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Abstract. In this work, we demonstrate an optimal theoretical framework and

experimental setup that integrates daylight within a holistic control strategy that

simultaneously saves energy and improves light quality in living environments. The daylight

spectrum present in a room is measured and processed through optimization algorithms so

that only particular wavelength components are provided to the installed artificial lighting

system that fulfills the requirements set by the user in terms of energy savings or light

quality.
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1. Introduction

Approximately 20% of electrical energy produced worldwide is used for lighting. Taking into account the

heat generated by artificial lighting, the total energy consumption of an office lighting installation can reach

50% of the total energy bill.

Daylighting helps to reduce energy consumption in buildings by using natural light to illuminate interior

spaces. Natural daylight, besides having ideal color properties, has unique spectral characteristics which

help us to regulate our body. In the last years, it has been proven that light modulates many non-visual

functions, such as the biological clock that regulates our approximate 24-hour circadian rhythms [1, 2], our

body temperature [3], attention [4], hormonal secretion [5] and sleep [6]. This explains why other physical

properties of light, not only the correlated colour temperature (CCT) but the whole spectral composition

during daytime are so important. By having control over spectral properties through smart lighting systems

[7], it is possible to influence and regulate such important biological outcomes. Indeed, other markets such

as horticulture, health/wellness and museum lighting, would also benefit from having a complete control

over the emitted spectrum [7, 8]. In these cases, a careful selection of the spectral content may lead to an

optimal balance between energy efficiency and other properties of light (such as color or a specific presence

of a determinate energy band that triggers a biological process). The EC Green Paper [9] clearly states that

research in intelligent lighting systems can benefit the EU economy at large.

Illumination levels in daylighting strongly depend on the weather conditions and a careful approach

needs to be taken when designing a daylight-assisted illumination system. The integration of windows into

indoor spaces is the most common way to naturally save energy. However, depending on the orientation

of these translucent elements, undesired consequences may appear such as excessive glare, insufficient light,

radiative heat and rapidly changing illumination levels due to atmospheric conditions, such as clouds. All

these conditions have to be considered and they can be very difficult to control. A common solution is to

include conventional electrical lighting systems along with the daylighting structure. An intelligent lighting

system based on fluorescent lamps can sense the average illuminance level in a certain area and adjust its

power output to compensate for any changes caused by the daylighting system. This approach is not ideal



Differential Energy Adjustment in Lighting (DEAL) 3

Table 1. LED distribution in the 12 channels of the light engines

Channel LED chemistry Peak wavelength [nm] Number of LEDs

1 InGaN 443 1
2 InGaN 453 1
3 InGaN 468 1
4 InGaN 476 1
5 InGaN 499 2
6 InGaN 520 1
7 InGaN 530 2
8 InGaN + phosphor 598 3
9 InGaN + phosphor 606 9
10 AlInGaP 642 1
11 AlInGaP 662 1
12 AlInGaP 670 1

since by using artificial fluorescent lamps, the beneficial effects of the unique spectral characteristics and

quality of daylight are lost.

Incandescent light bulbs are perfect blackbody radiators and are considered as nearly ideal emulators

of natural light (if only color fidelity is taken into account, general color rendering index or Ra about 100)

[10]. However, extremely poor efficacy makes incandescent lighting an obvious target for elimination. By

contrast, artificial sources such as compact fluorescent lamps (CFL) and white light-emitting diodes (LED)

lamps, although having superior efficacy, and sometimes reasonable CRI, have not yet gained popularity due

to the lack of natural appearance of the light in the perception of users. They are a poor approximation to

natural sources and their final spectrum is completely different from that of a blackbody radiator.

Some efforts have been done in the field of smart lighting and daylighting in the last years. In 2005,

Singhvi et al. designed algorithms to maximize efficiency in a lighting system [11]. While all the past works

have been focused only on the illuminance levels [12], setting a fixed color temperature [13] or adapting the

spectrum of a five LED light engine [14], our aim here is to work at a full spectral level to dynamically adapt

the emitted light spectrum to fulfill the optimization requirements set by the user in terms of color quality

and efficiency.

In this work, we present two novel experiments using intelligent spectrally-tunable light engines[18]

along with a compact spectrophotometer for daylighting. These experiments have been carried out in a

spectrally-tuneable room of 3×5 m2, equipped with LED engines that are wirelessly controlled in a network.

2. Experimental setup

Six spectrally-tunable light engines specifically designed to generate arbitrary spectra were mounted on the

ceiling of a test room. The LED printed circuit board (PCB) included 24 monochromatic LEDs arranged

into 12 individual channels (Table 1, a channel should be understood here as an arrangement of LEDs having

the same peak wavelength). The LED drivers provide current to the individual channels, making it possible

to modulate the final radiative power. Some channels require multiple LEDs to enable sufficient radiometric

power due to the significant variation in the efficiency from diodes made of differing materials (emitting at

different wavelengths).

This arrangement resulted in a maximum radiometric power of 6W per luminaire. Additionally, a

low-cost miniature spectrophotometer (wavelength resolution of 7 nm), instead of a color or a CCT sensor,

was used to analyze the daylight spectrum coming through a clear roof-mounted skylight measuring 1.5 x

2.5 m2. In order to minimize angular effects, the spectrophotometer was equipped with a cosine correction

filter. A PCB was designed to allow feedback control over the light emitted by the LED light engines (thus

avoiding color shifts). The same PCB sends out the measured data to a computer that runs an optimization

code and provides the optimal spectrum to be sent to the light engines, according to the preferences set by

the user.

Figures 1(a) and 1(b) show a schematic diagram of the experimental setup and a photograph of the
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outfitted test room, respectively.

Spectrophotometer 

Computer 

Luminaires 

Daylight 

            Data link (spectrum and illuminance) 

(a) (b)

Figure 1. Experimental setup. (a) Schematic diagram: spectrophotometer, computer and

spectrally-tuneable luminaires. (b) Photograph of the test room.

3. Optimization algorithms

The light engines used have 12 independent channels that span the visible range of the electromagnetic

spectrum. The power of each channel can be controlled with a resolution of 12 bits, which means that

212
12 ∼ 1043 different spectra can be represented with this system. Once a target spectrum St(λ) is set, fast

optimization algorithms are required to efficiently find an optimal solution.

Figure 2. Spectra of the channels emitted by the light engines.

An arbitrary spectrum can be represented as S(λ) =
∑12

i=1AiLi(λ), where Li(λ) and Ai are the

spectrum and amplitude of the i−th channel respectively. By using index j for wavelengths (λ(j) ∈ [380, 780]

nm, step = 1 nm), Sj =
∑12

i=1AiLij .

There are essentially 3 situations of interest in our study that give rise to different optimization

strategies:

• 1. Spectral fidelity

This is the most general case, were a target spectrum is given and the objective is to minimize the
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mean squared error between the emitted and the target spectrum, that is, to find the Ai amplitudes

that solve the problem,

min
1

2
‖Sj − St

j‖2 = min
1

2
‖

12∑
i=1

AiLij − St
j‖2 j ∈ 1..401 (1)

• 2. Minimization of energy consumption

In this case, a target color coordinate is provided and some degree of flexibility is given to the spectral

shape of the solution for the sake of efficacy, as long as it preserves the color coordinates [and thus

also its correlated color temperature (CCT)]. The most obvious way of saving energy is by allowing

the channel amplitudes Ai to approach zero,

min
1

2
‖

12∑
i=1

Ai‖2 (2)

while preserving the condition over the color coordinates,

12∑
i=1

AiCik = Ct
k k ∈ 1..3 (3)

where Cik and Ct
k are the CIE 1931 XY Z tristimulus values[10] of the i − th LED channel and the

target spectrum respectively. The tristimulus values can be calculated through the CIE color matching

functions Mk (2◦ standard observer) as,

Ck =

∫ 780

380

S(λ)Mk(λ)dλ k ∈ 1..3 (4)

• 3. Color quality (fidelity)

The definition of color quality is quite complex. It involves either highly non-linear color transforms

(fidelity scheme) or a deep understanding of color perception or preference (subjective scheme). In this

work, color quality is understood as fidelity to daylight, and thus can be represented by well-known

indexes such as the CRI. As a result, the preceding methods can not be used any longer; a target

color coordinate or CCT is given and a constrained non-linear optimization algorithm is used to find

an optimal solution. Detailed steps for the calculation of the CRI at each iteration can be found

elsewhere[10].

4. Results

Two experiments have been carried out that represent two different situations with regard to the composition

of the spectrum present in the room; i.e. a static (fixed CCT) and a dynamic (changes occur following sunlight

variations) approach.

4.1. Case study 1: Daylight spectral compensation at a fixed CCT=4,000 K

In this situation, real-time spectral information of daylight is measured by the spectrometer located close to

the skylight. By means of a careful calibration of the spectrometer, illuminance values at the working plane

are also provided. A computer reads precise spectral information of daylight, and controls the light engines

to provide only those additional components that are necessary to recreate a constant blackbody radiator

of CCT=4,000 K inside the room, regardless of the current values of the daylight CCT and spectrum.

Thus, the light engines have to emit a differential spectrum that, added to the present (and dynamic)

daylight, matches the target CCT of 4,000 K. However, there are an infinite number of spectra with a

CCT of 4000 K. Fortunately, there are two cases of particular interest: minimization of energy consumption

and optimization of light quality. Not surprisingly, it turns out that both situations are incompatible and,
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simultaneously, cannot be given. This means that a trade-off between energy and quality has to be established

and, in most situations, this responsibility is left to the end-user.

As a result, the artificial lighting system spectrally compensates daylight within the room and keeps

a constant color temperature of about 4,300 K by maximizing either color quality or efficacy. The results

of such an optimization are shown in Figure 3, were the output spectra of the light engines is such that a

global CCT of about 4,300 K is obtained in both cases. However, Figure 3(a) shows the spectrum resulting

from a color quality optimization whilst Figure 3(b) is obtained after an efficiency optimization.
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Figure 3. Compensation in wavelengths components to keep a constant CCT of about

4,000 K and to fulfill the requirements set by the user in terms of quality (a) or efficacy (b).

When the illuminance levels of daylight are too low, i.e. at night, the output of the light engines is

fitted to an ideal blackbody spectrum of 4,000 K. Illuminance levels at the working plane are fixed to 400

lux, regardless of the time of the day, except for seldom bright daylight conditions providing more than 400

lux by its own, case where the artificial lighting system is turned off.

Figure 4 shows the output for both optimization options. It is clearly shown that, when optimizing

for energy consumption, the system tends to use fewer LED channels, giving rise to a spectrum having

pronounced peaks and deep valleys. Even though both spectra have roughly the same CCT and provide

equal illuminance levels, these differences in the spectral shape have profound implications with respect to

color fidelity. This is illustrated in Figure 4(b) and 4(c) trough color rendering maps (CRMs) [15], that

show, in the CIE L∗a∗b∗ space, the color fidelity over a reflectance database of 1269 color samples of the

Munsell Book of Color [16], as opposed to only 8 Munsell samples used to calculate the General CRI. The

visual representation of the CRMs clearly shows the superior color fidelity of the spectrum optimized for

color quality, Figure 4(c), as opposed to efficiency in Figure 4(b).

Additionally, it is worth noting that the CCT of both spectra is not exactly 4,000 K. Indeed, the

algorithms allow some degree of flexibility in order to converge more rapidly. However, the whiteness of the

selected spectrum is guaranteed by imposing a deviation from the blackbody locus that satisfies ∆uv <0.001.

In order to validate the proposed daylighting approach, the system was tested and measurements were taken

over a continuous time frame of 48 hours. During the first 24 hours the algorithm optimizing color fidelity

was chosen, as opposed to the second day were energy efficiency was prioritized.

Figure 5 shows daylight illuminance and CCT measured at the working plane during the experiment.

In Figure 5(a,c) it is seen that the daylight illuminance is raised up to 400 lux by the artificial lighting system,

which corresponds to the minimum value accepted. Also, even though abrupt daylight CCT variations occur

throughout the day (in the range of 4,000 K to 8,000 K), the light engine provide exactly the right output

required to compensate these variations, resulting in a total spectrum that lies between 4,000 K and 4,500
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Figure 4. Fit to an ideal 4,000 K Blackbody spectrum. (a) Independent maximization of

efficacy and color fidelity. (b) CRM of the spectrum optimized for efficacy and (c) CRM of

the spectrum optimized for color quality (fidelity).
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Figure 5. Illuminance and correlated color temperature. (a) and (c) show results of color

fidelity optimization, (b) and (d) show efficacy optimizations.
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K, as required.

It is worth noting that even though an energy optimization is supposed to decrease illuminance as

much as possible, Figure 5(b) shows higher illuminance values than those seen in Figure 5(a). This fact,

at first counterintuitive, is due to the different daylight illuminance baseline (weather conditions) that the

system has to compensate for to achieve the targeted 4,000 K. In order to have a sufficient weight to correct

the daylight CCT in Figure 5(d), the spectrum provided by the light engines has to be intense enough, so

that when added to the daylight in the room, effectively changes the overall CCT.

However, although weather conditions make illuminance levels to be higher in the case of efficiency

optimization, the algorithms succeed in choosing those LED channels that consume less energy, which results

in a power consumption 25% lower as compared to the optimization of color fidelity, as can be inferred from

Figure 6(a). The energy efficiency of an LED channel essentially depends on two different factors; the first,

is related to the quantum efficiency of the material from which the LED is made of (which also determines

the peak wavelength of emission), while the second, has to do with the overlap of the emission spectrum

with the sensitivity function of the eye (CIE 1931 ŷ(λ) matching function).

Figure 6(b) (red solid line) proves that our lighting system keeps an outstanding light quality, with

a CRI above 98 over the course of a full day. On the other hand, when optimizing for efficiency, the light

quality is reduced and the CRI is strongly dependent on the daylight present in the test room, but never

falls below Ra=87. When optimizing for color quality, a broader light spectrum is obtained as a solution,

which causes an increase in the power consumption, as expected.

(b)(a)

Figure 6. (a) Power consumption of the light engines, (b) general CRI of the emitted

spectrum. Red lines correspond to the optimization of color fidelity while blue lines represent

efficiency optimization.

Being able to bring almost perfect daylight into offices and buildings may have important health

implications. The non-image-forming response to light is wide ranging, including circadian, neuroendocrine,

pupillary, behavioral, and other physiological effects[17]. Specific outcomes include the daily resetting of

circadian clocks (a process called entrainment), as well as acute effects like pupil constriction, increasing

alertness, and melatonin suppression. Light has been shown to be an effective clinical treatment for a variety

of conditions, such as Seasonal Affective Disorder (SAD), but also plays an important role in maintaining

daily physiological function. Importantly, the non-image-forming photoreceptor system in our eyes is different

from our visual system. Although it shares some of the same photoreceptors, it has its own unique spectral

and temporal response to light stimuli. This is one of the reasons traditional measures of lighting quantity,

such as illuminance, do not accurately quantify the nonvisual effect of a lighting stimulus.

In the past two decades, much has been learned about the sensitivity of the nonvisual photoreceptor

system. Most notably, intrinsically photosensitive retinal ganglion cells (ipRGCs) were identified, as was

the spectral sensitivity of melanopsin, the photopigment they contain. The ipRGCs have peak sensitivity to

blue light-which is thus important for light and health-but the total response of the nonvisual photoreceptive
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system is a composite of input from the ipRGCs, rod photoreceptors, and cone photoreceptors. This

composite response can change based on the spectrum, intensity, and temporal pattern of the light, as

well as the light-exposure history and circadian adaptation state of the individual.

4.2. Case study 2: Mimicking daylight changes in interior spaces

Daylight can also be integrated using a different approach. Instead of fixing a constant CCT throughout the

day, an interesting situation consists of transferring natural daylight into the room, trying to reach a high

fidelity so that, dynamically, daylight properties are also present in the interior of the room.

This can be achieved by copying the daylight spectrum with the spectrometer and obtaining the values

of Ai that best fit daylight by using the spectral fidelity algorithm discussed in section 3. The mean squared

error between the daylight and the spectrum emitted by the lighting system is minimized by paying close

attention not only to the spectral shape, but also to the chromaticity coordinates and color rendering

properties of the measured daylight spectrum.

The illuminance level is set to 400 lux by multiplying the output spectrum obtained from the algorithm

by a scalar factor. Thus, the spectral shape and CCT of the light inside the room follows exterior natural

daylight throughout the day. Figure 7 shows the measured daylight spectrum, the spectrum emitted by the

luminaires and the final illumination spectrum in the room.
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Figure 7. Spectral fit to daylight and compensation of illuminance levels.

The daylight illuminance was continuously measured for 24 hours as shown in Figure 8(a). Figure

8(b), shows that illuminance never drops below the 400 lux limit, significantly surpassing this level during

daytime. The CCT of the light inside the test room follows the changes in the daylight CCT (Figure 8(c))

and color rendering is good (Ra>90) throughout the day, and excellent (Ra>99) between 11 a.m. and 5

p.m., when the sun is at its highest elevation in the sky (Figure 8(d)). Aside from an improved color fidelity,

this smart lighting system offers natural illumination patterns in interior spaces that respect our biological

circadian rhythms while saving energy when possible.

With regard to energy efficiency, as expected, the power consumption is constant under the absence of

daylight in the room, as can be seen in Figure 8(e). Then, it starts to decrease after sunrise, being zero when

the daylight illuminance is above 400 lux. At this point, all light engines are turned off since assistance of

artificial light is not needed any longer. Finally, before sunset, the light engines progressively start to emit

again to assist daylight and reach the minimum illuminance level of 400 lux.

This approach not only provides the highest quality of light in interior spaces but also brings about

remarkable energy savings. A time average of the energy consumption of a single light engine results in a

power consumption of 15.5 W. 93 W (6 light engines) is needed to set a constant illuminance of 400 lux in

the test room.
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(a) (b)

(c) (d)

(e) (f)

Figure 8. Lighting conditions at the working plane. (a) daylight illuminance, (b) total

illuminance, (c) correlated color temperature, (d) general color rendering index, (e) power

consumption of the light engines over the course of a day and (f) power consumption of the

light engines over the course of six days.

Considering a normal office time frame (i.e. from 7:00 a.m. to 8:00 p.m.), the average energy consumed

is 1,209 W·hour. However, a lighting system not aware of daylight would have an average energy consumption

of 222 W to achieve 400 lux at the working plane. This means that, over the same time frame, this system

would consume 2,886 W·hour, more than twice as much the energy used by the approach proposed here.

Although being able to save energy is an evident goal, to succeed in providing a healthy and productive

environment in interior spaces is, at least, no less important. In this respect, a spectral fidelity scheme

becomes unavoidable, offering excellent light quality and a daily exposure to natural daylight patterns,

which determine the synchronization of our circadian rhythms.

Finally, a sequence of photographs of the test room under different spectral patterns is shown in Figure

9: (a) only daylight (220 lux, 6,800 K, CRI (Ra)=99), (b) constant CCT of 4,000 K optimized for color

quality (440 lux, 4,323K, CRI (Ra)=97.9), (c) constant CCT of 4,000 K optimized for energy efficiency (430

lux, 4,250K, CRI (Ra)=93), and (d) aiming at an exact spectral match to daylight (503 lux, 6,813 K, CRI

(Ra)=94).

5. Conclusions

Spectrally-tuneable light engines integrated with daylight spectral sensors have been used to demonstrate

the feasibility of two different daylighting scenarios in terms of light quality and energy savings.

A theoretical framework for spectral optimization has been designed and tested in a physical setup

to provide or complement unique daylight characteristics in interior spaces. A constant CCT approach has

been implemented, showing that the control system can efficiently compensate changes over a wide range of
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(a) (b) (c) (d)

Figure 9. Sequence of photographs corresponding to different experiments carried out in

this work, as explained in the text.

daylight CCTs. While keeping a constant CCT of 4,000 K, the output of the light engines can be optimized

to provide an outstanding color fidelity (Ra>98) or a significant 25% of energy savings if color fidelity is

slightly sacrificed (Ra>87). A careful monitoring and analysis of key parameters such as CRI, CCT and

illuminance at the working plane of the test room, have proven the validity of the methods presented here.

In a second part of this work, a system that provides an spectral match to daylight in interior spaces

has been tested and validated. By measuring the energy consumption over a whole week, data show that it

is possible to have an excellent match to daylight while at the same time save 1,677 W·hour per day (about

612.1 kW·hour/year in a 15 m2 space, or 40.8 kW·hour/m2/year), having as a baseline a lighting system

unaware of daylight.

These smart engines with added intelligence and spectral awareness offer huge possibilities to create

healthier living spaces, at the same time being respectful to our environment (energy efficient) and, more

importantly, to our biology.
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