensing, photo-sensing (or 

daylight harvesting), data logging, auto-dimming, and wireless communications. 

Furthermore if the daylight system and the electric light system do not emit similar light 

distributions, then control problems will occur. We will address this issue more below. 

Essential Thoughts on Luminaires: 

 

In a commercial building designed to achieve net zero, we argue that LED technology is the best 

way to go for the following reasons: 

1) Very high efficacy. Efficacy is a measure of how much light (Lumens) is produced per 

Watt of power consumed. The latest LED luminaires are producing 114 Lumens per 

Watt, and continue to evolve. We can expect another 5%-10% improvement in the next 

twelve months as the technology improves.  T5 and T8 fluorescent luminaires typically 

produce only about 89 – 104 Lumens/Watt. High output (HO) units are even less 

efficient, producing only 80 – 90 Lumens/Watt.  Despite this they are often used in large 

buildings due to higher total lumen output. Fluorescent bulb technology is nearing the 

end of its technology improvement curve and hence not much more efficacy 

improvement is expected from this approach in the coming months and years.  

2) Less degradation over time.  T5 and T8 fluorescent systems experience gradual light 

output degradation as the bulbs age, and then go completely dead at the end of bulb life.  

Fluorescent bulb life (typically rated for 20,000 hours) is normally expressed as the 

number of operating hours when 50% of a population of bulbs are completely dead.  This 

is not helpful to a high performance building because one cannot design for half of the 

bulbs to be dead. Therefore T5’s and T8’s require continuous maintenance for changing 

dead bulbs. LED’s in contrast will typically last 100,000 hours or more, with the end of 

life being defined as the point in time when light output has degraded by 20%. Most, if 

not all of the LED lights will still be operating at end of life, but at a slightly lower light 

output level. Typically zero maintenance is required for LED’s, and reliable lighting 

performance is maintained for the entire life of the luminaires. 

3) Auto-dimming and variable dimming.  LED’s are relatively easy to auto dim if less than 

full output is required by inputting less power to the luminaire. This makes LED’s 

relatively easy to integrate with intelligent controls, a topic to be discussed below. T5 and 

T8 fluorescent luminaires on the other hand generally employ multiple ballasts which 

shut off individual bulbs, resulting in a “stepped” mode of operation. This is better than 

full on-off control, but inferior to LED’s. Dimming ballasts do exist for T5 bulbs, but are 

not widely used. Frequent on-off switching of fluorescent bulbs shortens their life. LED’s 

do not suffer similar problems. 

The lighting manufacturers have been working hard for many years to produce reliable software 

which simulates lighting output by their luminaires. This highly evolved software enables a 

designer to specify the appropriate lighting fixtures and locations to achieve lighting design 

targets, before the building is built. Furthermore this software enables an architect or 

sustainability manager to predict the annual electrical usage of the lighting system, depending on 

assumptions about building occupancy and depending on lighting controls. 

 

The Necessity of Daylighting: 

 



  

Some may think that if LED’s are so efficient, and the cost of PV has come down so much, why 

bother with daylighting? Why not just put up LED’s and a large PV array? 

 

Intuitively this can be answered with the following thought experiment, which can then be 

verified with hard numbers. In such a system, consider how much light is provided at the work 

plane of the building versus how much light is available from the sky: 

 

20% best mono-silicon PV efficiency (usually 16% polysilicon is used due to lower cost) 

85% PV system efficiency from PV module output to AC power to grid 

30% efficiency converting AC power to usable light at the work plane 

 

Multiply these efficiencies together (0.20 x 0.85 x 0.30) and you arrive at an overall system 

efficiency of merely 5%. That is, only 5% (or 1/20
th

) of the sunlight incident on the roof ends up 

as usable light at the work plane in the building.  This very low 5% overall system efficiency 

means that cost is going to be high and that there may not even be enough roof area available to 

achieve net zero lighting. Clearly we need to do better, and utilizing a high efficiency daylighting 

system like the Replex Whole Sky Dome is better, as will be illustrated below.  

 

From here on, we will specifically talk about skylights or “toplighting” since we are exploring 

net zero designs for large low-slope roof buildings.  Windows or sidelights contribute light only 

near the perimeter of the building, which is a small percentage of total building area on large 

low-slope roof structures. 

 

In a toplighting or skylight system, the question arises what percentage of incident sunlight that 

enters the aperture of the system actually makes it down as usable light at the work plane inside 

the building? Most skylight producers have never thought about this question in depth and 

cannot provide any answers. They typically will state that their glazing has a certain light 

transmission value (maybe as high as 92%). This has zero correlation to the question that matters 

most:  what percentage of incident light reaches the work plane as usable illumination?  The 

optical design of most skylight systems causes huge light loss. For example one popular skylight 

system employs dual prismatic acrylic outer domes, which causes the majority of low angle 

incident light to be reflected back out into space. Most skylight systems use no light well, 

causing most of the incident light to be converted to heat on the interior of the curb. 

 

We have discovered that by using clear outer domes with curved mirrors in the light well, 

maximum optical efficiency can be achieved at all sunlight incidence angles. With a dual 

diffuser at the bottom of the unit (resulting in a quad pane system overall) hot spots can be 

eliminated, providing uniform illumination over the space of the building. The overall optical 

efficiency is estimated at 50%, although this number is variable depending on sun conditions and 

might range as low as 40% in some conditions and as high as 71% under perfect conditions. 

Nonetheless, comparing 50% versus 5% efficiency (for the all-electric solution), this system can 

deliver 10 times as much usable light to the work plane in the building per unit of aperture. 

Another way to state this is that the area of the PV system will have to be ten times the area of 

the skylight system to deliver roughly equal amounts of light to the work plane. An example 

below shows how this can work in practice. 

 

Ceiling height 40 feet 

Building area 112,000 sqft 

213 sky domes with LED’s spaced on 20x25 foot array = 3.2% of roof area 



  

Sky domes provide 40 fc (400 lux) or more at the work plane for an average of 7 hours/day 

 

Hence the electrically powered lighting system can be turned off for 7 hours per day. At night the 

LED’s automatically brighten up to full power. During transition periods (0-2.5 hours from 

sunrise, 0-2.5 hours before sunset, and during times of heavy precipitation, the LED’s will 

operate at fractional power consumption as needed to maintain design illumination levels. 

 

Essential Features of a high efficiency Daylighting System: 

 

1. Optical design delivers abundant diffuse light to the work plane at high optical efficiency. 

No hot spots and no glare as these make the work plane uncomfortable. 

2. Safety –the system meets OSHA fall protection requirements 

3. No leaks. The sky dome must be designed for durability. The manufacturer must back 

this up with a no-leak warranty. The sky dome must be designed for easy and correct 

installation by the roofing contractor. 

4. The sky dome must be durable for 30+ years of use, with little or no maintenance. It must 

not turn yellow from UV degradation over time, which would reduce light output. 

5. High R-value, so that heat losses in winter and heat gains in summer do not negate the 

energy savings gained from the lighting system. 

6. Low SHGC in southern geographies with high air conditioning loads 

7. No interior condensation in cold climatic conditions, preventing drips (this is related to 

high R-value, as well as to overall sky dome design) 

8. No air infiltration. Some lower quality but commonly employed skylight systems employ 

¼ inch diameter weep holes to allow interior condensation to flow by gravity to the 

exterior roof.  Unfortunately this strategy opens up the building to large air infiltration 

losses as well as providing a path for insects to enter. 

9. Security. The sky dome must deter thieves from entering. 

The rendering below shows a cutaway view of the Replex Whole Sky Dome which was designed 

to provide the 9 essential features noted above. For more details, contact the author of this paper. 

 

 
 

Finally, sky domes deliver significant intangible benefits. These benefits are hard to assign a 

dollar value but are of great value nonetheless. The biggest intangible benefit is that natural 

sunlight improves the mood and assists the circadian rhythm of the building occupants. Happy 

people are more productive, and after all, isn’t the building there for the use of the occupants? 



  

Shouldn’t we provide lighting that maximizes enjoyment of the space? Daylighting provides 

this! 

 

 

Photovoltaics (PV for short) – and what is “net zero lighting”? 

 

Across the USA, PV installations have been growing rapidly. Nobody knows for sure what will 

happen to the US solar industry when the 30% solar investment tax credit (ITC) expires on Dec 

31, 2016, or if by chance Congress will choose to extend the ITC for a longer and slower ramp 

down. For now, PV economics in the USA tend to be driven by the federal tax ramifications as 

well as state and local incentives.  In most USA locations it is still less expensive to purchase 

power from the grid than to produce the same power from PV. Furthermore PV power is 

intermittent and highly variable, so either a storage technology such as batteries must be 

employed or the system must be grid-connected. Grid connection enables a user-generator to use 

grid power when needed, and to push excess PV generated power back to the grid when excess 

PV power is available. This is what we mean by “net zero lighting”. We do not mean that the PV 

system supplies power anytime the luminaires need power, but rather we mean that over the 

course of a year the amount of energy drawn from the grid for lighting equals the amount of 

energy pushed back to the grid by the PV system. 

 

System costs for commercial rooftop PV systems have been declining steadily for the past 30 

years. Today a small system (10 – 20 kW) might typically cost $3/Watt whereas a larger 

ballasted roof mount system (200 kW or larger) could be under $2/W total installed cost. For 

example we recently obtained a quote of $2.67/Watt for a 45kW roof mounted PV array. 

 

PV system output is of course dependent on location and orientation and other factors such as 

shading. PV systems on large low-slope roofs do not typically suffer from shading problems so 

long as enough buffer space is allowed around HVAC equipment or other tall roof mounted 

structures. Having a low profile sky dome and therefore a minimum amount of buffer space 

around each sky dome is required, or else too much rooftop area is wasted for buffer zones.  PV 

is normally oriented south for maximum production, and is tilted at 10-15 degrees to improve 

output versus facing straight up to the sky. The geography of course affects PV output, so sunny 

areas such as Arizona have a much higher solar resource than Ohio or Seattle. The National 

Renewable Energy Lab publishes solar resource maps with reliable average annual values, as 

shown below. 



  

 
 

For example, Mount Vernon, Ohio, receives approximately 4 kWh/m2/day which means that 

each year this location receives approximately 4x365 = 1460 kWh of solar radiation per 

square meter of roof area. For an installation there, this translates into about 1300 kWh per 

year of energy production after system losses from each kW of installed PV capacity. 

 

Once it is understood how much energy can be produced from the PV system, the system can 

be sized appropriately to annually produce enough energy to offset the energy used by the 

lighting system (net zero lighting) or by the entire building (net zero).  

 

 

Intelligent Lighting Controls: 

 

The distinction between intelligent lighting controls and “dumb” controls can be a bit blurry. 

The simplest control is an on-off switch. The switch has zero intelligence built in and relies 

on human occupants to supply the intelligence. In practice the humans are plenty intelligent 

but choose to use their brainpower for higher level tasks rather than spend time running 

around switching lights on and off. In practice a building with dumb controls has the lights 

running at full power all day every day of use, regardless of occupancy level during the day. 

 

Intelligence typically comes into play first with motion sensors and timers. If no occupants 

are in a space for a preset period of time, the lights shut themselves off. This is simple and 

very effective at reducing energy use since it happens 100% automatically. 

 



  

A higher level of intelligence comes into play with photosensors and dimming capability. A 

photosensor measures available “free” light from the daylighting system, and reduces 

electrical light production, typically either by dimming or by selectively shutting down bulbs. 

This type of intelligence helps overcome the variability of natural light from daylighting 

systems. This concept is demonstrated in the graph below, which shows how the LEDs dim 

down as the sun rises, and then brighten back up in the evening as the sun sets. This sky 

dome output data was taken in Mount Vernon, Ohio at the spring equinox in 2015. 

 
 

Finally, additional intelligence comes into play through programmable control and data 

collection of actual usage.  By measuring actual energy use and logging the data, it becomes 

possible for a building owner or manager to fine tune the system for maximum comfort of the 

occupants with minimal energy use. For example, if certain areas have safety considerations, 

the program could keep the lights in that area at higher levels of illumination than other 

areas.  Areas with relatively infrequent use could have shorter timer settings on occupancy 

sensing than areas with high normal usage where frequent on/off cycling of lights would be 

annoying to the occupants. 

 

The photograph below shows the integrated sky dome with LED luminaires and intelligent 

controls, as seen by a building occupant below.  The light from the center region is 100% 

supplied by the sun, with no moving parts up above. The LEDs are visible around the 

perimeter and the DLA-LLE controls are on the top left corner. 

 



  

The good news on this integrated solution is 

that the candela distribution of the LED 

luminaires is a very good match to the candela 

distribution of the sky dome.  This eliminates 

the controls problem noted above which can 

happen when the distribution of light from the 

daylighting system does not match that of the 

electric light system. In that case the controls 

will not be able to balance the lighting in 

mixed mode where both daylight and electric 

light are in use simultaneously. 

 

 

An algorithm to achieve Net Zero lighting:  

 

1) Simulate the light levels for the building interior assuming that at nighttime the 
skylights produce zero light. Sufficient illumination must be provided by the LEDs 
alone. Reliable software exists to perform this simulation. 

2) Determine the normal or expected hours of operation of the building. If the building 
will only be used for one shift, perhaps 10 hours per day, then the daylighting 
system can be designed to provide 100% of the light most of the time. Clarify 
whether the building will typically operate 5 days/week or 7 days/week. The LEDs 
would only be required at night, in transition times near sunrise or sunset, and 
during periods of very low light level, such as during snowstorms or heavy rain. 
Estimate the KWH usage per year required for lighting from the total maximum KW 
draw of the lighting system, and the estimated demand schedule. 

3) Estimate the required area of a PV array to produce sufficient KWH per year to 
offset the estimated KWH/year for lighting.  We give an example below using 
specific products available in the market today. 

 

Example: 112,000 sqft (10,400 m2) building located in Ohio, employing 3% skylight area 

from Replex Whole Sky Domes, integrated with Digital Lumens LLE-6 luminaires and 

DLA-LLE intelligent controls. 40 ft (12m) ceiling height, designed for 45 fc (484 lux) 

average illumination at the work plane. 

 

Step 1:  Simulation results indicate the use of 213 hybrid lighting systems spaced on 20x25 

foot (6 m x 7.6 m) array. Each hybrid unit is comprised of one Replex Whole Sky Dome with 

four Digital Lumens LLE-6 luminaires and one DLA-LLE controller. Average illumination 

at night with zero daylight contribution is 45 fc (484 lux), with a ratio of max/min fc or lux of 

1.5:1. This is a nice uniform level of illumination for general interior lighting. 

 

Step 2: We consider four usage profiles: 

a) One shift, 10 hr/day, 5 days/week 
b) Two shifts, 18 hr/day, 5 days/week 
c) Three shifts, 24 hr/day, 5 days/week 
d) Full 24/7 operation 



  

The table below assumes the skylight provides an annual average of 7 hours per day of daylight 

with zero electrical draw, plus 5 hours per day in a ramping condition averaging 50% draw. The 

remainder of the occupancy time requires LED operation at 100% draw.  This is conservative 

because motion sensors will cause the lights to go off whenever an area sees no occupancy for 

the duration of the timer. But we will ignore this for purposes of sizing the PV array. 

 

Usage Case KWH/yr used by 

LED lights 

STC rated size of 

PV system (kW) 

to offset KWH/yr 

Area of PV array 

(sq ft) 

Area of PV array 

as % of total roof 

area 

1 shift, 5 day/wk 19,372 16 1,074 1% 

2 shifts, 5 day 109,775 89 5,973 5% 

3 shifts, 5 day 187,391 151 10,134 9% 

24/7 operation 262,169 212 14,228 13% 

 

A very small PV array (1,074 sqft or 100 m2) is needed for a building operating on only one shift 

since the lights are completely off most of the time that the building is occupied, and when the 

lights are on, they are on fractionally. But even in the 24/7 case where the building is fully lit 

every night, the PV array is manageable at 13% of the roof area since the daylighting system 

reduces demand during the day, and since the LED’s are very high efficacy. 

 

For a building owner seeking to achieve net zero with 24/7 operation, this consumes only 3% of 

the roof for sky domes plus 13% for PV, and another 14-20% for buffer space around the PV and 

between PV rows. This leaves 65-70% of the roof still available for HVAC equipment and for 

more PV that can be used to offset the energy use of all the rest of the building systems. 

 

For more information on how to design your facility for net zero lighting, or to learn more about 

the Replex hybrid lighting system with daylighting and integrated LED luminaires and controls, 

contact the author of this paper at: 

 

Mark@Replex.com 

+1-740-397-5535 

 

Mark Schuetz 

President 

Replex Plastics 

11 Mount Vernon Avenue 

Mount Vernon, Ohio 43050 
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