

  sustainability-13-05131




sustainability-13-05131







Sustainability 2021, 13(9), 5131; doi:10.3390/su13095131




Review



Standardizing Melanopic Effects of Ocular Light for Ecological Lighting Design of Nonresidential Buildings—An Overview of Current Legislation and Accompanying Scientific Studies



Marcel Neberich 1,2,*[image: Orcid] and Frank Opferkuch 1





1



Technische Hochschule Nürnberg Georg Simon Ohm, Distributed Energy Conversion and Storage, 90429 Nuremberg, Germany






2



Institute of Ecomedicine, Paracelsus Medical University, 5020 Salzburg, Austria









*



Correspondence: m.neberich@th-nuernberg.de; Tel.: +49-176-32228607







Academic Editors: Lambros T. Doulos and Aris Tsangrassoulis



Received: 7 April 2021 / Accepted: 28 April 2021 / Published: 4 May 2021



Abstract

:

DIN SPEC 5031-100 and CIE S 026:2018 are regulatory frameworks that are intended to establish health-preserving indoor lighting in Europe. Therefore, they are crucial for the visual environment and its sustainability. The standards are largely congruent. Inconsistencies should now be harmonized with the newly published draft standard DIN/TS 5031-100, for which the objection period ended on 3 June 2020; thus, it can be expected that the standard will soon be put into operation. This publication provides the reader with a detailed technical as well as medical overview of the scope and background information on how the standard came about. Applicable laws, ordinances and standards were compiled across countries, and related studies were reviewed. It is demonstrated that the focus of this new standard, as with previous versions, is on the melanopic sensitivity of ganglion cells. The authors base this on a literature search for projects about ecological lighting design over the past 20 years. However, in practice, the publication of the standard does not yet completely counteract the health effects of inappropriate indoor lighting.
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1. Introduction


When examining the sustainability of light sources, it is important nowadays to consider many different criteria across systems, not only energy efficiency, but also recyclability, raw material use and production conditions. More recently, the health effects of light sources have also been taken into account by legislators. It is essential for ecological lighting design to match the mechanism to the functions of the human body and, therefore, to consider the health-related aspects of its sustainability, not only because it supposedly makes building occupants feel better in the long term, but also from the expectation that it leads to less sick leave among employees or fewer occupational accidents due to the prevention of fatigue.



Performing a career activity generally requires people to be at work or in a home office situation indoors for many hours at a time. Employees spent 419.9 h at their workplace in the third quarter of 2019, which equates to approximately 35 h per week. [1]. Apart from occupations in agriculture industries, forestry, as well as other exceptions, people spend time in an artificial (built) environment. In particular, in industrialized countries, people spend an increasing amount of time indoors. A U.S. survey of 9386 households found that respondents spend an average of 87% of their lives indoors. Between 11 pm and 5 am, even more than 90%. The top two indoor spaces where people spent most of their time were schools (public buildings) and offices [2]. In a 2019 survey, 962 Swiss jobholders were asked what they dislike about the place where they work. Poor working conditions, such as air quality and sitting for long periods of time, were the sixth most frequently mentioned aspect [3]. Numerous health correlations with a (built) artificial environment, especially in relation to office buildings, are grouped together under the medical term ‘sick building syndrome’ (SBS). The specific implications are mostly attributed to the air quality caused by poorly regulated mechanical ventilation systems, but other physical factors, such as noise and lighting, also have a substantial influence [4]. SBS is also increasingly diagnosed in jobholders who are working in buildings that comply with current regulations regarding ventilation, indoor acoustics and lighting [5]. References such as this have already been the basis for political standardization decisions in the past. Indoor lighting as one of the most important pillars of a healthy working environment has already been amended in various legal and standardization texts [cf. Section 2.2]. The technical and marketing term ‘Human Centric Lighting’ (HCL) summarizes the state of the art and knowledge about the interfaces of the human body with light quality, illumination levels and color. Detailed medical relationships between light and health are highlighted in Section 1.1.2.



Taking a closer look into the domain of HCL, many more medical conditions, which are linked to the quality and intensity of interior lighting can be found. Therefore, it is particularly important to take care of related diseases with the help of a well-designed ecological interior lighting environment. Since the body’s melatonin balance plays such a crucial role in human health and its disruption is also associated with serious medical problems, the melanopic effect of light sources has been included in HCL evaluation criteria [cf. Section 2.1]. A review paper, specifically, on the medical field of circadian disorder, was recently published in 2020. The paper distinguishes between circadian alteration and circadian disruption, provides deeper insights into the concept and measurement of this disorder, and examines field and laboratory studies [6]. These and other health disadvantages are described in Section 1.1.2. All of this information constitutes an important criterion in the evaluation options for the sustainability of light sources. However, much more has happened in the legislation of indoor lighting within the last 20 years. Numerous laws, ordinances and standards with different focuses and varying levels of detail regulate lighting products. The publication of the standard “DIN/TS 5031-100: Optical radiation physics and illuminating engineering-Part 100: Melanopic effects of ocular light on human beings-Quantities, symbols and action spectra” is the occasion for this compilation. It is currently a draft and intended as an update for the German pre-standard DIN SPEC 5031-100 from 2015. In central elements, such as action spectra, terms and definitions, it will be harmonized with international standard CIE S 026:2018 and compliant with it. A related review article, dedicated specifically to the CIE S 026:2018 standard, was published in 2021 and examines the framework primarily from a medical perspective [7]. The deadline for objections to DIN/TS 5031-100 was 6 March 2020, which is why it can be assumed that the standard will soon be applied [8]. However, even though the medical links between workplace lighting design and occupational health have been investigated for decades, and relevant results which also allow conclusions to be drawn about serious medical conditions have long been known, those legislations evaluate lighting systems, while no legislation has yet been passed that mandates them in the workplace. In most cases, the regulations only provide specifications for measurement and planning recommendations, such as DIN SPEC 67600 [9].



1.1. Interdisciplinary Knowledge


Sustainable lighting design is an area of intersection between engineering and medical sciences, while other sciences also play a dominant role as well, such as design and architecture. Researchers in the field of medicine have been able to gain increasing clarity about the relationship between light and health in recent years, while in applied engineering research, multiple new lighting technologies have been developed. It can be observed in the technological history that light sources based on the developed technologies prevail and are used as standard in numerous buildings for several years as the state of the art, as one trend supersedes the other.



1.1.1. Engineering Contexts


The technical development of interior lighting has resulted in numerous light sources, which can be divided into temperature radiators, discharge lamps and electroluminescent lamps. Before the invention of the light bulb, fossil fuels were used to illuminate rooms, which, based on fire, provided a natural light with a warm white color spectrum of light. Short wavelengths are underrepresented in the spectrum. Therefore, despite a nominal color rendering index of 100, the perception for blue and green colors is limited with the “fire” spectrum. Before the introduction of incandescent light, petrol lamps were used for a long time. Naturally, these caused many fires in public spaces and became dangerous in daily use. The incandescent light brought mainly logistic advantages, as no gas pipes were needed anymore, but a flexible electricity medium was used. Since the light bulb converts more than 87% to 98% of the electrical energy used into heat instead of light [10], most further technical achievements were primarily aimed at increasing energy efficiency. Further milestones after the incandescent light were, therefore, far more efficient halogen lamps and energy-saving lamps. In contrast to the light bulb, which offers a rather warm white spectrum, the spectral distribution of light intensity was uneven among these light sources, which were considered to be very innovative at the time [cf. Figure 1c]. Halogen lamps are also incandescent lamps, only operated at a filament temperature of ~3000 kelvin instead of 2700 kelvin, gaining more energy efficiency due to the related shift of the light emission towards shorter wavelengths, compared to light bulbs. In EN 15193-1:2017, a correction factor for taking into account the efficiency of the lighting technology was introduced. Incandescent halogen luminaires are described here with a correction factor of 4.49, whereas the common incandescent lamp has a factor of 6.38. The correction factor for discharge and fluorescent lamps of EN 15193-1 standard lies between 1.01 and 0.90 [11]. The energy-saving lamps are fluorescent lamps, which existed before as long tubular versions and were engineered to compact versions, which were able to be used as a replacement for incandescent bulbs. They achieve the necessary illuminance by individual peaks in the spectral distribution. Figure 1 compares the intensities in individual wavelength ranges of the visible and near nonvisible spectrum of different light sources. Incandescent light bulbs (temperature radiators) emit light in the entire visible range of the spectrum with high intensity in the range of long wavelengths. Due to their poor efficiency, incandescent lamps are rarely used in lighting systems today, especially because the market for incandescent light bulbs in the European Union (EU) has been limited in order to meet climate protection targets [12]. Fluorescent lamps (discharge lamps) produce light when electrical current passes through an ionized gas or metal vapor. Discharge lamps are divided in two categories. Low-pressure discharge lamps are producing mercury emissions in a first step. The UV proportion of the emission from mercury is converted into visible light at a phosphor coating on the inside of the tube. This produces a mix of residual emission lines from mercury in the visible part and a broader emission from the phosphor. By changing the phosphor composition, the light color of fluorescent lamps can be adjusted. The second category is high-intensity discharge lamps. They are operated at high temperatures, causing vapors of metal halides in the discharge vessel. The metal atoms and ions are excited and radiate typical emission lines for these metals. In most cases, these are rare earth metals, with a multitude of spectral lines, giving the impression of a quasi-continuous light emission. They emit a light that is distributed unevenly over the visual and nonvisual spectrum and differs vastly from the daylight spectrum. Discharge lamps are the still state of the art for the illumination of industrial halls and functional buildings. Slowly but surely, fluorescent lamps are leaving the market. Sales have fallen sharply. In 2014, for example, 1.96 million energy-saving lamps were sold in Switzerland; in 2019, though, it was only 0.32 million pieces [13].



It was not until the advent of light sources based on light emitting diode (LED) technology that experts were able to plan interior lighting specifically with a defined spectrum. Due to the further development of LED technology, different light colors could be produced. Since the first studies on the interface between lighting systems and user health were conducted at the same time, the basis of HCL technologies was built. In LEDs (electroluminescent lamps), electrical energy is converted directly into light in a semiconductor with a high degree of efficiency of about 80% to 90% [14]. The energy efficiency of LEDs for interior lighting closely follows. Therefore, the correction factor for LED lighting systems, following the EN 15193-1 standard, is 0.86 [11]. In white LEDs, the emission from the semiconductor is “blue”, recently also “violet”. This blue emission is partially converted to green-yellow-red light by a phosphor placed on top of the LED, which, together with the remaining “blue”, is mixed with white light. Therefore, white LEDs are also somewhat “fluorescent”. The focus in the introduction of the illuminant was energy performance, while another advantage over the previously mentioned light sources is their durability. LEDs lose on average 30% of their luminosity during 50,000 h of operation [15]. In the current state of the art, multichannel LED lighting systems are operated, which offer several diodes with different colored light at each ‘light point’ for special applications. The LEDs can be controlled via a BUS system so that a target color can be mixed. Depending on the design, the individually colored LEDs emit very warm to very cold white light colors or, for example, red, green and blue colors (RGB LED). By controlling the individual colors, almost any target color mixture can be created. Due to their high efficiency, LEDs are now predominantly used in new lighting systems. In 2014, 4.19 million LED-based lighting units were sold in Switzerland, whereas 12.29 units were purchased in 2019. This amounts to a market share of 57.78% compared to other light sources [13].



For the characterization of lighting systems—especially referring to LED electrical engineering—there are numerous measurement parameters that qualitatively and quantitatively evaluate functionality; energy efficiency; and, even in some cases, clinical efficacy. The emission of electromagnetic radiation is measured in luminance (unit: candela per square meter) and illuminance (unit: lux) for all lamps. In France and Germany, for example, the corresponding specifications are provided by the DIN 5035-6 standard. Illuminance describes the intensity of the light falling on a target surface; luminance, on the other hand, describes the spatial and directional emission of light from a surface [16]. Today, it is known that even the standard measured quantities of lighting equipment have an impact on the health-preserving effect. For example, the illuminance in lux influences the body temperature and alertness of the exposed individual, albeit slightly. In a study from 1991, participants were exposed to a light source with 50 lx, as well as a light source with 5000 lx at night. The body temperature of the people in the bright environment varied between 36.7 °C and 37.1 °C, while the body temperatures of the subjects in the dark environment varied between 36.5 °C and 37.0 °C, for an exposure duration of 90 min [17]. Body temperature, melatonin levels and circadian phase are correlated. As light influences melatonin as well as circadian phase, today, this result seems obvious. In 1991, however, the situation was certainly different. In addition to the standard quantities, procedures for evaluating the energy efficiency of lighting installations have been introduced in European Standard EN 15193-1 and its predecessor versions. Specific electrical rating performance (watts per lumen or watts per square meter, etc.) are valid today and are particularly useful in terms of greenhouse gas reduction [11]. However, due to HCL, in recent years, far more specific metrics have started to gain prominence. Great importance was attached to color rendering (CRI). The dimensionless index indicates how accurately colors are reproduced from objects illuminated by the corresponding light source. Daylight and light from a black body radiator have by definition a CRI value of 100, while modern LED equipment achieves values over 98 [18]. The color temperature of an artificial light source in kelvin (K) likewise became an authoritative variable, since it can be easily compared with the different light colors of daylight during the course of the day. Shortly after sunrise, the daylight reaches approximately 2500 K; at midday, the value increases to between 5500 K and 8000 K, depending on the altitude of the measuring location on the Earth’s surface, orientation of the measurement device, weather conditions and other influences [19]. This is the main reason for HCL-LED systems using multichannel techniques, offering adjustable light colors, such as tunable white. Luminaires emit their electromagnetic radiation at a frequency that varies depending on the illuminant. If this frequency is too low, flickering is noticed. Low frequencies are associated with physiological and psychological distress. Energy-saving lamps at 100 Hz caused headaches and eye strain, while the same lamps at a 120 Hz setting still impaired vision in concentration tests [20]. In HCL, the primary goal is to imitate the intensity, spectrum and color of light from natural daylight in order to create a healthy atmosphere for the users (employees) that corresponds to the evolutionary development of their bodies [cf. Section 1.1.2].



For future cutting-edge technological development in interior lighting technology, OLED luminaires are a candidate. A preview of this future technology is provided today by new luminaires that have already appeared as prototypes; lighthouse projects; and, in some cases, as commercially viable products. However, OLEDs have been a topic of discussion for 20 years, without significant progress to usage for indoor lighting. To date, the technology cannot compete with LED lighting systems with respect to energy efficiency, reliability and especially costs.



One example of an application in which new lighting technologies have been implemented in the past is airports. The various waiting areas of these particular buildings routinely accommodate travelers arriving from different time zones or traveling onward. Quite often, users face a situation in which they have to spend several hours indoors waiting for their connecting flight. On long-haul flights, they are in most cases outside their natural circadian rhythm. This is the reason for the interiors of airports, which are accessible to users, being environments in which circadian alterations and circadian disruptions are experienced [cf. Section 1.1.2]. In the 1980s, a study examined 186 patients with mental illness, and a relationship between the direction of flight (east to west or west to east) was established. For example, it was demonstrated that depression occurred significantly more often in patients who regularly traveled against the Earth’s rotation [21]. HCL LED systems can help adapt building users to the new environmental parameters in this use case, while even short intense exposures to artificial light can adjust the internal human clock [22]. It follows that even a short stay in transit areas, for example, can negate adaptation strategies.




1.1.2. Medical Contexts


Light is crucial for the health and well-being of people. Since the beginning of the human body’s evolution, it depended on and was able to rely on a constant daylight supply. Sunlight influences physiological and psychological states, such as moods, emotions and attention, due to endogenic happiness hormone production; the circadian rhythm of other endogenous hormones [cf. Figure 2], e.g., melatonin, cortisol and adrenalin; the sleep–wake cycle; the strengthening of the immune system; and bone density by contributing to vitamin D3 production.



Vitamin D3, as important as it is for the human body, plays no role in HCL. The supply of radiation, which is necessary for this vitamin´s production, is currently left exclusively to the sun. Vitamin D3 requires UV-B radiation, which will not be available indoors or even outdoors over a wide range of geographical locations or sometimes during autumn and winter. It is difficult, and might not be advisable in the first place, to introduce vitamin D3 production into indoor lighting. UV-B is critical for skin cancer and, therefore, has positive and negative effects that need to be balanced. This is outside the HCL discussion to date because mixing indoor lighting with vitamin D3 might be critical. Indoor exposure to UV-B is a medical treatment and needs to be regarded as such. The required dose of UV-B for sufficient vitamin D3 production is more or less comparable to the dose for 1 MED, which is 100 J/m2. Administering three times per week a minimum of 50% of this dose would be required to produce more or less sufficient vitamin D3 [23].



A small area of the hypothalamus, the suprachiasmatic nucleus (SCN), is seen as a “master clock”, which has the task of controlling the circadian rhythm of the human body in interaction with the pineal gland. The pineal gland produces melatonin, but only if it is not efferentated (stimulated with sensory information) by the distribution of light. Melatonin is an endogenous hormone that the body synthesizes from serotonin. It controls the sleep/wake rhythm and, if it is present in the body in increased amounts, initiates the sleeping process. To efferentate the gland, SCN discharges its neurons and axons close to it, whenever bright light hits the eye´s retina. The system receives light information with the help of neuronal pathways from intrinsically photosensitive retinal ganglion cells (ipRGCs) in the retina of the eye via a nonvisual path. The ipRGCs react especially to blue light in the wavelength range around 484 nm [cf. Figure 3, solid line], which was shown in laboratory examinations [24]. During the same experiments, it was discovered that the ganglion cells themselves are photosensitive without receiving signals from the typical photosensitive receptors (S-, M-, L-cones and rods due to their unique geometrical form). These receptors are responsible for the visual path of daylight vision in the retina. They have a maximum sensitivity of about 550 nm [25]. By means of external stimuli (especially light), the internal clock in the SCN is synchronized to the external 24 h cycle. When the light conditions decrease naturally, depending on the intensity of the blue light, there is a periodic reduction in the hormone serotonin, as well as the related production of the hormone melatonin, which serves to coordinate sleep [cf. Figure 2]. Strong light stimuli, e.g., bright artificial light with a high proportion of short-wave blue light, can desynchronize the internal clock; suppress the production of melatonin; and thus lead to sleep disorders and, in some cases, to more severe diseases, such as breast cancer in women [26]. Further explanations on this subject are provided later on in this chapter.



The nonvisual effect of light on the circadian rhythm depends not only on the spectral composition of the light, but also on a variety of other parameters, such as the intensity of the light, the time of exposure and the duration of exposure, as well as on the personal “light history”. Individuals react differently to the same light stimuli at the same time depending on their predisposition (biological chronotypes ‘night owl’ or ‘morning smile’), age and previous illness. In 2016, 26% to 29% of 1,063 interviewees (depending on age group) in a German study said they were a ‘night owl’. In this survey, it was found that only 12% to 19% of the participants do not have sleeping problems in their daily lives. About half of them feel sleep deprived in the morning [27].



The eyes are not the only organs that interact with electromagnetic rays. When ultraviolet radiation hits the skin, pre-vitamin D3 is produced in it. An action spectrum from 250 nm to 330 nm, peaking at 298 nm is documented in DIN 5031-10 [cf. Figure 3, dashed line] [28]. If exposure to UV-B radiation is prolonged, pre-vitamin D2 is converted into trachysterol2, with the highest action spectrum at 282 nm. Together with other endogenous hormones produced by the liver through the addition of nutrients, provitamin D3 is eventually synthesized [29]



Apart from numerous disease patterns commonly associated with SBS (itchy or watery eyes, blocked or stuffy nose, dry throat, lethargy and/or tiredness and headache) [5], links to more serious diseases can also be established, if the exposure to poor indoor environmental quality (IEQ) is prolonged. The global number of cancer deaths in women is currently led by breast cancer (mammary carcinoma). In 2020, 684,996 women died from this disease [30]. The mortality rate from breast cancer is increasing in civilized countries. E.g., African countries account for only 5.5% of global breast cancer deaths [31], although Africa is the second most populated continent in the world [32]. A clear link between the indication of breast carcinomas and building lighting systems cannot be established conclusively, since the development and spread of cancer cells in the human body depends on numerous influencing factors (nutrition, genes, immune system, etc.). However, environmental factors are mentioned as the main cause in numerous scientific publications [33,34,35]. Additionally, in a study in 2000, a large number of twins were statistically tested for different types of cancers in order to prove how high the risk through heredity actually is. Inherited genetic factors contributed less than initially thought to the development of most tumors [36]. The results indicate that the environment plays the main role in the development of many neoplasms, not only mammary carcinoma. As mentioned above, indoor lighting plays a substantial role in the evaluation of IEQ. In the above example in particular, the links between light as part of IEQ and health maintenance are clear, as the incidence of breast cancer has been medically linked to the disruption of the circadian rhythms of both cortisol [37] and melatonin [26]. Those endogenic hormones are both connected to the human sleep–wake pattern, which is partly controlled by sunlight. Employees who most likely take the human toll of the circadian disruption of endogenic hormones are shift workers. The International Agency for Research on Cancer (IARC) classified shift work as a probable carcinogen back in 2007 [38]. In 2008, 38 Danish women in shift work were diagnosed with mammary carcinoma. They were granted financial compensation in accordance with Danish law and the approval of breast cancer as an occupational disease in shift working is being discussed [39].



Further serious conditions associated with indoor lighting and especially with circadian rhythm disruption are long-term degenerative disorders of the central nervous system (CNS). Although cases of neurological diseases decreased by 122 in Germany, Austria and Switzerland from 2005 to 2015 and are projected to continue to decline, the number of cases of Morbus Parkinson remained constant, while the number of other degenerative diseases of the CNS, especially dementia, rose sharply [40]. This opposing trend can be traced back to lighting concepts. Fluorescent light, for example, is particularly inferior to daylight in terms of light quality [cf. Section 1.1.1]. A prolonged time indoors under the influence of this light source leads to the degradation of dopaminergic neurons in the CNS, which may be the cause of Parkinson’s disease later on [41]. In addition, studies show that the endogenous hormone melatonin, whose metabolism is increasingly disturbed by poor-quality lighting, counteracts neurodegeneration, which is why melatonin supplements are preferred preventive measures against Alzheimer’s disease [42].



A good summary of the medical effects of low-quality lighting can also be found in an article by Osibano et al. The team of scientists focused on residential buildings, as this is where users spend most of their time and long-term effects are highest [43]. We now examine the work that has been carried out in law making in the past and which current state of standardization prevails representatively in particular countries, in order to pose the open question of whether such a mandate would be useful. Ultimately, keeping workers healthy in the long term is a desirable objective that is established in employee protection laws in numerous countries, but HCL was disregarded for a long time, while the emphasis of interior lighting law making focused on energy efficiency.






2. Review


Review papers on the nonvisual interaction of the human body with electromagnetic radiation are already available in the current literature [44,45,46]. Distinct from and in addition to the existing work, the emphasis of this publication, henceforth, is on the development and specific background knowledge of current standardization, especially by more thoroughly observing underlying studies.



In order to obtain an overview of the currently applicable legislation with regard to HCL, employee protection laws, ordinances for lighting systems at workplaces, standards for workplace lighting and specific technical regulations from the origin of different countries were researched. The guidelines that apply across countries in the entire European Union were also recorded and evaluated. In order to obtain a non-European perspective in addition to the data, the generally applicable legislation for indoor lighting in the United States of America was also surveyed, as well as the rules that apply, in particular, in the state of California, since evidence has shown that the standards and regulations are somewhat more detailed in this region compared to the other U.S. states. The online platform Perinorm Application (perinorm.com) was used for the standard research. The corresponding German Chambers of Commerce Abroad were commissioned to assist in the research of French and U.S. standards. More than 10 chambers were asked to participate by providing a report, and several accepted. However, it was only possible to produce a comprehensive result for the countries documented in the publication, simply because most of the requested countries do not have structured rules concerning the subject of this review.



Since the detection of melanopsin-containing ganglion cells in humans and their spectral sensitivity in blueish radiation, it is no longer sufficient to evaluate optical radiation exclusively according to the photometric effect function described in DIN 5035-6 [16] nor its energy efficiency in lumen per watts as described in EN 15193-1 [11]. This is not to say that energy efficiency should henceforth play only a subordinate role. A review paper by Safranek et al. summarized the energy perspectives on biologically effective lighting systems. The results show that HCL systems require more electrical energy than classic LED systems and describe potential savings [47]. Further studies also show that control systems for energy-efficient lighting and, above all, the inclusion of daylight in the building simulation, not only have a positive effect on the energy balance of the building, but also on user health and satisfaction [48]. Depending on the time of exposure, narrow-band short-wave light causes the acute suppression of melatonin secretion and cortisol cycle disruption, which can lead to serious medical conditions, as already described. Additionally, while indoors, it is not possible to confirm that the body can maintain the complex chain of action for the production of vitamin D3. Biologically positive effective light supports the human organism by health maintenance and is energetically evaluated independently according to the biological effect function. The health correlations of the measured variables with the human body (and which of its interfaces are responsible) were described in depth in Section 1.1.2.



This is the reason for the legislator having already made great efforts in the past to regulate healthy indoor lighting. However, specific laws, ordinances and standards can only be found in few countries. On 03 April 2020, the German DIN Standards Committee for Lighting Technology (FNL) published a draft standard that resolves many grey areas in current regulation.



2.1. Continued Development of DIN/TS 5031-100


Most standards are the result of consensus-based cooperation among industry, science, occupational health and safety and a range of other stakeholders. It must, therefore, be kept in mind that a standard does not always represent the best solution, but rather the lowest common denominator on which everyone involved can agree. Nevertheless, the principle that standards and laws should be based on existing knowledge and the state of the art always applies. In most cases, the working groups involved in drafting new rules draw on current published studies by research institutes. The most important research projects, which in the past were the basis for regulations and standards that in some cases are still in force today, are examined in more detail.



The core statement of the different versions of standard 5031-100 is the melanopic effect of electromagnetic radiation in the visible range [cf. Figure 3, solid line]. In the future, it will be possible to use this evaluation criterion to characterize indoor lighting with regard to its effects on the melatonin metabolism of the building occupants (employees) bodies. The regulatory framework is based on scientific evidence. As early as 1980, a study was published in the scientific journal ‘Science’ in which melatonin suppression was associated with bright artificial light sources [49]. The first studies investigating the relative spectral sensitivity of ipRGCs in detail were already conducted 20 years ago and have been updated and improved since [cf. Table 1]. The final result is based on numerous research projects, which all aimed to determine the wavelength for which the responsiveness of the photosensitive ganglion cells (ipRGCs) is the highest.



After indications for photoreceptors other than visual ones were discovered in mouse eyes, in 1991, the implication of circadian rhythm was concluded in humans as well [50]. During subject tests, a ganzfeld dome is positioned around the participant. This sphere can be illuminated with a light source and provides homogeneous illumination. External light influences are thus reduced to a minimum. Brainard et al. in 2001 were among the first teams of scientists to undertake a dedicated experiment in participants on the wavelength sensitivity for melatonin suppression, one of the basic nonvisual circadian effects of light, which is relevant to the development of current standards. The study was conducted on 37 female and 35 male participants with a mean age span of 24.5 years. The exposure took place between 02:00 a.m. and 03:30 a.m. The duration was set to 1.5 h. The range of investigation was between 420 nm and 600 nm. Each wavelength range was tested on no fewer than 8 subjects. There was a wash-out phase of six days between each test. For each participant, ten study nights were conducted, adding up to 720 trial performances [cf. Figure 4a] [51]. In the same year, an independent, less comprehensive study with the same objective and similar study investigation scope was underway. Thapan et al. exposed 18 male and 4 female subjects with a mean age span of 27 years to the wavelengths (λ) 424 nm, 456 nm, 472 nm, 496 nm, 520 nm and 548 nm for 0.5 h each. The exposure took place between 11:30 p.m. and 02:30 am. At 1.5 h before the experiment, one drop of Mimins Tropicamide was given to each of the subjects’ eyes [52]. Due to inconsistencies between the two studies in the short-wavelength range (approx. 420 nm) and new insights into the understanding of mammalian photoreceptors with the discovery of melanopsin, Brainard et al. repeated and extended their experiment in 2008. The study was divided into two parts, with 8 subjects (4 females and 4 males with mean age span of 24.5 years) exposed to only 420 nm light and 18 subjects (nine females and nine males with mean age span of 47.1 years) in which the physician tested the difference between (λ) 420 nm and (λ) 460 nm. The subsequent study confirmed the findings of Brainard et al. and Thapan et al. in 2001. Wavelength ranges around 420 nm inhibited melatonin to a much lesser extent than (λ) 460 nm [53]. Another comparable study with 8 male and 8 female young subjects (mean age 23.3 years) was conducted by Lockley et al. Only two wavelength ranges were compared in the study. (λ) The inhibition of melatonin by 65–69% was observed for 420 nm, whereas (λ) 555 nm inhibited it by 0% to 88%. Therefore, light with 420 nm wavelength shifted the circadian rhythm of melatonin significantly more, whereas the effects of (λ)555 nm were less specific [54]. Another study from Cajochen et al. was consistent with the results as well [55].



In addition to subject experiments, laboratory studies in which ipRGCs or other photosensitive cells were irradiated ex situ have been performed repeatedly in the past. In these projects, under laboratory conditions, more accurate values can be analyzed, independent of the numerous biases that ‘real’ subjects bring with them due to their daily lives. In a U.S. laboratory study, the maximum sensitivity of melanopsin was reported to be 479.8 nm in 2005, which differs slightly from that in the subject tests [56]. Since the target endpoint in the subject studies was melatonin, it is, therefore, reasonable to assume that the study of individual ganglion cells is not sufficient and that more complex interactions with other photosensitive cells are likely to be responsible. Figueiro et al. followed the approach of Brainard et al. and Thapan et al. with a small subject study and confirmed their results. In addition, the team of scientists calculated a mathematical model and laid a predictive curve over the measurement results of the known studies at that time [57].



Respecting the data of Brainard et al. and Thapan et al., another melanopic model was created that took into account the pre-receptoral shifting by Gall et al. in 2004 [cf. Figure 4b] [58]. A more comprehensive but competing model was presented when the Circadian Light (CLA) Equation was established in 2008 and 2011 by Rea et al. [59,60]. The equation combines and weights stimuli not only from ipRGCs, but also from the visual photoreceptors to determine a certain circadian stimulus (CS). The model predicts that a CS > 0.3 has a strong effect on the nonvisual system, while CS < 0.1 has a neglectable effect. Applying this equation, for example, a lighting situation of 2856 K and 1000 lx results in a normalization of the CLA value of 1000. The CLA equation and the associated model were updated several more times to comply with current research findings and enabled an evaluation of the impact of lighting systems on human health. CLA found application in stakeholder reports and design guidelines, such as Underwriters Laboratories (UL) DG 24480 [61]. Based on Brainard et al., Thapan et al. and the model of Gall, the DIN Standards Committee Lighting Technology (FNL) started to work on a first draft of 5031-100 during that time. In June 2009, DIN V 5031-100 was published [62]. However, the model system by Rea et al. was not pursued further in the development of the 5031-100 standard. In particular, the graph obtained by following the mathematical model displays significant differences compared to the curves of the subject tests, mainly by showing a snap-action function in the range ±500 nm [cf. Figure 4c]. These uneven areas in the diagram appear unnatural. At constant illuminance, this causes the CS value to drop by nearly half in the range from 3400 K to 3500 K, and to rise again with increasing color temperature. This leads to the inconsistency that, at the same illumination level, 3000 K and 5000 K lighting can have the same CS value.



Another milestone in understanding the sensitivity of ipRGCs was reached in 2014 when, in an opinion statement by Lucas et al., based on the so called ‘Manchester Workshop’, the previous approach was deemed not to be sufficiently accurate, as ipRGC firing has been shown to be triggered by intrinsic melanopsin-containing ganglion cells as well as by the additional photoreceptors also connected to ipRGCs [54]. The study proposed the concept of an integrated signal composed of the specific sensitivities of all photosensitive cells [cf. Figure 4d].



	
S-cones (ssc): 420 nm;



	
M-cones (smc): 535 nm;



	
L-cones (slc): 565 nm;



	
rods (srh): 500 nm (507 nm if corrected from pre-receptoral shifting);



	
melanopsin (smel): 480 nm/490 nm.






Lucas et al. hosted this International Commission on Illumination workshop in Manchester, during which the proposal was discussed, and a freely available irradiance toolbox was developed. A report on the workshop was merged with the study by Lucas et al. into the technical note CIE TN 003:2015 [63]. Lucas et al. also justified the reported maximum wavelength sensitivity with laboratory studies of ganglion cells and melanopsin ex situ. They corrected the resulting λ value by a slight red shift to a final value of 490 nm. This shift was taken into account to compensate for the age-based discoloration and change in the opacity of the human eye lens, as well as the different opening and closing behavior of the pupil. FNL of the German Institute for Standardization included the new findings from previous studies in the further development of 5031-100. In the draft DIN SPEC 5031-100, the curve for the wavelength-specific sensitivity of melanopsin from the statement by Lucas et al. and CIE TN 003:2015 can also be found. DIN SPEC 5031-100 was published on 01 August 2015. Compared to the previous version, biological light effects are summarized under the term “melanopic” light effects. The action spectrum for melanopic light effects was redefined according to the current state of scientific knowledge. For the metrological description of light with regard to its melanopic effects, melanopic daylight-equivalent quantities were defined by referring these quantities to the corresponding photopic weighted quantities for daylight (D65), which is the standardized spectral power distribution for the visible part of the spectrum of natural daylight. Parameters for a photometric description of exposure were defined [64].



Another result of the Manchester Workshop was the introduction of the “melanopic lux” and “equivalent melanopic lux” (EML) assessment parameters, which are now mainly used in the USA, although they are not mandatorily regulated [cf. Section 2.3]. EML can be calculated by multiplying the measured lux value by a factor representing the luminaire-specific melatonin suppression. This procedure has the advantage that the melatonin inhibition can be indicated not only for the typical spectrum of the illuminant in general, but also as a snapshot depending on the adjusted classical illuminance [63]. Strictly speaking, however, the EML is thus not congruent with the generally applicable SI system of units and CIE S 026:2018. The differences, advantages and disadvantages of the various approaches have been studied by various scientists in the past [65,66,67]. The concept is not considered in DIN/TS 5031-100, which is why it is not addressed more in detail here.



With the upcoming publication of DIN/TS 5031-100 in 2021 or early 2022, the most important step towards the harmonization of the German standard with applicable global standards will be taken. Multiple terminologies and definitions were adapted to CIE S 026:2018, and missing terms and explanations were added. The correction function for age-dependent lens transmittance was redefined according to CIE 203:2012, and simplified approximation formulas for the evaluation of age-dependent lens transmittance in white light were amended. Furthermore, another correction function for the melanopic evaluation of the material-dependent transmission and reflection of light was introduced [8]. This standard considers and cites the previously described available evidence from research by Brainard et al. [51,53], Thapan et al. [52], Figueiro et al. [57], Gall [58], Lockley et al. [54], Cajochen et al. [55] and Lucas et al. [54]. An overview of the studies and their results is shown in Table 1.




2.2. Standardization in the European Union


The introduction of new rules follows a long causal chain, not only in the construction industry. Basically, a rule pyramid applies [cf. Figure 5]. This means that the most specific rule must always be applied if one exists. If there are no specific rules for an application, the next most nonspecific rule is chosen. The most general rule is a law. The further down the rule pyramid one follows, the more detailed the specifications in the corresponding sets of rules become. The following section examines the current situations of legislation in the European Union. There is no question that the laws in force in the majority of countries around the world protect the health of workers. However, it is advisable that, taking the example of integrative lighting systems for buildings, this protection needs more consideration in the detailing of the laws, because the dangers are slow to materialize and abstract. Biologically effective LED systems have not yet emerged as the most common choice of professional and nonprofessional customers in the lighting industry, even in 2021.



For the member states of the European Union, great efforts are currently being made to harmonize legislation. A number of national regulations have resulted in requirements, which are currently being processed by four authoring institutions.



	
Commission internationale de l’éclairage (CIE), Division 6 “Photobiology and Photochemistry”;



	
European Committee for Standardization (CEN), Technical Committee “Light and Lighting” (TC 169), Sub-Committee “Non-visual effects of light on human begins” (WG 13);



	
German Institute for Standardisation (DIN), Standards Committee Lighting Technology (FNL), Board “Wirkung des Lichts auf den Menschen” (27);



	
International Organization for Standardization (ISO), Technical Committee (TC) “Light and Lighting” (274).






The currently existing German standard DIN SPEC 5031-100 is largely congruent with the CIE S 026:2018 of the international nonprofit organization CIE, which always aims to be as scientific as possible, without too much economic and political interference. The CIE was established for international networking on lighting issues and works closely with ISO. For Europe, there is also the technical report CEN/TR 16791, which is largely identical to CIE S 026:2018 as well. All inconsistencies between these three sets of rules have been resolved with the new version of DIN. DIN/TS 5031-100 represents a significant step forward with regard to a common standardization of healthy indoor lighting systems in the EU.



2.2.1. Standardization in France


In the current state of the legislature of France for interior lighting, numerous laws and ordinances can be found, which deal with some aspects of the subject area ‘light and health’. However, since most of the articles date back to the 1980s, and at that time the HCL relationships had not yet been researched, only basic photometric parameters, such as luminance and illuminance, are considered. Naturally, therefore, the melanopic effect is not included.



The following information was collected with the help of the German Chamber of Commerce Abroad in France and is quoted and translated from their report [68].



Under French law, the employer must arrange worksites and premises in such a way that their use ensures the safety of employees. Worksites are defined as places intended to accommodate workplaces, whether or not they are located in the buildings of the establishment, as well as any other place in the area of the establishment to which the employee has access in the course of his work. These workplaces shall be maintained in a constant state of cleanliness and shall be hygienic and sanitary to ensure the health of the persons concerned. The right to a secure workplace is guaranteed to the employee by the French law article L4221-1 “Code du Travail”. The conditions for the application of this article are established by the decrees of the Council of State (Conseil d’Etat) provided in article L. 4111-6 [68] (translated by the author).



Some laws that prevent health problems caused by workplace lighting are listed in article R4223-1, article R4223-2 and article R4223-3 “Code du Travail”. The purpose of the regulations on the interior lighting and illumination of workplaces is to prevent eye strain and resulting eye diseases and to enable the recognition of hazards that can be identified with the eyes. These provisions apply to worksites; their adjoining spaces, such as corridors and stairways and outdoor areas where work is performed continuously; and circulation areas normally used during working hours. To the largest extent possible, workspaces shall have adequate natural light and lighting levels appropriate to the nature and accuracy of the work to be performed. Appropriate measures shall be taken to protect workers from glare and eye strain caused by surfaces with high luminance or excessive luminance ratios between adjacent surfaces [68] (translated by the author).



While occupants are present, certain illuminance levels measured at the surface of the task area at the workplace or, if not present, at the floor, must be at least equal to the minimum values established according to the type of premises. The minimum values for workspaces are documented in article R. R232-6-2 and article R. 4223-4 “Code du Travail”. The French standard X 35–103 provides examples of average illuminance levels in operation, recommended by type of operation, and the adjustments of illuminance levels to the various conditions encountered. Additionally, the regulation mandates the following points in detail:




	
Uneven distribution of light at the level of the work surface;



	
Various factors that lead to a reduction in illuminance over time, in particular, the dusting and aging of the luminaires, the wear of the lamps and the dusting and aging of the walls of the room;



	
Frequency of the maintenance to be performed.








The purpose of article R. 232-6-3 is to limit the illuminance ratios and, therefore, take into account the reflection factors and the luminance ratios, which are also referred to in article R. 232-6-5. For example, if the illuminance of the working areas of a room is 1000 lx, the general lighting of this room must not be less than 200 lx [68] (translated by the author).



The difficulty of luminance measurement has led to the fact that in the regulating article R. 232-6-5, no limiting values have been established. In general, the larger the apparent dimensions of a surface and the closer it is to the center of the employees’ field of view, the lower its luminance must be. Thus, in the central field of view of an observer: The luminance of a light source shall not exceed 3000 cd/m2. The luminance of a large luminous surface (wall, ceiling luminaire) should not exceed 600 cd/m2. Finally, the luminance of a luminous surface should not exceed 50 times the luminance of the surfaces on which it appears, with a tolerance of 80 times for large surfaces with illuminance not exceeding 300 lx. All these precision values can be guided by the French standard X 35-103, which uses diagrams to establish more precise luminance values depending on various factors, such as [68] (translated by the author):




	
Type of light source;



	
The position and orientation of the sources;



	
Illuminance value of the task;



	
Difficulty of the task;



	
Luminance;



	
Illuminance ratios among working surface, ceiling and side wall;








Up to date HCL related laws, ordinances or standards cannot be found.




2.2.2. Standardization in Germany


The hierarchical chain of regulations is clearly represented in Germany and is led by the ArbSchG “Arbeitsschutzgesetz” (Act on the Implementation of Measures of Occupational Safety and Health to Encourage Improvements in the Safety and Health Protection of Workers at Work), which ensures the safety and health of employees [69]. The main statement regarding health maintenance at the workplace is that the state of the art in science and technology must be taken into account. There are no precise instructions in this law. The detailing of the measures takes place in the ArbStättV “Verordnung über Arbeitsstätten” (workplace ordinance). The lighting of workplaces is mentioned several times, but is regulated in more detail, in particular, in the annex number 3.4 on illumination and line of sight [70].



This annex—comparable to the regulations in France, but much more comprehensive— regulates the minimum illuminance levels that must be maintained at workplaces. In addition to lux, however, this technical rule also specifies a minimum value for the color rendering index, which could not be found in the other countries investigated. For example, these different values are given in this annex for workplaces [71]:




	
100 lx and Ra = 40 for stairs, escalators, moving walks and elevators;



	
50 lx and Ra = 40 for night operation (transition area in front of the building);



	
500 lx and Ra = 80 for auditoriums;



	
500 lx and Ra = 80 for laboratories and measuring stations;



	
500 lx and Ra = 80 for writing, reading and data processing;



	
1000 lx and Ra = 80 for electrical industry—very fine measuring instruments.








Many standards regulate light exposure in Germany, such as DIN 5035-3, which regulates lighting in healthcare settings; DIN 5035-8, which regulates luminaires for individual workplace lighting in addition to ASR 3.4; and DIN 5034, which regulates daylighting in indoor spaces.



DIN/TS 5031-100 and DIN/TS 67600, both of which are expected to be implemented soon, take into account much more recent parameters of the scientific relationship between light and health. However, there is no guarantee that standards such as these will be reflected in laws and regulations. Change happens very slowly due to the many stakeholders involved. The German Statutory Accident Insurance (DGUV) is an organization that issues regulatory texts. In 2018, the DGUV published DGUV Information 215–220, an information brochure which covers the state of art regarding scientific knowledge and related recommendations for workplace lighting with respect to the nonvisual effects of light. It covers basic information and provides recommendations on how to handle this topic at workplaces [72]. The German Federal Institute for Occupational Safety and Health (BAuA) operates a workplace committee, which, together with the DGUV, considered melanopic effects in a publication for the first time very recently. This text requires that workplaces should not be illuminated at night with a colder light color than 4100 K [73]. Basically, this would mean that colder light colors are no longer permitted in workplaces at night, as the state of the art has been extended in this regard, but it is not yet stated in the relevant legal texts. It is likely that 4100 K was selected because there are numerous luminaires in use with a color temperature of 4000 K. A request to allow nighttime lighting only at below 4000 K would have triggered enormous modernization measures. Nevertheless, the publication of DIN/TS 5031-100 and other related standards represents a significant milestone for the HCL legislature, as the scientific framework is now documented in a public set of rules. In the future, laws and ordinances will be able to refer to it.





2.3. Standardisation in the USA


Through the efforts of Brainard et al. and other research teams, the U.S. became a front-runner in terms of HCL. However, in reviewing the large number of research projects examined for this publication, it is striking that the United States went into a kind of slumber for several years in terms of specific research. This picture is also reflected in the legislature. The relevant regulating body for employee health and/or interior lighting is the Occupational Safety and Health Administration (OHSA). During the screening process for laws, regulations and standards according HCL, however, it quickly became clear that despite the size of the country, its economic importance and the scientific progress, the regulation of indoor lighting lags far behind other countries. However, similar to France, minimum illuminance levels have been established for workplaces.



The following information was collected with the help of the German Chamber of Commerce Abroad in the USA and is quoted and translated from their report [74].



In summary, OSHA does not currently regulate illuminance in office spaces. Most office spaces are regulated under OSHA’s general industry standards, which fall under the jurisdiction of 29 CFR 1910. However, again, no specific requirements apply with respect to specific illuminance levels (except perhaps in a general sense related to occupational safety and safety on walking surfaces, and the prevention of slips, trips, and falls there). OSHA states that it generally supports some lighting consensus standards offered by professional building and engineering organizations and others. However, it has no formal affiliation with them [74] (translated by the author).



Under the general rule of 1926.56 (a) CFR, construction areas, ramps, runways, corridors, offices, stores and storage areas must be illuminated to at least the minimum illumination levels specified in Table D-3 [of 1926.56 (a) CFR] while work is in progress. Foot-candle (fc) is a nonmetric unit of illuminance; one foot-candle equals 10.76 lx:




	
5 fc at general construction area lighting;



	
3 fc at general construction areas, concrete placement (“concrete placement”), excavation and waste areas, access roads, active storage areas, loading platforms, fueling and field maintenance areas;



	
5 fc at interiors of warehouses, corridors, hallways and exits;



	
5 fc in tunnels, shafts and general underground work areas: (exception: a minimum of 10 foot-candles required at the tunnel and shaft head during drilling, measuring and scaling;



	
10 fc at general structures and stores (e.g., mixing plants, screening plants, mechanical and electrical equipment rooms, carpentry shops, rigging lofts and active storage rooms, mess halls and indoor restrooms and workrooms);



	
30 fc in first aid stations, infirmaries and offices.








Per 1926.56 (b) CFR, for those areas and/or operations not covered above, information on recommended lighting levels can be found in the American National Standard A11.1–1965, R1970 Practice for Industrial Lighting [74] (translated by the author).



The Illuminating Engineering Society (IES) is developing standards that are more deeply implicated in connections between light and health. However, these standards are voluntary measures. To date, HCL-related mandating laws or ordinances cannot be found.



The commercial certification organization “International WELL Building Institute” introduced a “WELL Building standard” in 2015 and a revised version in 2019, which includes a lighting related category. In this lighting category, circadian aspects are assessed. They recommend at least 250 equivalent melanopic lux (cf. CIE TN 003:2015 [63]) for most workplaces over 4 h per day. Although the certification they offer to building owners does not mean that it is in any way mandatory, this fosters the inclusion of better lighting, especially in higher quality office spaces. Meanwhile, they have also expanded this certification to Europe and Germany.





3. Discussion


It is no longer sufficient to base the sustainability of lighting systems on energy efficiency. In modern times, we behave increasingly in contradiction to behavior learnt by our bodies over hundreds of thousands of years of evolution. Therefore, it becomes vital that we consider the health-related aspects of lighting design sustainability by taking precautions to counteract the specific negative health effects. Since it cannot be generally assumed that everyone knows the correlation between light and health, specific regulations are reasonable. Nevertheless, regulatory frameworks for HCL have not been established in the countries surveyed. It is important to understand that lighting can be used to trigger different processes in the body. Whether these processes are good or bad depends, for example, on their suitability to the body’s chronological rhythm. High-quality light at the right time has beneficial effects, while specific colors, wavelengths or intensities of light at the “wrong” time can be harmful to the body in the long term. The nonvisual effect of light has been deeply researched. However, sets of rules should now prescribe when to apply the intensively studied maximum sensitivity of the melanopic effect, including workers who have a shifted rhythm due to their labor. In this context, it is possible that the compliance with health maintenance is in conflict with other regulations of employee protection, for example, while on the one hand, exposure to a bright artificial light source makes working with heavy machinery safer, but on the other hand, it does not fit the worker’s circadian cycle at that time. These are conflicts of interest that make it difficult for the workplace operator to comply with the relevant employee protection laws. Here, it would be useful to provide the employer with a basis for decision making with a reasonable legislation.



A wavelength sensitivity also applies to vitamin D3 production [cf. Figure 3, dashed line]. Corresponding studies can already be found in the literature for the current state of knowledge and were discussed in Section 1.1.2 as examples. However, the evaluability similar to the 5031-100 approach is in question. There is no correlation with nonvisual photoreception. Additionally, there might be no way to include UV-B radiation in a reasonable and responsible way in indoor lighting. This requires, for example, for the elderly, a medical observation. It strongly depends on individual parameters, such as skin-type and age, and other parameters, such as existing skin conditions, which make a general regulation very difficult. An approach which is not accompanied by health issues, though, is oral medication with vitamin D3. This may be included in selected nutrition on a legal basis.



The evaluation of Table 1 clearly shows a shift in the final sensitivity results over time to the longer wavelength range, from about 460 nm to 490 nm. The main reason for this is the consideration of the stated relevant manipulative factors, such as lens opacity and discoloration. In 2014, among the more recent publications by Lucas et al. was another milestone in the research of the melanopic effect of light sources. In the scientific paper, the researchers propose an integrative approach with five sensitivity functions [cf. Figure 4d], since, according to them, the sought-after effect was not solely dependent on ganglion cells, but also on the classical photoreceptors: “[…] These five input signals are then combined by the retinal wiring, and within the ipRGC itself, to produce an integrated signal that is sent to nonimage-forming centers in the brain.” [54]. However, the final version of 5031-100 again adopted only one of the curves, comparable to the previous approaches, from the researchers’ study results. In the CIE S 026:2018, all five curves are considered, and the consideration of all photosensitive cells in the human eye is strongly recommended when performing scientific studies. The model of Rea et al. also considers four of these five curves, even with deviating sensitivities. Nevertheless, the DIN committee decided to neglect the curves that do not belong to the ganglion cells. The experts were aware of having to accept an uncertainty of an estimated 5–10%. However, this uncertainty plays a role mainly in low-illuminance environments with relatively small lux levels, which are not relevant for indoor lighting design purposes. With the common illumination of a workplace of 500 lx to 1000 lx, the melanopic effect is dependent on the pigment formation in the ganglion cells with a linear, almost exclusive dependence, which was the main reason for this decision [75] (transcribed by the author).



Lucas et al. conducted another ‘Manchester Workshop’ in 2020. The publication resulting from the proceedings of the workshop confirms the fact that the melanopic effect in bright environments is mainly dependent on ganglion cells. However, the publication has not yet gone through the peer reviewing process and to date has only been published as a preprint from Brown et al. [76]. However, a basic statement was that focusing on the melanopic description of light is a reliable approximation for most practically relevant situations.



“In total, the evidence from such studies supports the view that, under most practically relevant situations (extended exposures to polychromatic light in the absence of pharmacological pupil dilation), light-sensitivity of human physiological responses can be reliably approximated by the α-opic irradiance for melanopsin or the corresponding EDI (melanopic EDI).” [76]



When investigating the melanopic effect of lighting systems, the focus in scientific studies is primarily on the clear relationship between light source specification and the receptors of the human body. However, in most cases, the light emitted (e.g., by a LED) reaches the user’s receptors that are hindered and manipulated by obstacles, such as airborne particles. The biological effect actually achieved in exposed humans is, therefore, the result of a long causal chain. The spectrum and intensity of the emitted light is directly modified by the geometry and materiality of the lamp body. Studies have shown that the reflectance of surfaces in the room can have a modifying effect on shortwave electromagnetic radiation, thereby altering melanopic effects to some extent [77]. It is not typical to have such a clear setup reproducing the results from DIN/TS 5031-100 in practice. Even if a person is directly at the light source and looking into it, the direct light is mixed with nondirect light that is emitted from the surrounding walls. These uncertainties can be addressed by measuring the so-called corneal illuminance. As a distinction to the classical illuminance, which is measured, for example, on the surface of a workplace, the corneal illuminance indicates the amount of light that finally hits the human cornea. Exemplary modeling procedures for determining this metric have already been proposed [78]. These numerous dependencies indicate that the luminaire specification alone is not sufficient to determine the biological effect of a lighting system. It is, therefore, conventional to use the standards analyzed in combination with planning and action instructions, such as DIN SPEC 67600:2013, “Biologically effective illumination-Design guidelines” [9], or scientific guidelines, such as “Conclusions and Possible Guidelines for Circadian Lighting Design” by Rossi [79].




4. Conclusions


With the entry into force of DIN/TS 5031-100, a regulatory framework will be introduced into legislation that harmonizes current normative and scientific standards and the ISO international standard for melanopic effects of light sources. Its entry into force will provide new evaluation and decision systems for optimized lighting with innovative luminaires that will change the human centric lighting market. This article addresses the technical and medical background, conducts legal and standard research and describes scientific studies on which the standard is based. This review paper, therefore, provides a deeper insight into the development of the new standard and informs across disciplines about the context and decisions made.



From more recent time periods, hardly any subject trails were involved. Most of the newer references are derived from mathematical models. The scientific studies with subject trials that were examined invited 4 to 72 subjects to participate in their testing. Some of the studies used are already 20 years old. The project by Brainard et al. dates back to 2001 and is stated as one of the foundations in almost all regulations. New research could adopt a ‘Design of Experiment’ (DoE) approach in evidence-based medicine that is standard procedure today. In DoE, threshold values are studied, and the area to be examined is narrowed down to different extents by both sides, depending on the results of the previous runs. Thus, in an optimization procedure, the ideal value is increasingly approached, instead of testing the entire area in rough resolution. By conducting further research, it would also be possible to resolve the inconsistencies between CIE S 026:2018 (in accordance with DIN/TS 5031-100) and UL DG 24480 that exist to date. For example, the CS value and the corresponding wavelength ranges could be investigated in fine resolution at the point where the snap-action function of the mathematical model of Rea et al. is located [cf. Figure 4c].



This standard will have little effect currently because laws and ordinances must first refer to the standard in their legal texts. It can be assumed that only a recommendation will initially be implemented in the laws so as not to trigger a wave of modernization. However, it would then be fairly straightforward to create a law based on these recommendations. In any case, the standard will be able to provide a sound basis for legislative decisions in the future.
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Figure 1. Spectral power distribution (SPD) of common light sources at 100 lx in the rage of 400 nm to 700 nm (normalized) in comparison; (a) sunlight filtered through the atmosphere; (b) incandescent light (e.g., light bulb); (c) fluorescent light (e.g., energy saving lamp); (d) LED. 
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Figure 2. Circadian rhythm of the endogenous hormones serotonin, cortisol and melatonin during the course of the day (simplified and dimensionless); serotonin is mainly present in the daytime, while melatonin is present at night and during the time just before falling asleep. Cortisol has a peak shortly after awakening. 
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Figure 3. Human body´s reaction (dimensionless) to specific wavelengths (λ); dashed line: action spectrum of pre-vitamin D3 [28]; solid line: maximum melanopic sensitivity for light effects (smel) according to DIN/TS 5031-100 [cf. 2.1] [8]. 
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Figure 4. Optical comparison of selected research findings in the rage of 400 nm to 700 nm: (a) distinct curve based on numerous subject trials by Brainard et al. (simplified) [51]; (b) slightly asymmetric curve by von Gall, which was adopted in DIN V 5031-100 (simplified) [58,62]; (c) specified effect curve of Rea et al., which is based on a mathematical modelling (simplified) [59]; in the range of 500 nm, the curve shows an unusual expression (snap-action function); (d) curve pairs of Lucas et al. based on laboratory tests and mathematical modelling which was adopted in CIE TN 003:2015 (simplified) [54,63]; dashed lines: spectral action of the other photoreceptors. 
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Figure 5. Hierarchy of legislations. 
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Table 1. Findings of wavelength range with maximum melanopic sensitivity (smel) that leads to ipRGCs upstream of related research projects.
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	Study
	Year
	Participants
	Investigated 𝜆
	λ with Max. Melanopic Effect





	Brainard et al.
	2001
	72
	420 nm-600 nm
	464 nm



	Thapan et al.
	2001
	22
	424 nm–548 nm
	456 nm



	Lockley et al.
	2003
	16
	460 nm, 555 nm
	460 nm



	Figueiro et al.
	2004
	4
	460 nm
	N/A 1



	Figueiro et al.
	2004
	model *
	400 nm–700 nm
	480 nm



	Gall
	2004
	model *
	470 nm–510 nm
	460 nm



	Cajochen et al.
	2005
	10
	460 nm, 550 nm
	460 nm



	Panda et al.
	2005
	cell culture *
	410 nm–520 nm
	479.8 nm



	Brainard et al.
	2008
	26
	420 nm, 460 nm
	460 nm



	Rea et al.
	2010
	Model *
	420 nm–600 nm
	488 nm



	Bailes Lucas
	2013
	cell culture *
	420 nm–600 nm
	479 nm/490 nm 2



	Lucas et al.
	2013
	Model *
	400 nm–700 nm
	N/A 3



	DIN/TS 5031-100
	2021
	
	
	490 nm







* No subject trials. 1 Aim of the study was to investigate the difference between halogen and LED lighting with same λ value. 2 The second value considers age correction due to changing eye lens transmissions and color. 3 The study states that four retinal components (S-, M-, L-cones and rods) with different sensitivities trigger ipRGCs upstream.
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